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It’s been long known that the application of organic fertilizer (OF) and bio-organic fertilizer (BF) which containing beneficial microorganisms to pear trees can both significantly improve fruit quality and yield. In order to reveal the mechanism of BF and OF regulating fruit growth and quality in pear, the effects of BF and OF on the photosynthetic characteristics and the accumulation of major sugars and organic acids of the pear fruit were quantified compared with chemical fertilizer (CF). Additionally, the molecular mechanisms regulating pear fruit development and quality were studied through transcriptome analysis. The three treatments were conducted based on the same amounts of nitrogen supply. The results showed that compared with CF, BF and OF treatments increased the fruit yield, and also significantly improved the photosynthesis efficiency in pear. BF and OF both significantly increased the sucrose content but significantly decreased the fructose and glucose content within the pear fruit. The amount of malic acid was significantly higher in OF treatment. Compared with CF and OF, BF significantly increased the sugar-acid ratio and thus improved the fruit quality. Transcriptome analysis and weighted correlation network analysis (WGCNA) revealed that the sugar metabolism of fruits applied with the BF was enhanced compared with those applied with CF or OF. More specifically, the expression of SDH (Sorbitol dehydrogenase) was higher in BF, which converts sorbitol into fructose. For both of the OF and BF, the transcript abundance of sugar transporter genes was significantly increased, such as SOT (Sorbitol transporter), SUT14 (Sugar transport 14), UDP-GLUT4 (UDP-glucose transporter 4), UDP-SUT (UDP-sugar transporter), SUC4 (Sucrose transport 4), SUT7 (Sugar transporter 7), SWEET10 and SWEET15 (Bidirectional sugar transporter), which ensures sugar transportation. The genes involved in organic acid metabolism showed decreased transcripts abundance in both BF and OF treatments, such as VAP (Vesicle-associated protein) and cyACO (Cytosolic aconitase), which reduce the conversion from succinate to citric acid, and decrease the conversion from citric acid to malic acid in the TCA cycle (Tricarboxylic Acid cycle) through Pept6 (Oligopeptide transporter). In conclusion, the application of BF and OF improved fruit quality by regulating the expression of sugar and organic acid metabolism-related genes and thus altering the sugar acid metabolism. Both BF and OF promote sucrose accumulation and citric acid degradation in fruits, which may be an important reason for improving pear fruit quality. The possible mechanism of bio-organic fertilizer to improve fruit quality was discussed.
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Highlights

	Compared with chemical fertilizer (CF), bio-organic (BF) and organic (OF) fertilizer can significantly promote sucrose accumulation and citric acid degradation in fruits, which may be an important reason for improving pear fruit quality.

	Bio-organic fertilizer is more efficient for improving fruit yield than organic fertilizer, and less bio-organic fertilizer is required than organic fertilizer in promoting fruit growth.

	Through metabolic and transcriptome profiling, 27 sugar/organic acid metabolism-related genes regulating pear fruit development were identified, including those involved in glycolysis and gluconeogenesis, TCA cycle, galactose metabolism, fructose and mannose metabolism, starch and sucrose metabolism pathways.





Introduction

Sugar is the key component determining fruit quality and provides the fundamental materials for synthesizing fruit pigments, vitamins, amino acids and other quality and flavor substances (Cirilli et al., 2016; Dai et al., 2016). Sucrose, glucose, fructose and sorbitol are the main soluble sugars in pear fruit, which are also the most important indicators to measure the flavor quality of pear fruit (Moriguchi et al., 1992). Among them, the ratio of sucrose, fructose and glucose is an important factor to determine the sweetness of fruit (Colaric et al., 2005). Soluble sugar content and composition vary among different fruit developmental stages. Among different pear cultivars, the contents of sucrose and sorbitol vary more greatly, while the contents of glucose and fructose are relatively stable (Yao et al., 2010). In addition, the composition and content of organic acids are important factors to affect the quality and flavor of fruits. The main organic acids in most fruits include citric acid, malic acid, tartaric acid, and quinic acid. The types and contents of these organic acids are affected by the characteristics of different cultivars, production environments, and crop management (Liu et al., 2011). The composition and content of organic acids in fruit vary among different pear cultivars. The most abundant organic acid in the fruits of white pears, sand pears, Pyrus ussuriensis Maxim and Pyrus sinkiangensis Yü is malic acid, while the most abundant organic acid in most European pears is citric acid (Gao et al., 2004; Yao et al., 2010). Organic acids constantly change during development and are substances for glycolysis and the TCA cycle. In addition, organic acids are also involved in gluconeogenesis and play an important role during fruit ripening (Sha et al., 2011). The understanding of the effects of fertilizer on sugar and organic acid metabolism in fruit is crucial for controlling fruit quality.

By increasing soil organic substances and optimizing the rhizosphere environment, organic fertilizer enhances the nutrient absorption by roots and the accumulation of plant photosynthetic products, ultimately increasing crop yield and improving harvest quality (Morrissey et al., 2004). The increase of organic substances in the soil is beneficial for regulating fruit tree growth, and improving fruit yield and quality (Hogue et al., 2010; Choi et al., 2011; Song et al., 2012; Sas et al., 2014). Bio-organic fertilizer is a new type of organic fertilizer prepared by secondary solid-state fermentation of organic materials and specific beneficial microbial strains. Due to the different functional components added in, such as antibiotics, PGPR, and growth hormones, bio-organic fertilizer has different functions (Sathyapriya et al., 2012; Pieterse et al., 2014). Wang et al. (2017) studied the effects of bio-organic fertilizer on apples for 7 years and found out the following results: Compared with the control group (no fertilizer) and chemical fertilizer group, the soluble sugar content in fruits with bio-organic fertilizer was higher by 13.2%, and 6.3%, respectively. The reducing sugar content was higher in bio-organic fertilized apples by 53.9% and 5.9%, respectively. The Vitamin C content was increased by 6.1% and 3.8% respectively. Naher et al. (2021) found out that the application of bio-organic fertilizer containing Bacillus cereus, Bacillus pumilus and Paenibacillus spp. can promote the dissolution of phosphorus in soil and increase the rice yield by 65%. Kang et al. (2021) found out that bio-organic fertilizer can reduce the incidence of early leaf abscission in the pear and increase the yield of pear fruit in red soil by alleviating rhizosphere acidification, improving soil fertility, promoting lateral root development, and building a healthy rhizosphere microflora. The effect of fertilization on improving fruit quality has been widely studied, but the molecular mechanism regulating fruit sugar and organic acid metabolism in response to organic fertilization is still unclear.

Soil fertility is critical to the growth of pear trees. The application of organic or bio-organic fertilizer is an efficient way to improve soil fertility, which ensures balanced leaf nutrient content and higher fruit tree productivity (Xu et al., 2015). Organic and bio-organic fertilizer not only increases soil organic components but also promotes root development, which results in higher uptake efficiency of micronutrients in soil, such as Ca, Fe, and Zn. The application of organic or bio-organic fertilizer can significantly increase plant leaf area, photosynthetic rate, transpiration rate, and accumulation of K, Ca, Mg, and Fe in the leaf, thereby enhancing photosynthetic productivity and the growth of the aboveground parts (Agegnehu et al., 2016). Photosynthetic productivity has a restrictive effect on the growth, quality and yield of fruit trees. Wang et al. (2010) suggested that the level of PAR (photosynthetically active radiation value) and Pn (net photosynthetic rate) has significant effects on the yield and quality of fruits through regression analysis. It has been well accepted that the application of organic fertilizer plays an important role in fruit quality improvement. The mechanisms of fruit quality regulation by organic fertilizer are not clear so far.

With the improvement of technology and the update of bioinformatic databases, transcriptomics is playing an increasingly important role in fruit tree research (Wang et al., 2017; Xu et al., 2019). Through the combination of High-Performance Liquid Chromatography (HPLC) and quantitative real-time PCR (qRT-PCR) techniques, several genes regulating the accumulation of starch, organic acids, and soluble sugars in fruits have been identified, including INV (Invertase), SS (Sucrose Synthetase) and SPS (Sucrose Phosphate Synthase) (Zhang et al., 2010; Li et al., 2012). Lin et al. (2015) identified two up-regulated transporter genes possibly involved in the extracellular transport of citric acid during fruit development of ‘Citrus reticulata’ orange. The degradation of citric acid occurred mainly through the glutamine pathway, catalyzed by CitAco3-CitGS2-CitGDU1. Weighted gene co-expression network analysis (WGCNA) is an efficient method to describe the correlation patterns between phenotypic traits and genes in different samples. It can be used to identify clusters of genes with highly coordinated changes. It is currently an effective method to screen the associated biomarker genes between gene sets and phenotypic traits. Umer et al. (2020) used transcriptome profiling to study the co-expression patterns of gene networks related to sugar and organic acid metabolism in watermelon; three gene networks/modules and 2443 genes highly related to sugar and organic acid were identified, and 7 genes involved in sugar and organic acid metabolism were eventually mined through the WGCNA analysis. Although transcriptome technology has shown great advantages in the discovery of key regulatory genes and the analysis of metabolic pathways, the functions of genes are still unclear. In this study, RNA-seq sequencing technology was used to analyze the differences in fruit transcriptomes under different fertilization treatments, and WGCNA was used to analyze the relationship between the co-expressed gene modules associated with the physiological traits related to sugar and organic acid in fruit. The response of sugar and organic acid metabolites to organic and bio-organic fertilizers was also studied. The molecular characteristics of organic and bio-organic fertilizers regulating the main quality components of sugar and organic acid in fruits were revealed in this study, providing a theoretical basis for optimizing pear nutrient management through the combined application of chemical and organic fertilizers.



Methods


Experiment site overview

The experiment was performed at Lishui Plant Science Base of Jiangsu Academy of Agricultural Sciences (N31°36’59’’-E119°10’38’’), which locates in the transition zone from the north subtropics to the middle subtropics. There are four distinct seasons, mild and humid climate, plenty of rain, enough light, and a long frost-free period. The annual average temperature is 15.4°C, the annual sunlight duration is 2240 hours, the frost-free period is 237 days, and the average annual rainfall is 1087.4 mm.



Experiment design

The new cultivar ‘Chuxialv’ of sand pear (Pyrus pyrifolia) was used in this study, which was planted from October 2018 to July 2020. The rootstock was Pyrus betulifolia, the pollinating tree was ‘Cuiguan’. ‘Chuxialv’ were planted on a Y-shaped trellis with a north-south direction. There are 50 trees planted per hectare, with a 2m × 5m distance between every two trees. The number of fruits on each tree was controlled at 150 with target yield of 3000kg/667m2. Grass grew naturally between the rows, and the tree’s architecture looks similar to each other. According to the equal nitrogen amount principle and the nitrogen content, three fertilization treatments were set up: chemical fertilizer (CF, control) (30 kg N/667m2, 15 kg P2O5/667m2, 35 kg K2O/667m2), ordinary organic fertilizer (OF) (1875 kg/667m2), and bio-organic fertilizer (BF) (1200 kg/667m2). Since the potassium provided in these two treatments was insufficient, it was supplemented with the chemical fertilizer K2SO4. Each treatment had 5 repeats, and each repeat was one tree. From October 2018 to October 2019, on both sides of the trees, 70 cm away from the trunk (near the drip line on the outer edge of the crown), trenches were opened respectively according to the size of 70 × 50 × 30 cm. The fertilizer and soil were fully mixed and backfilled, and other tree management was carried out as usual. Ordinary organic fertilizer (OF): organic matter ≥ 51.44%, the amount of N was 2.01%, P2O5 was 2.15%, K2O was 0.82%, water content 19.15%, pH 7.8. Bio-organic fertilizer (BF): Bacillus amyloliquefaciens which was effective strain ≥ 1×108 CFU/g, the effective strain was Bacillus amyloliquefaciens SQR9; organic matter ≥52.93%, the amount of N was 3.12%, P2O5 was 5.44%, K2O was 0.78%, water content 17.02%, pH 5.8. Both organic and bio-organic fertilizers were produced by Jiangyin Lianye Biotechnology Co., Ltd. When the fruits were ripe (July 25th), 10 fruits were randomly picked from the middle part of the eastern and western sides of each tree, then the fruits were weighed with a balance and transported back to the laboratory with a loading box for further analysis. Following is nutritional amounts of different fertilization treatments:

	CF, chemical fertilizer: during the young fruit stage (from late April to early May), the following fertilization was applied: topdressing 100 kg/667m2 of 15-15-15 compound fertilizer, 108.5 kg/667m2 urea (46% N), during fruit development (from late May to early June), topdressing 33.5kg/667m2 of potassium sulfate was applied.

	OF, organic fertilizer: Base fertilization was applied 1875 kg/667m2 of ordinary organic fertilizer and 13 kg/667m2 of potassium sulfate, during fruit development, topdressing 19.5 kg/667m2 of potassium sulfate was applied.

	BF, bio-organic fertilizer. Base fertilization was applied 1200 kg/667m2 of compound microbial fertilizer and 17 kg/667m2 of potassium sulfate, during fruit development, topdressing 25.5 kg/667m2 of potassium sulfate was applied.





Vertical and horizontal diameter and hardness analysis

Vernier calipers were used to measure the vertical and horizontal diameters of fruits. The fruit hardness (skin hardness) was measured with a TA. XT. Plus (SMS, UK) texture analyzer on the middle of both sides of fruits, with a probe diameter of 8 mm, a test depth of 5 mm, and a penetration rate of 1 mm/s. The hardness was taken on two sites on each fruit, and the average value was used as the skin hardness of each fruit.



Determination of mineral nutrient content

The quantification of mineral content in fruits was determined using the method of Shen et al (2018) with modifications. In 2020, fruit samples were weighed and boiled after harvesting. The mineral contents were measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES). The mineral quantified in this study include nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), boron (Ca), manganese (Mn), magnesium (Mg) and molybdenum (Mo).



Determination of diurnal variation of photosynthesis and light response curve

After two years of fertilization treatments, the photosynthetic index was determined on a sunny day using a Li-6400 portable photosynthesis instrument (LI-COR, USA). The measurement was carried out once every 2 hours, from 7 a.m. to 5 p.m. The indicators measured include net photosynthetic rate (Pn, μmol·m-2·s-1), transpiration rate (Tr, mmol·m-2·s-1), intercellular CO2 concentration (Ci, μmol·mol-1), stomatal conductance (Gs, mol·m-2·s-1). The daily integral value of net photosynthetic rate (Diurnal integral value of Pn, DIV of Pn) was calculated by Auto CAD software according to the area enclosed by the diurnal variation curve (Zhuang et al., 2006).

Light Response Curve: The experiment was carried out between 9 a.m. and 12 a.m. on a sunny day in mid-June 2021 using a Li-6400 portable photosynthesis instrument. For each treatment, 3 trees were selected, and 5 sun-faced leaves in the middle from both sides of trellises were randomly picked. The photosynthetic-induced light intensity before the measurement was 800μmol·m-2·s-1. The gas circuit was open, and the flow setting value was 500 μmol·s-11, and the CO2 concentration was 500 μmol·s-. The photosynthetically active radiation value (PAR) of red and blue artificial light source (Li-6400-02B LED) was set at 2000, 1800, 1600, 1400, 1200, 1000, 800, 600, 400, 200, 150, 100, 50, 0 (μmol·m-2·s-1). That is, the Pn-PAR curve was measured in descending PAR order from 2000 μmol·m-2·s-1 to 0 μmol·m-2·s-1, and the readings were taken every 120s under each light intensity. Pn-PAR curve was analyzed by Photosynthesis Workbench analysis software and corrected by right-angle hyperbola correction model, as shown in formula (1)



In the formula, α is the initial quantum slope, I is the photosynthetically active radiation, Rd is the dark respiration rate, β is the correction coefficient, and γ is the coefficient unrelated to the photosynthetically active radiation.

Linear regression was performed on the light response curve under weak light conditions (I ≤ 200 μmol·m-2·s-1), and the obtained formular were used to calculate the apparent quantum efficiency (AQY), light compensation point (LCP), dark respiration rate (Rd), the regression equation is as in formula (2)





GC-MS analysis and determination of fruit carbohydrates

Fruit samples were collected for measurement when the fruits were ripe in 2020. Referring to Shen et al. (2018), the samples were freeze-dried in the vacuum and ground to fine powders with a grinder (MM 400, Retsch, 30 Hz, 1.5 min); 20 mg of tissue powder was extracted in 500 μL of extraction solution containing methanol, isopropanol and water (3:3:2 V/V/V). After vortexing for 3 minutes and centrifuged for 40 min at 14,000 for 3 minutes at 4°C, 100 μL of the supernatant was aspirated, 20μL of internal standard was added. The solvent was evaporated by drying under the nitrogen stream. 100 μL of methoxyammonium chloride in pyridine (15 mg/mL) were added and heated to 27°C for 2 hours. Then 100 μL of BSTFA was added, and the derivatization solution was obtained after incubation at 37°C for 30 min. After dilution with Hexyl hydride, it was stored in a brown injection vial for GC-MS analysis. Data processing was performed by using Agilent MassHunter qualitative and quantitative software.



HPLC analysis and determination of fruit organic acids

Fruit samples were collected for metabolic profiling when the fruits were ripe in 2020. Referring to Shen et al. (2018), all samples were ground into fine powders in liquid nitrogen. After mixing, 5g of samples were weighed into a test tube, 10 mL of extraction solution (aqueous hydrochloric acid solution with pH 1 was added, and ultrasonic extraction was performed for 30 min. The supernatant was collected after centrifugation, the residue was added to 10 mL of extraction solution again, and ultrasonic extraction was performed for 30 min. The supernatant was collected after centrifugation and combined with the supernatant obtained previously, and 25 mL of the supernatant was taken and filtered with a syringe filter. The sample is ready for HPLC. Agilent 1100 high-performance liquid chromatograph equipped with Xtimate XB-C18 column (250mm*4.6mm, 5μm) was used for HPLC in this study (Agilent, USA). The condition of HPLC was set up as follows: the mobile phase: 0.01 moI/L of potassium dihydrogen phosphate solvent; G4212-60008 diode Array detector, detection wavelength: 215nm, the control flow rate: 0.8ml/min, column temperature: 40°C.



RNA extraction, RNA-seq, and differential expression analysis

Every RNA sample was derived from five independent fruits, immediately frozen in liquid N2, and stored at −80 °C for further RNA-Seq assays. The total RNA from pear flesh was extracted using “RNAprep Pure Polysaccharide and Polyphenol Plant Total RNA Extraction Kit” (Tiangen Biochemical Technology Co., Ltd., DP441) and was completed according to its instructions. The transcriptome library was constructed using the “NEBNext1 Ultra™ RNA Library Prep Kit for Illumina” (NEB Corporation, USA) at Metware Biotechnology Co., Ltd. (Wuhan, China).

The original data obtained by high-throughput sequencing were converted into sequence data by CASAVA base calling. Each sample generated at least 6 gigabytes of data. For further analysis, the reads from the raw sequencing data were filtered, adaptors were removed, and low-quality (< Q30) reads trimmed. Then, the processed reads were mapped to the reference genome ‘Dangshansuli’ (P. bretschneideri Rehd.) (http://peargenome.njau.edu.cn/default.asp?d=4&m=2) with Tophat2 with the following parameters: segment length, 25, and segment mismatches, 2. Forthe remaining parameters, the default settings were used.

The uniformity, insert length, and saturation of the sequencing data were analyzed based on the alignment results. The number of reads aligned to each gene was calculated by HTSeq v0.6.1 software, and the Fragments Per Kilobase Million (FRKM) value was calculated by the following formula to measure the gene expression level: differential expression analysis between sample groups was performed by DEGSeq2. The adjusted p-value or false discovery rate (FDR) were calculated. The cutoff FDR of 0.05 was applied for all comparisons. A cutoff of 2 fold was applied for all comparisons.



WGCNA analysis

Weighted gene co-expression network analysis was used to investigate the co-expression among genes associated with the sugar and organic acids content. The log2 transformation for the FPKM value was used for WGCNA analysis. The network constructions and module detections were performed with the following parameters: mergeCutHeight: 0.25, RsquaredCut: 0.85, TOMType: “signed”, and minModuleSize: 50. After all genes were categorized into different modules, the correlation between module eigen value and trait of interest was evaluated to identify modules related to sugar and organic acid content. The hub genes within the module associated with the trait of interest were identified based on the gene significance and module membership values (Zhang and Horvath, 2005).



Statistics and analysis

SPSS 20.0 was used for statistical analysis. One-way analysis of variance (One-way ANOVA) combined with Duncan’s test was used to demonstrate the significance of the difference in means among multiple treatments.




Results


Effects of different fertilization treatments on fruit characters of pears at maturation period

After two years of fertilization treatment, the yield of pear trees was estimated by weighing 150 fruits per tree. The average yield per pear tree treated with BF and OF was significantly higher than that of CF, by 10.6% and 8.4%, respectively (Figure 1A). There was no significant difference in fruit hardness under different fertilization treatments (Figure 1B). Under BF and OF treatments, the vertical diameter of fruit was increased by 5.8% and 4.4% (Figure 1C), respectively, and the horizontal diameter was increased by 4.5% and 4.3%, respectively, compared to that of CF (Figure 1D). That is to say, the application of both BF and OF increased the yield of pear free by increasing the fruit size (Figure 1E).




Figure 1 | Effect of different fertilization treatments on fruit weight per tree (A), fruit hardness (B), fruit vertical (C), horizontal (D) diameter and phenotype (E) of Pear. CF: chemical fertilizers application; BF: bio-organic fertilizers application; OF: organic fertilizers application. Values followed by different letters differ significantly (Duncan’s test, P< 0.05, n=5).





Effects of different fertilization treatments on fruit element contents of pears at maturation period

The mineral contents in pear fruit were changed significantly under different fertilization treatments (Figure 2). The N (nitrogen) content of fruit under CF treatment was significantly higher than that of BF (63.2%) and OF (40.3%) (Figure 2A), and the accumulation of P (phosphorus) under CF treatment was higher than that of BF (7.6%) and OF (5.3%) (Figure 2B). However, the accumulation of K (potassium) in pear fruit under BF treatment was significantly higher than that of CF (27.8%) and OF (26%) (Figure 2C), and the content of Ca (calcium), Mg (magnesium) and Mn (manganese) in fruit under BF treatment was higher compared with other treatments (Figure 2D). The content of B (boron) in OF treatment was higher than that in BF and CF (Figure 2E). The content of Mo (molybdenum) in CF treatment was significantly lower than in other treatments (Figure 2H).




Figure 2 | Effects of different fertilization treatments on the mineral contents of pear fruit. Values followed by different letters differ significantly (A–H):  Nitrogen concentration; Phosphorus concentration; Potassium concentration; Calcium concentration, Boron concentration; Manganese concentration; Magnesium concentration; Molybdenum concentration. (Duncan’s test, P< 0.05, n = 5). CF, OF and BF denote for chemical fertilizer, organic fertilizer and bio-organic fertilizer.





Effects of different fertilization treatments on photosynthetic parameters of pear leaves at maturation period

Improving the photosynthetic capacity of leaves is an important way to improve crop yield and fruit quality. At 107 days after blooming, the value of Pn in pear displayed a “double-peak” curve under all three fertilization treatments, demonstrating the obvious phenomenon of photosynthetic ‘lunch break’ (Figure 3A). There was no significant difference of Pn between OF and BF treatments, but the Pn values of OF and BF were significantly higher than that of CF treatments (P<0.05). Compared with CF treatment, BF and OF treatments significantly promoted the net photosynthetic rate of pear leaves during fruit development. In the same period, the diurnal variation curve of Tr and the diurnal variation of Gs in pear leaves were similar for different fertilization treatments (Figures 3B, C). Compared with CF treatment, pear leaves in BF and OF treatments had higher stomatal conductance during fruit development (Figure 3D).




Figure 3 | Fitting curves of Tr (A), Pn(B), Gs(C), Ci(D) from 7 a.m. to 5 p.m and light response (E) from 9 a.m. to 12 a.m. in pear leaves with different fertilization treatments. CF, OF and BF denote for chemical fertilizer, organic fertilizer and bio-organic fertilizer, respectively. Pn, photosynthetic rate; Tr, transpiration rate; Ci, intercellular CO2 concentration; Gs, stomatal conductance.



The light response curve reflected the adaptability of plants to external light and environmental conditions. Before reaching the light saturation point, the net photosynthetic rate of pear leaves in different fertilization treatments showed a trend of increasing first and then tending to be stable (Figure 3E). When PAR was below 800µmol·m-2·s-1, there was no significant difference in the variation of the Pn-PAR curve among the treatments; when PAR was above 800µmol·m-2·s-1, there was a significant difference in the variation of the Pn-PAR curve among the treatments, that is, the changes of the Pn-PAR curve in the BF and OF treatments were significantly higher than those in the CF treatment (P< 0.05). Compared with CF treatment, BF and OF treatments can significantly increase the photosynthetic rate of pear leaves.



Effects of different fertilization treatments on sugar and organic acids of pear fruits at maturation period

As shown in Figure 4, the sugar & organic acid content and sugar-acid ratio in the fruit changed significantly under different fertilization treatments. Compared with CF treatment, BF and OF treatments significantly (P< 0.05) increased the total content of fructose, sorbitol, glucose, and sucrose, and their total sugar content increased by 11.2% and 22.6% (Figure 4B), respectively. In terms of specific sugar components, BF and OF treatments increased the contents of sucrose and sorbitol, of which sucrose content was increased by 131.5% and 149.2% compared with CF, respectively, and sorbitol content was increased by 21.7% and 2.1%, respectively. As for the hexose content, the fructose and glucose contents under BF and OF treatments were significantly decreased compared to CF, in which glucose content was decreased by 42% and 50.8%, respectively, and fructose content was decreased by 29.4% and 28.5%, respectively (Figure 4A).




Figure 4 | Effect of different fertilizer treatments on soluble sugar (A), total sugar (B), organic acids (C) and sugar/acid ratio (D) of pear fruits at the mature Stage. CF, OF and BF denote for chemical fertilizer, organic fertilizer and bio-organic fertilizer, respectively. Values followed by different letters differ significantly (Duncan’s test, P< 0.05, n=5).



As shown in Figure 4C, the most abundant organic acid in the fruit of ‘Chuxialv’ pear is malic acid, followed by citric acid and succinic acid. Compared with CF treatment, the content of malic acid in ripe fruit was significantly increased by 26.8% under OF treatment, and there was no significant difference between BF treatment and CF treatment. Succinic acid content was increased by 40.5% and 42.7%, respectively, under BF and OF treatments. The citric acid content under BF and OF treatments was decreased by 64% and 8.1%, respectively. Compared with CF treatment, the total acid content was the lowest under BF treatment and highest under OF treatment. The sugar-acid ratio was an important indicator of fruit quality, and the sugar-acid ratio under BF treatment was significantly higher than that under CF and OF treatments, suggesting that bio-organic fertilizer is the most efficient fertilizer for increasing the sugar-acid ratio of the pear fruit, which is of great significance for improving the fruit quality (Figure 4D).



Identification of DEGs co-expression modules by WGCNA

WGCNA was performed for all genes with a FPKM value greater to 5, resulting in the identification of 45 co-expression modules as shown in Figure 5. The module-trait relationship was investigated to explore modules associated with traits of interest including the content of sugar and organic acids. The modules were divided according to the clustering relationship between genes, and then the modules with similar expression patterns were merged according to the similarity of module eigengenes.




Figure 5 | Weighted gene co-expression network analysis among genes associated with the sugar and organic acids content. Module-trait correlations and corresponding P values were presented. Each column represents a physiological trait, and each row represents a genetic module. The color scale shows module trait correlations from -1 (blue) to 1 (red).



By calculating the correlation between the eigenvalues and traits of each module, it was found that the MEdarkgrey, MEdarkseagreen4, MEBlue, MEturquoise and MEfloralwhite modules were highly correlated with the contents of sugar and organic acids (P>0.7) (Figure 5). By analyzing the enrichment of sugar and organic acid metabolism-related genes, it was found that within MEturquoise module, there was the largest number of DEGs involved in sugar and organic acid metabolism, and there were 18 DEGs related to sugar and organic acid metabolism, which illustrates that MEturquoise module could be related to the sugar and organic acid metabolism. Through the analysis of gene expression, KEGG pathway, and DEG in these modules, 27 candidate hub genes were screened with the consistent change trend of sugar and organic acid content (Table 1; Figure 5). Through the heat map analysis of the expression number of these 27 candidate hub genes, it was found that there were 3 acid metabolism-related genes, 16 sugar metabolism-related genes, and 8 sugar transport-related genes, among which SDH4 (Sorbitol dehydrogenase 4) and SDH6 had higher expression levels. The gene co-expression network formed by the above genes responded to the changes in sugar-acid traits in fruits under the regulation of bio-organic fertilizer and ordinary organic fertilizer application (Figure 6).


Table 1 | Candidate hub genes for regulation of sugar and organic acid metabolism in the MEBlue, MEturquoise and MEfloralwhite modules.






Figure 6 | (A) Heatmap of candidate hub genes for regulation of sugar and organic acid metabolism in the MEBlue, MEturquoise and MEfloralwhite modules. CF: chemical fertilizers application; BF: chemical fertilizers + bio-organic fertilizers application; OF: chemical fertilizers + organic fertilizers application. The FPKM values of CF, BF and OF from white (5) to red (1000). (B) Construction of regulatory networks of sugar and organic acid metabolism gene (green) in the MEBlue, MEturquoise and MEfloralwhite module, which positively correlated with nutrient contents (purple) (r2>0.7). Hub genes (key candidates) within each network are highlighted in size due to the highest weight within the module and coded for gene descriptors based on annotations, the strength of correlation between hub genes by weights of lines. (C) Quantitative RT-PCR data of a sub-set of genes differentially expressed in the fruits in response to fertilizer. The experiments were repeated three times Values followed by different letters differ significantly. The error bars represent mean ± SE (P>0.05, n = 3).



To understand the regulatory network between fruit mineral content and sugar and organic acid metabolism genes, 27 sugar acid metabolism-related genes were screened among MEBlue, MEturquoise and MEfloralwhite modules (Table 1; Figures 5,  6), and the relationship between the mineral content and all genes are shown by using a Pearson correlation coefficient threshold greater than 0.8 (Figure 6). The visualization results of Cytoscape showed that there were 36 nodes connected with 1096 edges in the regulatory network of mineral content and sugar and organic acid metabolism (Figure 6). Based on the margin cutoff of 10, we found that the minerals B and Mo had higher correlations with sugar and organic acid-related gene expression.



Effects of different fertilization treatments on the transcriptome of pear fruit sugar and organic acid by KEGG analysis

Sorbitol and sucrose are the major sugars in pear. The accumulation of sugars in pear fruits is mainly regulated by the catabolism and anabolism of sorbitol and sucrose. The dominant sugars in pear fruit under the CF treatment were glucose and fructose, and the sorbitol and sucrose content were relatively low (Figure 4). The accumulation of sucrose was significantly increased by BF and OF treatments, and sorbitol content was also increased under OF treatment (Figure 7B). The application of OF and BF promoted the accumulation of total sugar content in fruits, mainly through sucrose content, implying significant differences in sugar metabolism between organic and chemical fertilizer treatments. The three major organic acids, including malic acid, citric acid, and succinic acid, are important metabolites of the TCA in plants. Under BF treatment, citric acid and total acid content were reduced by increased succinic acid content. Under OF treatment, the total acid content was increased by promoting the accumulation of succinic acid and malic acid (Figure 7C). Among all the annotated pathways in sugar and organic acid metabolism and transcriptional regulatory network analysis, we mainly focus on glycolysis and gluconeogenesis, TCA cycle, galactose metabolism, fructose, and mannose metabolism, starch and sucrose metabolism. There were significant differences in the expression of genes involved in sugar acid synthesis and catabolism among three different fertilization treatments (Figure 7A). The expression of sugar-metabolism-related genes in the KEGG pathway under OF and BF treatment was significantly higher than that under CF treatment, and the expression of acid metabolism-related genes was significantly lower than that under CF treatment, which is consistent with the conclusion in Figure 4 that the application of two organic fertilizers significantly improved the sugar-acid ratio of fruits.




Figure 7 | Relationship between KEGG pathway with sugar/organic acid metabolism. (A) Expression profiles of differentially expressed genes (DEGs) involved in sugar and organic acid metabolism in pear fruit from KEGG pathways. Enzyme names are shown along with their expression patterns at different fertilization treatments. Grids represent the expression patterns of genes shown as FPKM values: CF, BF, OF. (B, C) Effect of different fertilizers on sugar and organic acid metabolism transformations in fruits. The circle area represents the extent of sugar accumulation.



Carbohydrates produced by photosynthesis are mainly converted into hexoses by synthases or invertases. The application of OF and BF increased the expression level of AGH (α-Glucosidase) and α-GalA (α-Galactosidase) and promoted the conversion of sucrose into fructose and glucose. The expression level of SDH (Sorbitol dehydrogenase, Sorbitol dehydrogenase 2, Sorbitol dehydrogenase 4, Sorbitol dehydrogenase 6) was also increased under OF and BF application, which is responsible for converting sorbitol into fructose. Additionally, AEP1 (Aldose 1-epimerase), PGM (Phosphoglucomutase), AGP (Glucose-1-phosphate adenylyltransferase) and G1Pase (Glucose-1-phosphate adenylyltransferase), G6PI (Glucose-6-phosphate isomerase), HK2 (Hexokinase 2), SS (Sucrose synthase), and SPS4 (Sucrose-phosphate synthase 4) regulate the transformation between hexose sugars, further promoting the accumulation of sugars. In addition, the decomposition of macromolecular polysaccharides during fruit ripening was an important way to increase the sugar content of fruit. BF and OF treatments could promote the conversion of starch and maltose to glucose by α-1, 4GPase (α-1, 4 Glucan phosphorylase) and 4-αGT (4-α-Glucanotransferase). In addition, the transcript abundance of sugar transporter genes was significantly increased, such as SOT (Sorbitol transporter), SUT14 (Sugar transport 14), UDP-GLUT4 (UDP-glucose transporter 4), UDP-SUT (UDP-sugar transporter), SUC4 (Sucrose transport 4), SUT7 (Sugar transporter 7), SWEET10 and SWEET15 (Bidirectional sugar transporter), which ensures sugar transportation. Organic acid metabolisms play an important role on affecting fruit flavor. The expression of VAP (Vesicle-associated protein) and cyACO (Cytosolic aconitase) under BF and OF treatments was reduced, thus inhibiting the transformation of succinic acid to citric acid and improving the fruit flavor by reducing citric acid content. OF treatment could promote the conversion of citric acid to malic acid in the TCA cycle by reducing the expression level of Pept6 (Oligopeptide transporter) (Figure 7; Table 1). In addition, quantitative PCR analyses further confirmed that the expression of hub genes (Figure 6B).




Discussion


Effects of organic fertilizer application on fruit quality and sugar and organic acid components

Previous studies showed that the excessive application of chemical fertilizer is one of the major reasons leading to environmental degradation and global warming. Continuous application of organic fertilizer or bio-organic fertilizer can improve soil fertility and significantly increase fruit tree yields (Mosa et al., 2015; Wang et al., 2017). Organic fertilizer and bio-organic fertilizer have been proven to be effective in promoting crop yields (Liu et al., 2021). Bio-organic fertilizer containing plant growth-promoting rhizosphere bacteria (PGPRs) can improve soil fertility and plant growth, thereby increasing crop yields (Liang et al., 2020). The results of this study showed that the application of BF and OF significantly increased the yield of pears compared to CF, confirming that both organic fertilizer and bio-organic fertilizer could increase the yield of mature pear trees. Interestingly, BF had greater potential for sustained yield increase than OF. Fruit hardness was one of the important indicators to measure the quality and maturity of pear fruit. It not only affected the taste of fresh fruit but also affected the quality in the period of post-harvest storage and shelf life. Fertilization and hormone treatment could both affect fruit firmness. Nutrients such as P, K and Ca were beneficial for maintaining fruit hardness. Although more nitrogen fertilization could promote the yield increase, fruit hardness tended to be decreased. The data in this study showed that there was no significant difference in fruit hardness among CF, OF, and BF treatments. Therefore, compared with CF treatment, OF and BF treatments increased the yield of pear fruit and improved the pear fruit quality. The fruit hardness was not affected by OF or BF (Figure 1).

Organic fertilizer promotes plant root growth by changing soil pH, increasing organic matters in soil, available nutrients, trace element content, soil porosity, and soil permeability (Kang et al., 2021). Bio-organic fertilizer is a new type of organic fertilizer prepared by secondary solid-state fermentation of organic materials and specific functional microbial strains. It has been widely used in apples (Wang et al., 2016), bananas (Shen et al., 2019), pepper trees (Yu et al., 2019), and kiwis (Liu et al., 2020). Many strains within the rhizosphere had beneficial effects on plant growth, resistance, and nutrient uptake by mineralizing organic matter (Tiwari et al., 2019). In our study, after two years of fertilization treatments, the mineral contents in the fruits changed significantly (Figure 2). N and P concentrations in the fruits under the CF treatment were significantly higher than those under the BF treatment and OF treatment, and the application of OF could significantly increase the photosynthesis capacity and amounts of K, Ca, Mg and Mn in the fruits. The amount of B and Mo was elevated as well. It is possible that the application of OF or BF increased the content of trace elements in the fruits and thus contributed to the improvement of fruit quality. Plant biomass and photosynthetic capacity were the major determinants of crop yield and fruit quality. Crop management could directly or indirectly improve crop photosynthetic capacity (Makino, 2011). Improving leaf photosynthetic capacity was an important way to achieve high yield and improve fruit quality (Murchie et al., 2009; Evans, 2013; Dann and Leister, 2017), so it could be inferred that the significant improvement of photosynthetic capacity under BF and OF treatments (Figure 3) was the premise of fruit carbohydrate accumulation and fruit quality improvement.

The sweetness was the main parameter that determined the sensory quality of fruit, and the intensity of sweetness is mainly determined by the composition and content of sugar. Different sugars were involved in different biological events. The increase in the ratio of sucrose/glucose content was the reason for promoting cell division (Gibson, 2005). In this study, compared with the CF treatment, the sucrose content under the BF and OF treatments was significantly increased (Figure 4), which may also be one of the important reasons for the increase in single fruit weight by promoting cell division. In citrus plants, sucrose synthesis shifted to decomposition at the final stage of maturation and glycolysis and tricarboxylic acid cycle were accelerated, and the flow of carbohydrates toward energy metabolism was enhanced (Lin et al., 2015). In this study, the total soluble sugar content under BF treatment and OF treatment was significantly higher than that under CF treatment (Figure 4), but the total sugar content in the fruits under BF treatment was lower than that under OF treatment, which might be related to the less amount of bio-organic fertilizer applied in this study. The amount of BF applied was only 64% of the amount of OF, and the organic matter content in BF was 28.44% of that of ordinary organic fertilizer. The experiment site had relatively sticky and heavy soil, and the application of more organic matter could have a more effect on the accumulation of the total sugar content in the fruits. Sugar and organic acid metabolism were closely linked to each other through the TCA cycle. Organic acid was the material basis of the TCA cycle and glycolysis, and played an important role during fruit ripening. The accumulation of organic acid was the result of its synthesis, degradation, utilization and regionalization (Li et al., 2021). In this study, the main organic acids in pear fruit were malic acid and citric acid. Compared with CF treatment, OF treatment significantly reduced citric acid content while it significantly increased malic acid content, resulting in a significant increase in total acid content. Under BF treatment, citric acid content was decreased significantly, and the amount of total organic acid was reduced (Figure 4). Although the total sugar content under BF treatment was not as high as that under OF treatment, the sugar-acid ratio was significantly higher than that under OF treatment (Figure 4), which significantly improved fruit flavor. This indicated that OF and BF may have different mechanisms in regulating fruit sugar and organic acid metabolism. At present, the effect of microorganisms on fruit quality is still unclear. Both OF and BF played an important role in regulating fruit quality, probably due to the complexity of the components contained in OF and BF, as well as the significantly different composition characteristics from CF. The effects of the two organic fertilizers on fruit quality in this study may be related to the role of functional microorganisms in bio-organic fertilizer, and may also be related to the large difference in the amount of organic matter brought by the two organic fertilizers, which needs further research.



Transcriptome analysis reveals the molecular mechanisms regulating sugar and organic acid content in response to organic fertilization

With the rapid development of modern molecular biology and bioinformation, biological research has entered the era of big data in systematic biology. Transcriptomics technologies are the techniques used to study an organism’s transcriptome, the sum of all of its RNA transcripts. It is regulated by endogenous and exogenous factors at the same time. Transcriptomics is a bridge between the genome genetic information and the functional proteome. The transcriptome analysis of the quality of different pear cultivars showed that the pear cultivars with higher sugar content had higher SDH expression and ratios of sorbitol and fructose (Dai et al., 2015). Therefore, the transcript level of SDH is significantly associated with fruit flavor, which was verified in a comparison of 234 cultivated apple cultivars with 20 wild apple cultivars. The wild apples displayed a lower expression level of SDH compared with the cultivated apples (Fang et al., 2020). SDH was decomposed into fructose by SDH dehydrogenase, and SDH could promote sorbitol metabolism and regulate SS and SPS activities, and thus increasing the accumulation of sucrose in fruits, which was beneficial for improving fruit quality (Yu et al., 2021). Fruit development and maturation were complex biological processes regulated by genetic and environmental factors. The flavor characteristics of fruit were jointly determined by sugar and organic acid content. The accumulation of citric acid was also the main factor responsible for the sour flavor of pear fruits. ACO-encoded aconitase was the first step of citric acid catabolism, which played a major role in the acidity change of pineapple fruit before harvest (Saradhuldhat and Paull, 2007; Terol et al., 2010; Liu et al., 2011). The over expression of VAPs increased the plant biomass and carbohydrate products in poplar (Gandla, 2021; Singh et al., 2018). WGCNA revealed the sugar and organic acids related metabolism under different fertilization conditions. The results showed that both BF and OF treatments significantly increased the expression level of SDH, SS, and SPS, resulting in the accumulation of sucrose. OF treatment also significantly promoted the accumulation of sorbitol (Figure 3; Figure 7B). Citric acid content was significantly reduced under BF and OF treatments, consistent with the decreased expression of VAP and cyACO, that is to say, the transformation amount of succinate to citric acid was reduced (Figure 7A). It was consistent with the response of pear fruit to different organic fertilizer treatments at the physiological level.

The fruit flavor is a complicated trait and is determined by many factors. Sorbitol was the major type of sugar in rosaceae plants, and it was a transitional storage substance in fruit sugar metabolism. In the fruits, sorbitol was converted to glucose and fructose, which can be used for sucrose and starch synthesis (Li et al., 2018). In this study, it was found that the application of OF and BF improved the fruit quality by increasing the sugar-acid ratio, promoting the accumulation of sucrose and the decomposition of citric acid. The amount of fructose and glucose showed a decreasing trend under the two organic fertilizer treatments (Figure 3). The results implied different mechanisms for the accumulation of sugars under different fertilizer treatments. The organic and bio-organic fertilizer had the potential to improve fruit flavor. Two genes responsible for the conversion of sucrose into fructose and glucose, AGH (α-Glucosidase) and α-GalA (α-Galactosidase), displayed significantly increased transcript levels after the application of organic and bio-organic fertilizer. In the study of melon fruit quality, G6PI regulated the transformation between glucose and fructose and affected the quality and taste of melon (Lebeda and Paris, 2004). In this study, AEP1 and PGM acted as mutarotase proteins, catalyzed the transformation of glucose to other aldoses, and were involved in hexose metabolism. The expression level of AEP1 and PGM was elevated after organic and bio-organic fertilizer treatment. HK acted as a glucose signaling molecule and a catalyst of glycolysis, and the HXK protein altered by HK was involved in phosphorylation, providing ATP and metabolites for plants, which was inseparable from the carbon cycle (Zhao et al., 2019). In this study, the expression level of HK2 gene was significantly increased under the BF and OF application, which enhanced the transformation between glucose and fructose. To ensure the normal operation of sugar metabolism, the expressions level of SOT, SUT14, UDP-GLUT4, UDP-SUT, and SUC4 sugar transporter proteins were significantly decreased under BF and OF treatment, and the expression level of SUT7, SWEET10 and SWEET15 was significantly increased, regulating the transport of sugar (Figure 7A). In summary, the application of organic and bio-organic fertilizer not only changed the accumulation of sugar in the fruits but also made the hexose metabolism in the fruits more active. Therefore, the change of sugar and organic acid content in the fruits was not just regulated by a few genes but by joint efforts of multiple metabolic pathways.




Conclusions

After two consecutive years of fertilization treatments, it was found that compared with chemical fertilizer, both ordinary organic fertilizer and bio-organic fertilizer could significantly improve fruit quality and flavor. Compared with chemical fertilizer and ordinary organic fertilizer, the effect of bio-organic fertilizer on sugar and organic acid metabolism was moderate, but it had a significant effect on fruit quality improvement. Through the analysis of fruit transcriptome under different fertilizer treatments, 27 candidate genes of sugar and organic acid metabolism in pear fruit in response to organic fertilizer were screened, which laid a foundation for further research on sugar and organic acid metabolism in pear fruit. At the same time, this study also provided the theoretical and practical approach for reducing chemical fertilizer and increasing bio-organic fertilizer for pear trees. The specific regulatory mechanism of candidate genes still needs to be studied in the future, and the regulation of bio-organic fertilizers in fruit quality also needed further in-depth research.
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Homocysteine (Hcy) is a sulfur-containing non-proteinogenic amino acid, which arises from redox-sensitive methionine metabolism. In plants, Hcy synthesis involves both cystathionine β-lyase and S-adenosylhomocysteine hydrolase activities. Thus, Hcy itself is crucial for de novo methionine synthesis and S-adenosylmethionine recycling, influencing the formation of ethylene, polyamines, and nicotianamine. Research on mammalian cells has shown biotoxicity of this amino acid, as Hcy accumulation triggers oxidative stress and the associated lipid peroxidation process. In addition, the presence of highly reactive groups induces Hcy and Hcy derivatives to modify proteins by changing their structure and function. Currently, Hcy is recognized as a critical, independent hallmark of many degenerative metabolic diseases. Research results indicate that an enhanced Hcy level is also toxic to yeast and bacteria cells. In contrast, in the case of plants the metabolic status of Hcy remains poorly examined and understood. However, the presence of the toxic Hcy metabolites and Hcy over-accumulation during the development of an infectious disease seem to suggest harmful effects of this amino acid also in plant cells. The review highlights potential implications of Hcy metabolism in plant physiological disorders caused by environmental stresses. Moreover, recent research advances emphasize that recognizing the Hcy mode of action in various plant systems facilitates verification of the potential status of Hcy metabolites as bioindicators of metabolism disorders and thus may constitute an element of broadly understood biomonitoring.
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Introduction

Homocysteine (Hcy) was first synthesized by Butz and de Vigneaud in 1932 as homocystine (disulfide) by chemical demethylation of methionine (Met) with sulfuric acid. Then, three years later Hcy was obtained by reduction of homocystine with metallic sodium-ammonia (Riegel and de Vigneaud, 1935). Although Hcy is a naturally occurring intermediate in the metabolism of Met and cysteine (Cys), its excessive production might be harmful to various human and animal cells (Roe et al., 2002; Tuite et al., 2005; Jakubowski, 2006; Kumar et al., 2006; Zimny et al., 2006; Sikora and Jakubowski, 2009). Higher concentrations of Hcy were shown to affect growth inhibition or reduce cell viability in Escherichia coli cultures and yeast cells (Tuite et al., 2005; Sikora and Jakubowski, 2009). In animal cells an excessive level of Hcy is associated with a risk of various disorders, such as neurodegenerative and cardiovascular diseases, diabetic retinopathy, embryo developmental anomalies, certain neoplasms, and osteoporosis (Jakubowski, 2006; Smith and Refsum, 2021). Recent years have shown a dramatic increase in research aimed at providing better understanding of this exciting amino acid in animal organisms. However, still little is known concerning the role of Hcy in plant systems, in which it is only perceived as an intermediate product of Met biosynthesis and a by-product of S-adenosylmethionine (AdoMet) metabolism.



Mechanisms of Hcy toxicity in living cells

The harmful effects are exerted not only by Hcy, but also by the more reactive Hcy-related metabolites emerging due to elevated levels of this amino acid in the cellular environment (Škovierová et al., 2016). As a thiol Hcy can autoxidize, while in the presence of transition metals it promotes reactive oxygen species (ROS) formation (Hogg, 1999). In vitro, Hcy was proven to act as a pro-oxidant through hydrogen peroxide production during metal-catalyzed oxidation (Perna et al., 2003a). Thus, an excess of Hcy may trigger uncontrolled oxidation product formation in the cellular environment, resulting in oxidative stress (Perna et al., 2003b). Wu et al. (2019) summarized that Hcy can also induce ROS production by NADPH oxidases and endothelial nitric oxide synthase uncoupling. Finally, Hcy-induced oxidative stress may arise from targeting enzymatic antioxidants including glutathione peroxidase and protein disulfide isomerase (Jacobsen et al., 2005).

Jakubowski (2006) proved that the pathophysiological mode of action of Hcy is closely related to the “Hcy-thiolactone hypothesis”. The Hcy metabolite, synthesized by methionyl-tRNA synthetase in an error-editing reaction, is a cyclic thioester with a unique repertoire of chemical reactions (Ganapathy et al., 2009; Jakubowski, 2019). As demonstrated in the Saccharomyces cerevisiae model yeast, both cytoplasmic and mitochondrial methionyl-tRNA synthetases are engaged in the biosynthesis of the Hcy metabolite (Senger et al., 2001). The formation of Hcy-thiolactone requires ATP and thus causes nonproductive consumption of cellular energy. Once formed, Hcy-thiolactone is relatively stable, as its half-life has been estimated to be approximately 25 h under physiological pH (pH 7.4) and temperature (36°C) (Jakubowski and Guranowski, 2003).

The total production of Hcy-thiolactone depends on the concentration of free Hcy and the Met-Hcy ratio. Notably, the unique Hcy derivative can quickly diffuse through cellular membranes owing to its amino group’s relatively low pKa value (~ 7.2) (Jakubowski and Guranowski, 2003; Chubarov, 2021). Thus, Hcy-thiolactone was also detected in extracellular media (Jakubowski et al., 2000). Hcy-thiolactone is much more toxic than Hcy and can trigger apoptosis even at low concentrations (Chubarov, 2021). In addition, it may have an inhibitory effect on Na+/K+-ATP-ase, altering the membrane potential with a deleterious effect on cells (Rasić-Marković et al., 2009).

The process of Hcy or Hcy-thiolactone incorporation into proteins is known as homocysteinylation. It can involve S-homocysteinylation (S-Hcy-protein) or N-homocysteinylation (N-Hcy-protein). As Hcy-thiolactone can only arise from Hcy, N-homocysteinylation constitutes a unique post-translational protein modification for Hcy (Jakubowski, 2019). N-homocysteinylation involves the modification of protein lysine residues and can alter or impair the protein structure and function, resulting in protein damage. The phenomenon of protein N-homocysteinylation is irreversible, while the accumulation of N-Hcy-proteins could promote proinflammatory, prothrombotic, and proatherogenic properties, contributing to various disorders associated with hyperhomocysteinemia in humans (Jakubowski, 2006). In addition, post-translational protein modification can influence the epigenetic regulation of gene expression, preventing histone lysine methylation and acetylation (Wada et al., 2018). It is important to note that N-homocysteinylation may also influence the susceptibility of a protein to proteolysis, as confirmed in the case of N-Hcy-albumin (Glowacki and Jakubowski, 2004). Experimental evidence shows that N-Hcy-protein formation is a phenomenon shared by various multicellular organisms, including plants (Jakubowski and Guranowski, 2003). In the case of S-homocysteinylation Hcy is linked via a disulfide bond to a free protein sulfhydryl residue. The post-translational modification may change the function of proteins via the inactivation of potentially active free thiol groups and shifting the redox potential of biomolecules (Chubarov, 2021). Compared to N-homocysteinylation mediated via Hcy-thiolactone, protein S-homocysteinylation is reversible and is not specific to Hcy, as other low-molecular-weight thiols may form disulfide bonds with protein sulphydryl residues (Jakubowski, 2019).

In the presence of the signaling molecule, nitric oxide (NO), Hcy can undergo S-nitrosation to S-nitroso-Hcy. As underlined by Morakinyo et al. (2010), the NO-dependent modification of the thiol group in Hcy can constitute a prevention mechanism against the metabolic conversion of Hcy to more toxic Hcy-thiolactone. In plants, NO-dependent post-translational modifications of SAHH and other crucial components of the S-adenosylmethionine cycle can also affect the Hcy level and consequently, the DNA methylation status (Lindermayr et al., 2005; Chaki et al., 2009; Lozano-Juste et al., 2011; Puyaubert et al., 2014; Hu J. et al., 2015).



Hcy formation in plants

As an immediate methionine precursor, Hcy is synthesized in plant cells via two pathways (Figure 1). One of them involves the plastid/chloroplast and includes the route from sulfate via cysteine and cystathionine (CysT) formation; however, next to cysteine also O-phosphohomoserine can be metabolized to CysT by CysT γ-synthase. Finally, b-cleavage of CysT to Hcy is catalyzed by cystathionine β-lyase (CBL) (Ravanel et al., 1998; Hesse et al., 2004; Ravanel et al., 2004). The other cytosol route involves Hcy formation as a by-product of the methylation reaction within plant cells (Jakubowski and Guranowski, 2003). In this respect, S-adenosylhomocysteine (AdoHcy) undergoes conversion into Hcy in a reaction catalyzed by S-adenosylhomocysteine hydrolase (SAHH) (Ravanel et al., 2004).




Figure 1 | Homocysteine formation and mode of action in plants. The chloroplast pathway of Hcy formation (in green); the cytosolic pathway of Hcy formation (in orange). Hcy can be converted to Hcy-thiolactone, which modifies proteins by N-homocyteinylation. Hcy can also bind to cysteine residues of a protein, forming a disulfide bound resulting in S-homocysteinylation of proteins. AdoHcy, S-adenosylhomocysteine; AdoMet, S-adenosylmethionine; Cys, cysteine; CysT, cystathionine; CBL, cystathionine β-lyase; Hcy, homocysteine, HTase, Hcy-thiolactone hydrolase; MetRS, methionyl-tRNA synthetase; MS, methionine synthase; NO, nitric oxide; SAHH, S-adenosylhomocysteine hydrolase.



Bioinformatics analyses allow us to supplement the experimental data and make new insights into the phylogenetic relationships and genomic/proteomic organization of genes involved in Hcy biosynthesis in plants. For the first time, we showed the CBL and SAHH genes from various plant species in terms of their phylogenetic relationships, protein domains and gene structure (exon/intron organization). We selected the model plants (Chang et al., 2016), including five monocots and ten dicots, and their sequences were obtained from PLAZA 5.0 and Phytozome databases (https://bioinformatics.psb.ugent.be/plaza/ and https://phytozome-next.jgi.doe.gov/, respectively, accessed on 22.10.2022). A total of 17 CBL and 31 SAHH genes were found to be distributed in 15 plant species (Figure 2). In the dicots, G. max had two CBL genes, while in the monocots O. sativa had two genes, while the other plants had only one CBL gene. For the SAHH, most of the dicots had 2-3 genes, except for L. japonicas, P. persica and S. tuberosum, which had one gene each. Notably, E. grandis contained seven SAHH members. In monocots, only H. vulgare had two SAHHs, while the rest of the analyzed plants contained one gene. Thus, gene duplication appears to have had a prominent role in the expansion of the SAHH family in dicot plants. Gene duplication, expansion, and eventual diversification are characteristics of the evolutionary process. The duplication of the SAHH genes might have contributed to evolving novel functions, such as growth and development, disease resistance, and stress tolerance (Panchy et al., 2016).




Figure 2 | Phylogenetic relationship, conserved protein domains and gene structure of CBL (A) and SAHH (B) genes in various plant species. The phylogenetic trees were constructed via amino acid sequence alignment using ClustalW and the Neighbour-Joining method in MEGA-11, and evolutionary distances were computed using the JTT matrix-based method with the bootstrap test (1000 replicates). The tree was visualized on the iTOLv6 webtool (https://itol.embl.de/). The conserved protein domains were analyzed using the NCBI Batch CD-search webserver (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi, accessed on 25.10.2022) and were displayed by the TBtools software (Chen et al., 2018). The gene structure showing the intron/exon organization was generated by The Gene Structure Display Server (GSDS 2.0, Hu B. et al., 2015) tool (http://gsds.cbi.pku.edu.cn/, accessed on 24.10.2022). The dicot plants are presented in colored circles and the monocots are in colored squares. The CBL and SAHH genes from various plant species used here were as follows: AT3G57050 (AtCBL); Glyma.19G132000 (GmCBL1); Glyma.03G129700 (GmCBL2); Potri.016G038200 (PtCBL); PGSC0003DMG400029836 (StCBL); Solyc10g079720.1 (SlCBL); VIT_208s0007g05410 (VvCBL); Medtr1g064320 (MtCBL); Prupe.7G042400 (PpCBL); Eucgr.A02261 (EgCBL); Lj2g0003873 (LjCBL); Bradi1g47910 (BdCBL); HORVU7Hr1G028540 (HvCBL); Sobic.010G059200 (SbCBL); Zm00001d045153 (ZmCBL); LOC_Os06g07860 (OsCBL1); LOC_Os06g07960 (OsCBL2); AT4G13940 (AtSAHH1); AT3G23810 (AtSAHH2); Glyma.11G254700 (GmSAHH1); Glyma.05G152000 (GmSAHH2); Glyma.08G108800 (GmSAHH3); Potri.001G320500 (PtSAHH1); Potri.017G059400 (PtSAHH2); PGSC0003DMG400004572 (StSAHH);VIT_205s0029g00330 (VvSAHH1); VIT_217s0000g09840(VvSAHH2);Medtr8g083090 (MtSAHH1); Medtr3g084340 (MtSAHH2); Solyc09g092380.3 (SlSAHH2); Solyc09g092390.2 (SlSAHH3); Solyc12g098500.2 (SlSAHH1); Prupe.1G165200 (PpSAHH); Eucgr.D00281 (EgSAHH1); Eucgr.H02678 (EgSAHH2); Eucgr.H03173 (EgSAHH3); Eucgr.H03174 (EgSAHH4); Eucgr.H03176 (EgSAHH5); Eucgr.H03177 (EgSAHH6); Eucgr.H03180 (EgSAHH7); Lj6g0016083 (LjSAHH); LOC_Os11g26850 (OsSAHH); Zm00001eb090450 (ZmSAHH1); Zm00001eb170040 (ZmSAHH2); HORVU2Hr1G109370 (HvSAHH1); HORVU2Hr1G110120 (HvSAHH2); Sobic.005G112800 (SbSAHH) and Bradi4g19457 (BdSAHH).



The phylogenetic analysis divided the plant CBLs (Figure 2A) and SAHHs (Figure 2B) into taxonomic groups, i.e. monocots and dicots. This is consistent with the divergent history of plant evolution (Chaw et al., 2004). The protein family domain analysis revealed that CBLs and SAHHs from all the plants contained the typical conserved domains, Cys_Met_Meta_PP (PF01053) and AdoHcyase (PF05221), respectively. Cys_Met_Meta_PP (Pyridoxal 5’-phosphate or PLP) is a versatile catalyst that acts as a coenzyme in a wide range of processes, including decarboxylation, deamination, and transamination. A number of pyridoxal-dependent enzymes involved in cysteine, homocysteine, and methionine metabolism have been reported (Ono et al., 1992; Barton et al., 1993). CBL belongs to the PLP-dependent enzyme fold-type I and shares considerable similarities with cystathionine γ- synthase. Both plant and bacterial CBLs are tetramers consisting of four identical subunits (Breitinger et al., 2001; Ravanel et al., 1996). Each active site has one cofactor molecule attached within a cleft produced between the dimer interfaces. Both monomer residues contribute to substrate binding and catalysis. AdoHcyase (adenosylhomocysteinase) is an enzyme of the activated methyl cycle that converts S-adenosyl-L-homocysteine into adenosine and homocysteine in a reversible manner (Turner et al., 2000; Yamada et al., 2005). The previous study suggested that in phylogenetically distinct land plants, SAHH forms oligomeric protein complexes, and the dominant protein complex is made up of a tetramer of the enzyme (Alegre et al., 2020). It was further shown that regulatory actions might be on the levels of protein complex formation and phosphorylation of this metabolically important enzyme.

The gene structure analysis revealed that the intron/exon arrangements in both monocots and dicots are similar (Figure 2). The size of the CBL genes ranged from 3 (A. thaliana) to 12 kbp (L. japonicas) in all the plants analyzed, with 12 introns in dicots and 10-11 introns in monocots. The SAHH gene size ranged from 1.5 (E. grandis) to 4.5 kbp (S. lycopersicum), with only one intron in dicots and mostly two introns in monocots. The CBLs of V. vinifera and L. japonicas had the large size of introns. This might be due to the abundance of repetitive/transposable elements (TEs) in their genomes, despite having genome sizes of only about 500 Mb (Jaillon et al., 2007; Li et al., 2020). Also, most of the SAHHs had one large intron, which might be due to the fact that the introns are generally relatively rich in repeats and TEs. The overall bioinformatics analysis revealed that a majority of plant CBLs and SAHHs are conserved in nature. Although monocots and dicots exhibit a few different features, they still exert a similar function.

Potentially present in both cytosol and chloroplast, methionine synthase (MS) methylates Hcy to methionine using a methyl group donor, 5-methyltetrahydrofolate (Hesse et al., 2004). In the model plant Arabidopsis the chloroplast AtMS3 is most likely required to methylate Hcy that is synthesized de novo in this organelle. In turn, the cytosolic isoforms AtMS1 and AtMS2 are engaged in the regeneration of Met from Hcy during the activated methyl cycle (Ravanel et al., 2004). Notably, a recent finding by Yan et al. (2019) revealed that AtMS1 fulfills a regulatory role in transcriptional gene silencing. In addition to MS, cytosolic transfer of the methyl group to Hcy can be operated by Hcy S-methyltransferase (HcySMT) in the S-methyl-methionine (SMM) cycle (Ranocha et al., 2001). The SMM cycle also involves methionine S-methyltransferase engaged in the conversion of AdoMet to AdoHcy and Hcy to Met, respectively, linked with the conversion between Met and SMM (Sauter et al., 2013). It is worth noting that the maintenance of the AdoMet/AdoHcy ratio is considered a metabolic hallmark of the cellular methylation potential or methylation index (Hoffman et al., 1979; Moffatt and Weretilnyk, 2001; Kocsis et al., 2003). As indicated by Rudolf et al. (2021), AdoMet homeostasis, and thus balancing the AdoMet/AdoHcy ratio, depends on S-nitrosoglutathione reductase (GSNOR1). This enzyme controls the level of the S-nitrosoglutathione and S-nitrosation reactions in plant cells. Loss of GSNOR1 activity affects transmethylation reactions (Rudolf et al., 2021).

It was documented that an elevated level of Hcy is accompanied by decreased SAHH activity and over-accumulation of AdoHcy, which competitively inhibits AdoMet-dependent transmethylation, including DNA and histone methylation (Tehlivets et al., 2013). Thus, Hcy synthesis and AdoHcy removal by SAHH must be precisely and efficiently regulated. In Arabidopsis, SAHH1 and SAHH2 isoforms have been identified and the null mutation of SAHH1 results in embryonic lethality (Rocha et al., 2005). Moreover, an impaired SAHH1 function, including the knock-down sahh1 and homology-induced gene silencing 1 (hog1), resulted in delayed germination, growth, and morphological disorders (Rocha et al., 2005; Wu et al., 2009), indicating the significance of AdoHcy removal in plant cells. As it was stated by Alegre et al. (2020), SAHH1 functionality is crucial for plant metabolism at different developmental stages. Notably, SAHH activity can be regulated by NO, the key molecule in stress and developmental signaling. As documented, SAHH in pathogen-inoculated potato (Arasimowicz-Jelonek et al., 2016) and sunflower hypocotyls underwent nitration by peroxynitrite, resulting in the inhibition of SAHH activity (Chaki et al., 2009). Additional in silico analysis of the barley SAHH sequence showed that Tyr448 is the potential target for nitration (Chaki et al., 2009). According to Lozano-Juste et al. (2011), NO-dependent nitration may constitute an essential regulatory event that controls Met biosynthesis in plants. It was also proved that exogenous NO impairs MS activity (e.g., Danishpajooh et al., 2001), suggesting that MS nitration might result in reduced enzyme activity favoring elevated levels of Hcy in plant cells.

Although the trans-sulfuration reactions of Hcy to Cys are present in mammalian and fungal systems, the mechanism was not described in plants (Jakubowski and Guranowski, 2003).



Hcy mode of action in plants

Although little attention has been paid to the research on the role of Hcy in plants, other non-proteinogenic amino acids such as ornithine, citrulline, arginosuccinate, homoserine, and cystathionine are well-recognized intermediates of plant metabolism (Jander et al., 2020). In plants, the non-proteinogenic amino acids show a broad range of roles, including anti-herbivory, antimicrobial, and allelochemical activity. Moreover, they are engaged in signaling, nitrogen storage, and general plant response to stresses (Bell, 2003). However, as underlined by Vranova et al. (2011), many aspects of the non-proteinogenic amino acids have been largely overlooked in plant research.

It is well established that Hcy is crucial for de novo methionine synthesis and AdoMet recycling, which constitutes a precursor of ethylene, polyamines, and nicotianamine. At the same time, it also controls DNA and histone methylation (Watanabe et al., 2021). Moreover, Hcy can manage in vivo serine biosynthesis via regulation of the 3-phosphoglycerate dehydrogenase (PGDH) activity. Okamura and Hirai (2017) showed that Arabidopsis AtPGDH1 and AtPGDH3 were activated under in vitro conditions by Hcy in a cooperative manner. The observed positive and tight regulation of AtPGDH1 and AtPGDH3 by Hcy may contribute to the balance between sulfur assimilation and tryptophan biosynthesis. Moreover, Hcy-mediated activation of the serine biosynthesis implicates the amino acid as a signaling molecule that enhances AdoMet production (Okamura and Hirai, 2017). Thus, the regulatory role of Hcy in plant cells should be assumed as an important intermediate in primary metabolism.

Besides the non-toxic effects of Hcy in plants, Jakubowski and Guranowski (2003) provided the first experimental line of evidence on the potentially toxic Hcy mode of action, as the formation of Hcy-thiolactone and Hcy-N-proteins was documented in plant cells (Figure 1). Inhibition of Hcy methylation to Met by the antifolate drug aminopterin in yellow lupine seedlings caused Hcy-N-proteins to become major metabolites of Hcy, next to Hcy-thiolactone. By deciphering the cellular metabolism of Hcy in living cells it was found that the conversion of Hcy to Hcy-thiolactone in plant cells is catalyzed by methionyl-tRNA synthetase (MetRS) in an error-editing reaction during protein biosynthesis when Hcy mistakenly replaces Met (Jakubowski, 2006). It was confirmed that Hcy editing to Hcy-thiolactone operates in organisms belonging to various domains of life. Analyses have shown that the Hcy-thiolactone pathway is predominant when reactions of remethylation or trans-sulfuration are affected by impaired enzymes regulating Hcy metabolism or by disorders in the supply of folate, vitamin B12, or vitamin B6 (Zimny et al., 2006). The reactive cyclic thioester of Hcy can be uniquely degraded in plant cells to Hcy by the constitutively expressed Hcy-thiolactone hydrolase, as documented in yellow lupine seedlings. Notably, the plant Hcy-thiolactone hydrolase is essentially different from the well-described human Hcy-thiolactonase/paraoxonase, as it does not require calcium for biological activity and can hydrolyze other sets of (thio)esters (Jakubowski and Guranowski, 2003).

Hcy-thiolactone was shown to provoke features of apoptosis in various types of cells such as placental trophoblasts, human endothelial and promyeloid HL-60 cells (Mercié et al., 2000; Huang et al., 2001; Kamudhamas et al., 2004). Promyeloid HL-60 cell treatment with Hcy significantly triggered intracellular hydrogen peroxide, which coincided with increased caspase 3 activity. Moreover, Hcy-mediated programmed cell death in human endothelial cells is followed by caspase 3 or a caspase-like protease activation (Zhang et al., 2001). Moreover, an excessive Hcy level upregulated the expression of autophagy-relevant proteins, such as Atg5, in human mesangial cells (Liang et al., 2019). Autophagy activation by amino acid starvation was found to promote Hcy-induced apoptosis in bovine aorta endothelial cells (Sato et al., 2020). Notably, overexpression of genes involved in Hcy biosynthesis, i.e., CBL and SAHH, was correlated in time with Hcy accumulation during hypersensitive cell death in potato immunity to P. infestans, suggesting an implication of Hcy in programmed cell death in plants (Arasimowicz-Jelonek et al., 2013).



Hcy metabolism as a potential fingerprint of plant physiological disorders

Under normal conditions, the mean concentration of total Hcy (including disulfide-bound forms) in human plasma is ∼10 μmol/L. Thus, an elevated Hcy level has been related to inflammation processes and metabolism dysregulation leading to numerous cardiovascular and neurodegenerative disease states. The total pool of Hcy in lupine seedling hypocotyls was calculated at 4.3 μM (Jakubowski and Guranowski, 2003). In turn, the steady-state level of Hcy in leaves of the model plant Arabidopsis was assessed as < 1 pmol per mg fresh weight (Groth et al., 2016). However, a point mutation in the methylenetetrahydrofolate dehydrogenase/methenyltetrahydrofolate cyclohydrolase 1 (MTHFD1) gene of Arabidopsis provoked a disorder of folate metabolism, which caused the accumulation of Hcy in leaves to ∼7 pmol per mg fresh weight (Groth et al., 2016). Remarkably, sulfur starvation experiments revealed that the sulfur-deficient status in Arabidopsis seedlings did not affect the relative pool of Hcy (Nikiforova et al., 2005).

More recently, Watanabe et al. (2021) underlined that Hcy metabolism in plants can be altered under unfavorable environmental conditions. However, technical difficulties in its measurement contribute to a small number of data illustrating Hcy changes in plant cells. The Hcy accumulation and its localization were first documented in potato leaves inoculated with the causative agent of late blight using the immunohistochemical method (Arasimowicz-Jelonek et al., 2013). Interestingly, more pronounced immunofluorescence signals attributable to Hcy presence were observed primarily in healthy susceptible leaves rather than the resistant potato genotype. The Hcy-dependent signals were noticeable in the central vein and epidermal cells. The progressive development of late blight was correlated with over-accumulation of Hcy and upregulation of genes directly engaged in Hcy biosynthesis, i.e., CBL and SAHH (Arasimowicz-Jelonek et al., 2013). On the other hand, susceptible potato leaf pretreatment with 100 µM Hcy and subsequent pathogen inoculation showed enhanced cytotoxicity, manifested by lipid peroxidation and rapid development of disease. The destructive effect was even more visible when leaves were treated with the antifolate drug - aminopterin, an inhibitor of Hcy methylation to Met. The set of experiments revealed that Hcy over-accumulation is engaged in a pathophysiological mechanism that abolishes basal resistance, suggesting Hcy monitoring as an informative hallmark characterizing plant susceptibility. The pathogen-induced Hcy accumulation was likely associated with the formation of Hcy metabolites, potentially favoring pathophysiological changes. It was earlier documented that an enhanced pool of S-nitrosothiols (SNOs) correlated with higher susceptibility to P. infestans (Floryszak-Wieczorek et al., 2012). As cellular SNOs include S-nitroso-Hcy, the metabolite could participate in SNO turnover controlling the expression of plant resistance to pathogenic microorganisms (Malik et al., 2011). It is worth noting that potato challenge with the potato virus Y at elevated temperatures also resulted in cultivar-dependent changes in the Hcy level (Fesenko et al., 2021; Spechenkova et al., 2021). However, upregulation of CBL correlated with an increased Hcy content was detected in the potato genotype displaying resistance to virus infection (Spechenkova et al., 2021). Moreover, in hypocotyls of yellow lupine seedlings growing under normal conditions Hcy-thiolactone accompanied the presence of Hcy at a concentration of < 0.6 μM and Hcy-N-protein <0.06 μM (Jakubowski and Guranowski, 2003). When the accumulation of Hcy was enhanced (to 245 μM) in response to aminopterin application, the formation of Hcy-thiolactone and Hcy-N-protein significantly increased in lupine hypocotyls, reaching 49.5 μM and 0.47 μM, respectively.

The AdoMet/AdoHcy ratio may also precisely reflect the plant’s physiological state and alterations in this proportion modify developmental and stress responses (Watanabe et al., 2021). Significantly, this quantitative relation may differ depending on external conditions. Experimentally established levels for AdoMet and AdoHcy in Arabidopsis were ∼15 and ∼0.5 pmol/mg fresh weight, respectively (Groth et al., 2016). Deprivation of mineral nutrients such as sulfur resulted in a significant drop in AdoMet in Arabidopsis seedlings, whereas AdoHcy remained unchanged and led to the diminished AdoMet/AdoHcy ratio (Nikiforova et al., 2005). Sulfur and iron deficiency also provoked perturbation of the AdoMet/AdoHcy ratio in Arabidopsis roots. Thus, stress conditions decreased the level of AdoHcy more than AdoMet, whereas the AdoMet/AdoHcy ratio increased (Forieri et al., 2017). The research has proven that the AdoMet amount is also crucial for the cell methylation status. In this regard, alterations in AdoMet-related metabolism affect the transcriptional status through epigenetic changes in histone modifications. Moreover, excessive Hcy is associated with the risk of downregulation of SAHH activity, including over-accumulation of AdoHcy, which suppresses AdoMet-dependent transmethylation, including DNA and histone methylation (Forieri et al., 2017). The potential toxicity of Hcy toward plant cells is summarized in Figure 2. Notably, plant-derived compounds such as resveratrol and curcumin have shown beneficial effects in reducing Hcy levels in clinical trials (Atazadegan et al., 2021). This seems to suggest that Hcy could be less destructive for plant cells, as they might be adapted to detoxify its excess by a broad range of mechanisms engaging various secondary metabolites. As reviewed by Atazadegan et al. (2021), the potential to diminish the Hcy level in animal cells has also been documented for black and green tea, cinnamon, garlic, and ginger extracts, as well as soybean.



Conclusions

Our understanding of the Hcy metabolism and Hcy impact on animal and human pathophysiology has significantly advanced during the last decades. The current state of knowledge lets us see that Hcy is not only the immediate precursor of methionine, but can also provide an informative role on the plant physiological state. Recognizing Hcy as a standard marker of plant metabolic disorders caused by various stresses still seems rather far-fetched, so intensive research on the overall identification of Hcy derivatives and their potential biotoxic features should be a priority in future studies.
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Botryosphaeria dothidea is a major postharvest causal agent of soft rot in kiwifruit. Methyl jasmonate (MeJA) is an important plant hormone that participates as a plant defense against pathogens from a signal molecule. However, the impact and regulatory mechanism of MeJA on the attenuation of kiwifruit fungal decay remains unknown. This work investigated the effects of exogenous MeJA on the enzyme activity, metabolite content and gene expression of the phenylpropanoid and jasmonate pathways in kiwifruit. The results revealed that MeJA inhibited the expansion of B. dothidea lesion diameter in kiwifruit (Actinidia chinensis cv. ‘Hongyang’), enhanced the activity of enzymes (phenylalanine ammonia lyase, cinnamate 4-hydroxylase, 4-coumarate: coenzyme A ligase, cinnamyl alcohol dehydrogenase, peroxidase and polyphenol oxidase), and upregulated the expression of related genes (AcPAL, AcC4H, Ac4CL, and AcCAD). The accumulation of metabolites (total phenolics, flavonoids, chlorogenic acid, caffeic acid and lignin) with inhibitory effects on pathogens was promoted. Moreover, MeJA enhanced the expression of AcLOX, AcAOS, AcAOC, AcOPR3, AcJAR1, AcCOI1 and AcMYC2 and reduced the expression of AcJAZ. These results suggest that MeJA could display a better performance in enhancing the resistance of disease in kiwifruit by regulating the phenylpropanoid pathway and jasmonate pathway.
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1 Introduction

Kiwifruit (Actinidia chinensis) is a fruit with high nutritional and economic value from its pleasurable taste and richness in bioactive compounds, including vitamin C, carotenoids and tocopherols (Alim et al., 2019). However, kiwifruit often suffers mechanical damage from the harvesting and transportation of the fruit that causes a range of physiological and pathological reactions during storage. The common pathogens that cause kiwifruit diseases postharvest include Botrytis cinerea (Michailides and Elmer, 2000), Penicillium expansum (Wang et al., 2015a), and Botryosphaeria dothidea (Zhou et al., 2015). Postharvest soft rot caused by B. dothidea is the most important disease of kiwifruit in Jiangxi Province, China. Soft rot mainly affects the quality of the fruit and generates severe economic losses for kiwifruit production. In recent years, the increasing interest in issues that stem from pesticide residue has advanced the rapid development of disease control measures for alternative fungicides (Carlos et al., 2019). Induction of defense resistance by abiotic and biotic factors has been a primary research topic to control postharvest diseases of fruit and vegetables, and many inducers of natural disease resistance have been increasingly applied in production (Chen et al., 2021).

Methyl jasmonate (MeJA) is a regulator that is present in plants and acts as a signaling molecule by participating in a variety of physiological processes, as well as playing a significant role in plant disease resistance and defense responses (Yu et al., 2019). MeJA treatment can ultimately enhance the ability of plants to defend against adverse stress by inducing the signaling pathways of the plant physiological metabolism and regulating the expression of disease resistance genes. For example, exogenous MeJA treatment improved the disease resistance of Chinese bayberries (Myrica rubra Seib & Zucc.) (Wang et al., 2009), avocado (Persea americana Mill.) (Glowacz et al., 2017) and blueberry (Vaccinium ashei Reade) (Wang et al., 2020a) by enhancing the activity of antioxidant systems and pathogenesis-related proteins. It has also been found that the transcription factor MYC2 is a critical regulator in the jasmonic acid-based hormone regulatory network, which improves cold tolerance and resistance to gray mold in tomato by regulating the defense of enzyme activity and increasing the accumulation of proline and phytoalexin (Min et al., 2018; Min et al., 2021). In addition, MeJA has been able to induce crucial genes (lipoxygenase (LOX), allene oxide synthase (AOS) and 12-oxophytodienoate reductase 3 (OPR3)) of jasmonate pathway that increased their expression levels, thus enhancing disease resistance in peach (Ji et al., 2021) and sweet cherry fruit (Pan et al., 2022). Furthermore, MeJA could effectively improve the antioxidant system of fruit and vegetables and therefore delay the decline in the quality of fruit and vegetables and extended the storage time, including peach (Prunus persica L.) (Meng et al., 2009), blueberry (Wang et al., 2019) and lemon (Citrus limon (L.) Burm. F.) (Serna-Escolano et al., 2021).

Previous studies conducted by our research team have confirmed that 0.1 mmol L-1 MeJA activates the reactive oxygen metabolism in kiwifruit (Actinidia deliciosa cv. Jinkui) by inducing the expression of defense genes, thereby enhancing the antioxidant capacity of fruit, which improves the resistance to soft rot and effectively maintains fruit quality (Pan et al., 2020). However, no studies are available on the effects of MeJA on the phenylpropanoid pathway and jasmonate pathway during the resistance to disease in kiwifruit. The purpose of this research was to investigate the effects of MeJA on the expression of key enzyme activities and metabolites of the phenylpropanoid pathway, as well as the expression levels of jasmonate pathway genes in kiwifruit. This work will contribute to the further understanding of the mechanisms behind the effect of MeJA in the process of kiwifruit resistance to the pathogen B. dothidea.



2 Materials and methods


2.1 Fruit


Actinidia chinensis cv. ‘Hongyang’ is one of the main kiwifruit varieties cultivated in Jiangxi province, and the whole genome sequencing has been completed (Yue et al., 2020). ‘Hongyang’ kiwifruit was selected as the tested fruit based on its high sensitivity to B. dothidea (Wang et al., 2020b). At maturity, kiwifruit were harvested from an orchard (28.71°N, 115.38°E, Fengxin County, Jiangxi Province, China) when the content of the soluble solids reached 7.0-7.5% (n = 18) on Aug. 25, 2021. The collected fruit were immediately transported to the laboratory; then, fruit of uniform size, without symptoms of mechanical injury and plant disease, were selected for the experiment.



2.2 Pathogen


B. dothidea was previously isolated from decayed kiwifruit and then stored at -80°C. It was cultured on a potato dextrose agar medium (28 ± 1°C, 90 ± 5% humidity) one week prior to the experiment.



2.3 Fruit treatment

The kiwifruits were randomly divided into three groups as follows: (i) the inoculation group, where the fruit did not undergo MeJA treatment but did receive an inoculation of B. dothidea; (ii) the MeJA+inoculation group, in which the fruit underwent MeJA treatment and received an inoculation of B. dothidea; and (iii) the control group, the fruit was exposed to the air, and there was no MeJA treatment and inoculation. When performing the group ii treatment, liquid MeJA (Sigma–Aldrich, USA) was dropped onto sterile filter paper and quickly placed into sealed boxes (80 L) that contained the kiwifruit, with the final concentration was 0.1 mmol L-1 based on the volatility of MeJA. The fruit of the group i were treated with equal amounts of distilled water using the same method. Each group was repeated three times with 120 fruit per repeated experimental procedure. All fruit were treated at 20 ± 1°C for 24 h and then exposed to a clean bench for 30 min at 20 ± 1°C.

The surface of the fruit was disinfected using a wipe with 75% ethanol, the epidermis was punctured with a sterile inoculation needle at the equator of the fruit, and 30 µL of spore suspension (1.0 × 106 spores mL-1) was inoculated into the wound. The kiwifruits were arranged in fresh-keeping boxes (20 ± 1°C, 90%-95% humidity) for 8 days. The tissue annulus of 20 ± 5 mm that was around the lesion was collected daily, and these tissues were frozen with liquid nitrogen and then ground into a powder, and stored at -80°C. Twelve fruit per treatment group were randomly selected each time and the procedure was replicated three times.



2.4 Determination of disease lesion size

The diameter of the lesions on the fruit was measured with a Vernier scale (Shanghai Measuring & Cutting Tool Works Co., Ltd, China) using the cross method. Twelve fruit per treatment group were randomly selected for measurement each time and replicated three times. Induction effect = [(lesion diameter of group i – lesion diameter of group ii)/lesion diameter of group i] × 100%.



2.5 Determination of phenylpropanoid metabolism enzyme activity

Phenylalanine ammonia lyase (PAL) (EC 4.3.1.24) was determined using an assay kit (NJBI, Co., Ltd, China) to measured its absorbance at 290 nm, and the operating manual was strictly followed.

The enzyme activity assays for cinnamate 4-hydroxylase (C4H) (EC 1.14.14.91), 4-coumarate: coenzyme A ligase (4CL) (EC 6.2.1.12) and cinnamyl alcohol dehydrogenase (CAD) (EC 1.1.1.195) were performed as previously described (Liu et al., 2014; Takshak and Agrawal, 2014). Approximately 1.0 g of sample powder was mixed with 5 mL of 200 mmol L-1 Tris-HCl buffer (pH 7.5) including 100 mmol L-1 dithiothreitol and 25% (v/v) glycerol, then the supernatant was obtained after centrifugation at 9000 × g at 4°C. The C4H reaction system contained 2 mL of 50 mmol L-1 Tris-HCl buffer (containing 0.08 mmol L-1 NADPNa2, 0.6 mmol L-1 G-6-PNa2 and 8 mmol L-1 trans-cinnamic acid) and 0.8 mL of supernatant, and the absorbance value was measured at 340 nm after mixing. The absorbance of 4CL was measured at 333 nm by mixing 2 mL of 50 mmol L-1 Tris-HCl buffer (containing 0.2 mmol L-1 p-coumarate, 2.5 mmol L-1 MgCl2, 2.5 mmol L-1 ATP and 0.4 mmol L-1 CoA) with 0.5 mL of supernatant. A mixture of 2.5 mL of NADP (2.0 mmol L-1) and trans-cinnamic acid (1 mmol L-1) was added to 0.5 mL of supernatant, and the absorbance of CAD was measured at 340 nm after 30 min reaction at 37°C.

The enzyme activities of peroxidase (POD) (EC 1.11.1.7) and polyphenol oxidase (PPO) (EC 1.10.3.1) were measured by a previously described methodology (Li et al., 2019a). The enzyme extract was obtained by mixing 1.0 g of sample with 5 mL of 50 mmol L-1 phosphate buffer (pH 7.5, containing 2% (w/v) polyvinylpyrrolidone and 0.1% (v/v) Triton X-100) and centrifuging at 9000 × g for 20 min at 4°C. The POD reaction system consisted of 3.0 mL of 25 mmol L-1 guaiacol, 0.2 mL of 500 mmol L-1 H2O2 and 0.5 mL of enzyme extract, and the change in absorbance was detected at 470 nm. The PPO activity was detected at 420 nm by mixing 0.15 mL of enzyme extract, 2.0 mL of phosphate buffer (50 mmol L-1) and 0.5 mL of catechol (50 mmol L-1).

All enzyme activity was expressed as U kg-1 on the fresh weight basis. One unit of enzyme activity was equal to 0.01 increase per minute in the corresponding absorbance. All assays were repeated three times.



2.6 Determination of total phenolic, flavonoid and lignin contents

Lignin was assayed according to the description of Xu et al. (2019) with minor modification. The sample powder (1.0 g) was mixed in 5.0 mL of 95% ethanol and centrifuged at 9000 × g for 25 min at 4°C. The sediment was rinsed with 95% ethanol and ethanol: hexane (1: 2, v/v) respectively, and dried (65°C, 2 h). Then the sediment was dissolved with 1.0 mL of bromoacetyl bromide-acetic acid (25%, w/v), incubated for 30 min at 70°C, and the reaction was terminated by adding 1.5 mL of NaOH (2.0 mol L-1). The results were expressed as OD280 kg-1 on the fresh weight basis.

The total phenolic and total flavonoid contents were assayed as previously described by Wei et al. (2017). The extracts were obtained by mixing 2.5 g of sample with 10 mL of methanol (70%, v/v), shaking for 1 h and then centrifuging at 9000 × g for 20 min at 4°C. The absorbance of total phenols and flavonoids was read using UV-VIS spectrophotometer (Purkinje General Instrument Co., Ltd, China) at 760 nm and 510 nm, respectively. The total phenolic content was calculated using a gallic acid standard curve, and the flavonoid content was calculated based on the rutin standard curve. The contents were all expressed as g kg-1 on the fresh weight basis. The assay was performed in three replicates.



2.7 Determination of phenolic acid content

The contents of chlorogenic acid, caffeic acid and p-coumaric acid in the kiwifruit pulp were determined. The methodologies for extraction and assay were as previously discussed in Zhang et al. (2010), with some slight modifications. Phenolic compounds were analyzed using a low-pressure gradient HPLC Shimadzu system that was equipped with a photodiode array detector (Model: LC-2030 Plus, Shimadzu Corporation, Kyoto, Japan). An ODS-100-V 5-μm 4.6-mm I.D.× 25-cm column (Tosoh Corporation, Tokyo, Japan) was used in the separation procedure. Mobile phase A contained 2% acetic acid in the water (v/v), and phase B was chromatographically pure methanol. The detection wavelength was set to 320 nm. The content were all expressed as mg kg-1 on the fresh weight basis. Triplicate determinations were performed.



2.8 RNA extraction and cDNA synthesis

The total RNA of the kiwifruit was obtained using an RNAprep Pure Plant Kit (Tiangen, Co., Ltd, China) according to the product instructions. The quality and concentration of RNA were detected using 1% agarose gel electrophoresis and a nucleic acid analyzer (Biochrom Ltd, Cambridge, UK). A kit (Yeasen, Co., Ltd, China) was used to reverse-transcribe the RNA into cDNA.



2.9 Gene expression analysis

The gene expression level was detected by RT–qPCR using TB Green® Premix Ex Taq (Takara Bio Inc., Japan). The sample at 0 d was used as internal calibrator, and the AcActin was used as the house-keeping gene. The primer sequences are shown in 
Table S1
. The gene expression was calculated according to the 2−ΔΔCt method (Livak and Schmittgen, 2001). Each experiment being performed in triplicate.



2.10 Statistics

The data were processed and analyzed using SPSS 22.0 (SPSS Inc., USA). The significance of differences between groups was determined using Duncan’s multiple range tests at the 5% level. The figures were drawn using Excel 2016 (Microsoft, USA). Correlation analysis was performed by Origin 2022 (Origin Lab Co., USA) with Pearson’s correlations and two-sided tests.




3 Results


3.1 MeJA affects the lesion diameter in kiwifruit

The effects from the different treatments inducing the resistance of kiwifruit to B. dothidea in the postharvest stage are shown in 
Figure 1
. The lesion diameter gradually increased with increasing inoculation time (
Figure 1A
). After 3 d of inoculation, there were differences between the inoculation group and the MeJA+inoculation group, and the lesion diameter of the MeJA+inoculation group was smaller than that of the inoculation group (
Figure 1B
). The induction of 0.1 mmol L-1 MeJA treatment on kiwifruit resistance to soft rot showed a trend of first increasing and then decreasing (
Figure 1C
), with the best induction effect of 24.16% at 5 d after inoculation. This was followed by 3 d and 4 d after inoculation, for which the induction effects were 15.48% and 16.80%, respectively.




Figure 1 | 
Effect of MeJA on diseases caused by B. dothidea in kiwifruit during storage time. (A) The symptoms of kiwifruits inoculated with B. dothidea in different treatment groups (Bar = 1 cm). (B) MeJA affects lesion diameter during storage time. (C) Induction effect of MeJA on kiwifruits. Bars shows standard deviation (SD, n=3). Letters and “*” indicate significant differences at P < 0.05 level among the treatments.






3.2 MeJA affects enzymatic activities of the phenylpropanoid pathway in kiwifruit

MeJA improved the PAL enzyme activity of kiwifruit (
Figure 2A
), whereby an increasing trend of PAL activity was demonstrated with the extension of inoculation time. The PAL activity of the MeJA+inoculation group was higher than that of the inoculation group except for 2 d after inoculation.




Figure 2 | 
MeJA affected the activities of (A) PAL (phenylalanine ammonia lyase), (B) C4H (cinnamate 4-hydroxylase), (C) 4CL (4-coumarate: coenzyme A ligase), (D) CAD (cinnamyl alcohol dehydrogenase), (E) POD (peroxidase) and (F) PPO (polyphenol oxidase) in kiwifruit during storage time. Bars shows standard deviation (SD, n=3). Letters indicate significant differences at P < 0.05 level among the treatments.




As shown in 
Figure 2B
, the C4H enzyme activity first increased and then decreased, and the MeJA-treated kiwifruit remained higher level during storage. The C4H enzyme activity peaked of 26.49 U kg-1 at 5 d after inoculation, which was 1.75 and 1.93 times higher than that of the inoculation and control groups, respectively.

The 4CL activity is shown in 
Figure 2C
, and MeJA increased its activity from 2 d to 6 d. The 4CL activity of the MeJA-treated kiwifruit increased sharply at 2 d and was 1.66 times that of the inoculation group. The activity of the 4CL peaked at 6 d.

Over the course of 8 d after being treated with MeJA, the activity of CAD increased from 0 d to 6 d and then decreased in the following period (
Figure 2D
). The CAD activity of the MeJA+inoculation group showed the highest activity (4.31 U kg-1) at 6 d, which was 1.39 times that of the inoculation groups.

The process of POD activity is shown in 
Figure 2E
. The POD activity of the MeJA+inoculation group increased sharply from 4 d to 6 d. From 6 d, the POD activity was 1.35 and 1.72 times that of the inoculation and control groups, respectively.

MeJA treatment increased the PPO activity of kiwifruit from 4 d to 8 d (
Figure 2F
). At 4 d of inoculation, the MeJA+inoculation group had the maximum fold difference in activity from the inoculation group, which was 1.66 times that of the inoculation group.



3.3 MeJA affects phenylpropanoid metabolites in kiwifruit


3.3.1 MeJA affects the total phenolic, flavonoid and lignin contents in kiwifruit

The total phenolic content is shown in 
Figure 3A
. MeJA increased the total phenolic content of kiwifruit, which was higher than the inoculation and control groups except from 2 d to 3 d. Its highest content peaked at 5 d, which was 1.22 times that of the inoculation group.




Figure 3 | 
MeJA affected the content of (A) total phenolics, (B) flavonoids, (C) lignin, (D) chlorogenic acid, (E) caffeic acid and (F) p-coumaric acid in kiwifruit during storage time. Bars shows standard deviation (SD, n=3). Letters indicate significant differences at P < 0.05 level among the treatments.




MeJA treatment maintained a high level of flavonoid content (
Figure 3B
). The maximum flavonoid content in MeJA-treated kiwifruit tissues was observed at 3 d and 5 d after treatment, which was 1.39 times and 1.24 times that of the inoculation group, respectively.

As storage time progressed, the lignification of fruit in the three groups gradually increased (
Figure 3C
). The lignin content of the three groups reached its maximum at 8 d, at which time the lignin content of the MeJA+inoculation group was 1.23 and 1.28 times that of the inoculation and control groups, respectively.



3.3.2 MeJA affects the chlorogenic acid, caffeic acid and p-coumaric acid contents in kiwifruit

The chlorogenic acid content is shown in 
Figure 3D
. Chlorogenic acid rapidly accumulated in the MeJA+inoculation group (3.41 mg kg-1) in comparison to the inoculation and control groups at 1 d. Chlorogenic acid of the MeJA+inoculation group exhibited its highest content at 8 d, which was 1.50 and 2.36 times that of the inoculation and control groups, respectively.

The content of caffeic acid in the MeJA+inoculation group increased sharply and peaked at 1 d, which was 1.27 times that of the inoculation group (
Figure 3E
). In addition, the MeJA+inoculation group was also higher than the inoculation and control groups from 5 d to 8 d.

The p-coumaric acid content in kiwifruit showed an obvious increase after inoculation with B. dothidea (
Figure 3F
). There were no differences between the MeJA+inoculation and inoculation groups except at 0 d and 6 d.




3.4 MeJA affects the expression of genes of phenylpropanoid and jasmonate pathway in kiwifruit


3.4.1 Gene expression of the phenylpropanoid pathway

The expression of phenylpropanoid-related genes in kiwifruit after the MeJA treatment is shown in 
Figure 4
. The AcPAL expression in the MeJA+inoculation group began to rise on 1 d and peaked in the expression at 7 d (
Figure 4A
). The AcPAL expression was approximately 1.40 times that of the inoculation group and 3.22 times that of the control group in MeJA-treated kiwifruit tissues at 7 d.




Figure 4 | 
MeJA affected the gene expression of (A) AcPAL, (B) AcC4H, (C) Ac4CL, and (D) AcCAD in kiwifruit during storage time. Bars shows standard deviation (SD, n=3). Letters indicate significant differences at P < 0.05 level among the treatments.




The AcC4H expression in the MeJA+inoculation group reached a maximum at 7 d (
Figure 4B
), which was 2.62 and 7.06 times that of the inoculation and control groups, respectively. The control group maintained a lower expression level throughout the process.

In addition, the pattern of Ac4CL expression in kiwifruit was also similar to the result obtained for AcC4H (
Figure 4C
). The Ac4CL expression in the inoculation group was the highest at 8 d, and the Ac4CL expression in the MeJA+inoculation group peaked at 7 d.

As shown in 
Figure 4D
, the AcCAD expression demonstrated an increasing trend with increasing inoculation time. The maximum expression of AcCAD in MeJA-treated kiwifruit was at 7 d, which was 1.78 and 16.00 times that of the inoculation and control groups, respectively.



3.4.2 Gene expression of the jasmonate pathway

As shown in 
Figure 5
, the inoculation with B. dothidea in kiwifruit activated the expression of crucial genes of the jasmonate pathway, which was obviously higher than that in the control group. Compared to the inoculation group, the MeJA+inoculation group upregulated the expression of AcLOX, AcAOS, AcAOC, AcOPR3, AcJAR1, AcCOI1 and AcMYC2 during the majority of the storage period. The AcLOX expression in the MeJA+inoculation group peaked at 7 d (
Figure 5A
), which were 1.58 and 137.79 times that in the inoculation and control groups, respectively. The overall pattern of the AcAOS expression in MeJA-treated kiwifruit was similar to that of AcLOX (
Figure 5B
). The AcAOS expression reached its maximum at 7 d in the MeJA-treated kiwifruit. The AcAOC expression in MeJA-treated kiwifruit was the highest at 7 d (
Figure 5C
), which was 2.83 times that of the inoculation group. MeJA treatment enhanced AcOPR3 expression in inoculated B. dothidea kiwifruit except at 1 d and 4 d (
Figure 5D
). Expression of AcJAR1 was enhanced by MeJA treatment, and the maximum expression was at 7 d, which was 1.97 times that of the inoculated group (
Figure 5E
). The AcCOI1 expression in the MeJA+inoculation group peaked at 6 d (
Figure 5F
), which was 1.91 and 2.53 times that in the inoculation and control groups, respectively. Compared with the inoculation group, MeJA treatment induced a downregulation of AcJAZ throughout the storage period. The AcJAZ expression in the inoculation group peaked at 8 d (
Figure 5G
), which was 2.96 and 6.87 times that of the MeJA+inoculation and control groups, respectively. The expression of AcMYC2 in MeJA-treated kiwifruit was upregulated from 3 d to 7 d (
Figure 5H
). The highest level of the AcMYC2 expression in the MeJA+inoculation group occurred at 6 d, which was 1.83 times higher during this time than that in the inoculation group.




Figure 5 | 
MeJA affected the gene expression of (A) AcLOX, (B) AcAOS, (C) AcAOC, (D) AcOPR3, (E) AcJAR1, (F) AcCOI1, (G) AcJAZ, and (H) AcMYC2 in kiwifruit during storage time. Bars shows standard deviation (SD, n=3). Letters indicate significant differences at P < 0.05 level among the treatments.







3.5 Correlation analysis

The correlation analysis between indexes of phenylpropanoid and jasmonate pathway is shown in 
Figure 6
. There are complex and varied correlations among the indicators in the P1 region. The accumulation of total phenolics was closely related to PAL (R2 = 0.86) and C4H (R2 = 0.65) enzymes. All six enzyme activities related to the phenylpropanoid pathway were positively correlated with lignin, especially PAL (R2 = 0.76), POD (R2 = 0.66) and PPO (R2 = 0.66). Moreover, p-coumaric acid was positively correlated with PAL (R2 = 0.59), and chlorogenic acid with PAL (R2 = 0.61), C4H (R2 = 0.65) and POD (R2 = 0.66). In P2 region, the enzyme activities of the phenylpropanoid pathway showed an overall positive correlation with gene expression. The correlation between metabolites and gene expression is reflected in P3, gene expression of phenylpropanoid and jasmonate pathway was positively correlated with most phenolic compounds, except for the AcOPR3 with p-coumaric (R2 = -0.64) and chlorogenic (R2 = -0.60). There was a similar correlation between the expression trends of jasmonate-related genes and AcPAL, AcC4H, Ac4CL, AcCAD in P4 region.




Figure 6 | 
Correlation analysis between indexes of phenylpropanoid and jasmonate pathway in kiwifruit. The graph was plotted by the relative levels of all indicators in MeJA-treated kiwifruit during B. dothidea inoculation, based on the Pearson’s correlation coefficients obtained. The red and blue colors represent positive and negative correlations, respectively. *P < 0.05; **P < 0.01; ***P < 0.001.







4 Discussion

MeJA is an important regular of natural plant growth that acts as a signaling molecule in the plant metabolism network to stimulate the immune system of fruit and effectively improve the resistance of fruit against fungal infection (Wang et al., 2022). Previous studies have shown that exogenous MeJA treatment is beneficial in reducing pre-harvest potato (Yang et al., 2022) and post-harvest citrus (Guo et al., 2014) diseases. In addition, MeJA also has a direct inhibitory effect on pathogens. Wang et al. (2015b) found that 10 μmol L-1 MeJA could inhibit spore germination of Penicillium expansum through the use of in vitro experiments, and Tzortzakis et al. (2016) also confirmed that 44.8 μL L-1 MeJA could inhibit the growth of mycelium and spore production of gray mold. However, in contrast to the results of Yao and Tian (2005), mycelial growth and spore germination of Monilinia fructicola were not inhibited by 0.2 mmol L-1 MeJA. These results indicated that different pathogenic species have different sensitivities to MeJA. A previous study in our laboratory confirmed that the inhibitory effect of MeJA on the growth of B. dothidea mycelium was positively correlated with the concentration (Pan et al., 2019), and the results were the same as those reported by Li et al. (2019c). However, when it was applied to kiwifruit, 1 mmol L-1 MeJA treatment conversely reduced the effect of induction of fruit resistance (Pan et al., 2019). Therefore, MeJA acts as a signaling molecule to resist the infection of pathogens by activating the immune system of kiwifruit. In this study, 0.1 mmol L-1 MeJA treatment slowed the expansion of kiwifruit lesions, indicating that MeJA plays a critical role in enhancing the disease resistance of kiwifruit.

Phenylpropanoid pathway is an important secondary metabolic pathway in plants and has an essential role in plant disease resistance. Enzymes, including PAL, C4H, 4CL and CAD, in the phenylpropanoid pathway regulate the biosynthetic pathway of secondary metabolites and catalyze a range of reactions to generate substances with antimicrobial effects, such as phenolic acids, flavonoids, and lignin (Zhou et al., 2019). In the present study, MeJA enhanced the PAL, C4H, 4CL and CAD activities and their related gene expression in kiwifruit. There was a positive correlation between enzyme activity and gene expression. The results were similar to those of previous experiments conducted on blueberry (Wang et al., 2020a). POD and PPO are important catalytic enzymes for fruit that can participate in the synthesis of certain metabolites (e.g., hormones, phytoalexin and phenolics), and they enhance the system of defense, thereby inducing disease resistance in kiwifruit. POD can catalyze the polymerization of synthetic precursors of phenolic substances into lignin, which is deposited into the cell wall to defend against fungal infection. To further form toxic terpenoids, PPO can be used to catalyze phenolic substances, which have a direct inhibitory effect on pathogens (Ge et al., 2019). This study demonstrated that postharvest MeJA treatment increased the POD and PPO enzyme activities in kiwifruit, promoted the accumulation of lignin content, and enhanced the lignification of infected tissues. Similar results have been reported for muskmelon fruit that were treated with oxalic acid, whereby the accumulation of lignin strengthened the cell wall, and the histological structure as a preventive barrier was markedly strengthened (Deng et al., 2015). Rapid wound healing contributes to the maintenance of fruit quality and resistance to pathogens, and studies have shown that the phenylpropanoid pathway is an important pathway by which MeJA promotes wound healing in kiwifruit (Wei et al., 2021). The results of this experiment corroborated the important role of this pathway in the disease resistance process. Phenolics and flavonoids are not only antioxidant substances but also important defense substances in plants. They are able to damage the structure of the plants, and interfere with the physiological functions of pathogens, and induce plants to activate their own immune system, which is closely related to the resistance of plant disease (Zhang et al., 2020). Different elicitors had similar induction effects in various fruit and vegetables, such as pitaya treated with β-aminobutyric acid (Li et al., 2019a), kiwifruit treated with alginate oligosaccharide (Zhuo et al., 2022) and cherry tomato treated with melatonin (Li et al., 2019b), which improved the ability of fruit to withstand adversity stress by promoting the synthesis of phenolics. This study showed that exogenous MeJA treatment promoted the accumulation of total phenolics, flavonoids, lignin, chlorogenic acid and caffeic acid in kiwifruit and strengthened the defense capacity of the fruit. In addition, MeJA treatment also had no obvious effect on the p-coumaric acid content, and therefore it was speculated that the aromatic ring of p-coumaric acid had been hydroxylated and methylated to form its derivatives that played a critical role during the process (Heleno et al., 2015). Correlation analysis showed that the total phenolic, chlorogenic acid and p-coumaric acid accumulation patterns were similar and closely correlated with the PAL, C4H and POD activities. The patterns of lignin accumulation were closely related to the PAL, POD, and PPO enzymes.

Jasmonate (JA) has a pivotal role in regulating plant developmental programs, including physiological processes and responses to environmental stimuli. In the jasmonate pathway, α-linolenic acid (α-LeA) and hexadecatrienoic acid (HTA) are converted to 12-oxo-phytodienoic acid and dinor OPDA by catalysis with 13-lipoxygenase (13-LOX), alkylene oxide synthase (AOS) and alkylene oxide cyclase (AOC), and then finally converted to JA through an OPR3-independent pathway. JA can bind to Ile catalyzed by JAR1 (JASMONATE RESISTANT 1) to generate JA-Ile (Jasmonoyl-isoleucine), while JA-Ile activates MYC transcription factors by directly binding to JAZ (JASMONATE ZIM DOMAIN 1) and COI1 (COR-insensitive 1), which generates JAZ degradation via the 26S proteasome pathway (Wan and Xin, 2022). The results of this study showed that the inoculation with B. dothidea upregulated JA pathway-related gene expression (AcLOX, AcAOS AcAOC, AcOPR3, AcJAR1, AcCOI1 and AcMYC2) in kiwifruit, and its up-regulation trend was greater in MeJA-treated kiwifruit. Meanwhile, MeJA inhibited JAZ expression, which is a negative gene in the regulation of JA signaling. This further indicated that MeJA effectively enhanced the role of JA pathway in kiwifruit resistance to B. dothidea. In studies on sweet cherry (Pan et al., 2022) and peach (Ji et al., 2021), MeJA upregulated the gene expression of LOX, AOS, OPR3 and MYC2 to initiate their defense mechanisms, which was consistent with this study. MYC2 is the master regulator in JA signaling pathway and involved in the regulation of JA-mediated physiological activities in plant (Dombrecht et al., 2007 and Du et al., 2017). It has been reported that MYC2 plays an important role in MeJA-mediated disease resistance in Arabidopsis thaliana (Pozo et al., 2008), Fragaria × ananassa (Valenzuela-Riffo et al., 2020) and Solanum lycopersicum (Min et al., 2021). In this work, AcMYC2 was induced in kiwifruit inoculated with B. dothidea and expressed more strongly after MeJA treatment. There was a high positive correlation between AcMYC2 and total phenolics, lignin as well as phenylpropanoid-related enzyme activities and gene expression in exogenous MeJA-treated kiwifruit. These results indicated that AcMYC2 may be involved in regulating the MeJA-mediated phenylpropanoid pathway for disease resistance in kiwifruit to against pathogen.



5 Conclusions

In summary, MeJA increased the activity of phenylpropanoid pathway-related enzymes (PAL, C4H, 4CL, CAD, POD and PPO) and their gene expression (AcPAL, AcC4H, Ac4CL, and AcCAD). Furthermore, MeJA treatment promoted the accumulation of metabolites (total phenolics, flavonoids, chlorogenic acid, caffeic acid and lignin) during the process of kiwifruit resistance to soft rot. Additionally, MeJA regulated the expression of JA pathway-related genes (AcLOX, AcAOS AcAOC, AcOPR3, AcJAR1, AcCOI1, AcJAZ and AcMYC2) that resulted in an improved resistance of kiwifruit to the B. dothidea pathogen. However, further studies on the mechanism of MeJA-induced kiwifruit against B. dothidea in multiomics analyses is needed.
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Nitrogen is one of the important nutrients required for plant growth and development. There is increasing evidences that almost all types of nitrogen metabolites affect, at least to some extent, auxin content and/or signaling in plants, which in turn affects seed germination, plant root elongation, gravitropism, leaf expansion and floral transition. This opinion focuses on the roles of nitrogen metabolites, , , tryptophan and NO and their synergistic effects with auxin on plant growth and development. Nitrate reductase (NR) converts nitrate into nitrite, and was roughly positive-correlated with the root auxin level, suggesting a crosstalk between nitrate signaling and auxin signaling. Abscisic Acid Responsive Element Binding Factor 3 (AFB3) and Tryptophan Aminotransferase of Arabidopsis 1 (TAA1) are also the key enzymes involved in nitrogen metabolite-regulated auxin biosynthesis. Recent advances in the crosstalk among  ,  , tryptophan and NO in regulation to NR, AFB3 and TAA1 are also summarized.
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Introduction

Nitrogen is one of the important nutrients required by plant growth and development. Plant roots can access nitrogen (N) in various forms which include organic compounds. The primary N forms root absorbs are ammonium ( ), nitrate ( ), and amino acids. Typically, the most plentiful source of N is nitrate (Miller et al., 2007; Kant et al., 2011).

The cytosolic enzyme nitrate reductase (NR) first converts nitrate inside the cell to nitrite, which is a rate-limiting step in the assimilation pathway. The nitrite is transported into the chloroplast (Fernandez and Galvan, 2007). Plastid nitrite reductase (NiR) catalyzes the conversion of nitrite to ammonium, which is then absorbed into carbon skeletons by producing glutamate via the glutamine synthetase/glutamine oxoglutarate aminotransferase (GS/GOGAT) cycle (Sanz-Luque et al., 2015). As a result, nitrate assimilation occurs via a rather straightforward linear process that includes two transport phases (nitrate and nitrite transport) and two reduction steps (involving NR and NiR) (Chamizo-Ampudia et al., 2017).



Roles of   on plant growth and development

  works as a signaling molecule to influence plant growth and development, as well as serving as a main N source for plants (Miller et al., 2007). This leads to a theory that plant cells needed an availability sensor for  . Local   availability regulates the expression of nitrate assimilation genes (Krapp et al., 2014), breaks seed dormancy (Alboresi et al., 2005; Liu et al., 2021), controls leaf morphogenesis (Yang et al., 2022), stimulates the formation and extension of lateral roots (Forde and Walch-Liu, 2009; Chen et al., 2018; Contreras-López et al., 2022) and postpones flowering (Yuan et al., 2016; Sanagi et al., 2021; Ye et al., 2021; Zhang S. et al., 2021). Lack of nitrate also affects tomato fruit yield and quality (Belfry et al., 2017) and maize stem internodes development (Peng et al., 2013).

The nitrate transporter NRT1.1 is a dual-affinity nitrate transceptor controlling the primary nitrate responses (nitrate signaling), in which expressions of nitrate assimilation genes and nitrate transporter genes are induced rapidly by nitrate treatments (Ho et al., 2009). NRT1.1 facilitates not only nitrate uptake but also auxin transport. Nitrate treatments repress NRT1.1-mediated auxin uptake, indicating that the nitrate signaling via NRT1.1 is correlated with a regulation of auxin transport (Krouk et al., 2010). Another report found that expression of Abscisic Acid Responsive Element Binding Factor 3 (AFB3) depends on the nitrate-transport function of NRT1.1 (Vidal et al., 2014).

Recently, the NIN-like protein (NLP) transcription factor NLP7 has also been suggested as a nitrate sensor (Liu et al., 2022). NLP7 is a crucial nitrate signaling regulator that binds directly to the TAR2 (Tryptophan Aminotransferase Related 2) promoter and activates its expression to sustain auxin signaling in the root primordia (Liu et al., 2017; Zhang T. T, et al., 2021).

Nitrate inhibits Ferredoxin-NADP+-Oxidoreductase (FNR1) expression, therefore causing declines in NADPH/NADP+ and ATP/AMP ratios, which in-turn promotes adenosine monophosphate-activated protein kinase (AMPK) activities and modulates their nuclear abundance (Yuan et al., 2016). KIN10 phosphorylates NLP7 to induce its cytoplasmic retention and the subsequent degradation, therefore repressing nitrate-regulated gene expression and inhibiting growth (Wang et al., 2021).

The nia1/nia2 (nitrate reductase) double mutant showed significantly low transcription levels of auxin biosynthesis/signaling genes and was insensitive to nitrogen changes. NR activity was roughly positive-correlated with the root auxin content, and there should be a crosstalk between nitrate signaling and auxin accumulation (Fu et al., 2020).

Another interesting study indicated that in the nia1/nia2 double mutant, the auxin signaling gene AFB3 expression was increased by the nitrate with the max level at 1 hour, as well as in the wild-type seedlings. Nevertheless contrasting to the wild-type seedlings, the AFB3 mRNA did not decrease in the nia1/nia2 double mutant after 1 hour (Vidal et al., 2010). The authors concluded that NR may regulate both auxin biosynthesis and auxin signaling, and some nitrate metabolite downstream of NR may control AFB3 expression indirectly (Vidal et al., 2010; Vidal et al., 2013).

Besides auxin, nitrate also regulates plant growth and development indirectly through interacting with cytokinin (Hu et al., 2020), ethylene (Zhou et al., 2022), abscisic acid (ABA; Sun et al., 2020), salicylic acid, gibberellins and brassinosteroids (Vega et al., 2019) (Figure 1).




Figure 1 | Metabolic pathways and signaling pathways that  ,  , tryptophan and NO regulate auxin biosynthesis/signaling and plant growth/development. Nitrate reductase (NR) converts nitrate to nitrite. Then nitrite reductase (NiR) catalyzes the conversion of nitrite to ammonium, which is then converted to glutamate (Glu) via the glutamine (Gln) synthetase/glutamine oxoglutarate aminotransferase (GS/GOGAT) cycle and various amino acids, among which tryptophan is a key metabolite and the precursor of auxin. The nitrate transporter NRT1.1 is a nitrate transceptor controlling Abscisic Acid Responsive Element Binding Factor 3 (AFB3) expression. Nitrate inhibits Ferredoxin-NADP+-Oxidoreductase (FNR1) expression, therefore causing declines in NADPH/NADP+ and ATP/AMP ratios, which in-turn promotes adenosine monophosphate-activated protein kinase (AMPK; KIN10 and KIN11) activities and phosphorylates the NIN-like protein (NLP) transcription factor NLP7. NLP7 binds directly to the TAR2 (Tryptophan Aminotransferase Related 2) promoter and activates auxin signaling. Some nitrate metabolite downstream of NR might affect AFB3 transcription indirectly. NO is a by-product during NR functioning, however NO may deactivate NR by S-nitrosylation. When   is applied to shoots, ARG1 (Altered Response to Gravity 1) induces the auxin influx carrier AUX1 expression and basipetal auxin transport via PIN-Formed2 (PIN2) in root apices. And   mediated stresses were lessened when ABA signaling was activated (Li et al., 2012). And the brassinosteroid (BR) signaling transcription factor ABI3/VP1-Like 1 (RAVL1) controls BR-mediated activation of the ammonium transporter AMT1;2 and   absorption. The Tryptophan Aminotransferase of Arabidopsis 1 (TAA1; SAV3) catalyzes the synthesis of indole-3-pyruvic acid (IPA) from Trp and controls hypocotyl elongation and leaf expansion responsive to N changes. NO inhibits WD40-REPEAT 5a (WDR5a), which induces TAA1 (SAV3) expression. NO also increases the auxin receptor Transport Inhibitor Response 1 (TIR1) - the transcriptional repressor Auxin/Indole-3-Acetic Acid (Aux/IAA) protein interaction, which facilities the E3-ubiquitin ligase complex SFC-mediated AUX/IAA degradation and enhances the expression of auxin-regulated genes. The mitogen-activated protein kinase (MAPK) signaling cascade is activated during the adventitious root formation induced by auxin in a NO-mediated pathway. NO also inhibites acropetal auxin transport by lowering the abundance of PIN1.





Roles of   on plant growth and development

Numerous studies have shown that the early genomic responses of rice and Arabidopsis to exogenous   result in a variety of distinct alterations in gene expression, metabolism, hormone signaling, redox state, and root system architecture (Lima et al., 2010; Patterson et al., 2010; Fernández-Crespo et al., 2015; Xuan et al., 2017; Xuan et al., 2019; Hachiya et al., 2021; Sun et al., 2021). Since many of these responses are not correlated with   assimilation rate directly,   has been suggested also as a signaling molecule; while the ammonium transporter AMT1 may serve as a sensor (Sonoda et al., 2003; Gaur et al., 2012). For example, AMT1;3 is necessary for  -dependent lateral root branching in Arabidopsis (Lima et al., 2010).

The   mediated suppression of root development is compromised in the auxin-resistant mutants aux1, axr1, and axr2 (Cao et al., 1993). And the auxin influx carrier AUX1 inhibits lateral root emergence when   is applied to shoots (Li et al., 2011). The suppression of lateral root growth by   is related with ethylene generation in shoots (Li et al., 2013). Zou et al. (2013) interestingly found that, under NH4+ stress, arg1 (Altered Response to Gravity 1) mutant displayed increased loss of root gravitropism. ARG1 is required for AUX1 protein expression and basipetal auxin transport via PIN-Formed2 (PIN2) in root apices. And   mediated stresses were lessened when ABA signaling was activated (Li et al., 2012). Recently, it was discovered that an important brassinosteroid (BR) signaling transcription factor ABI3/VP1-Like 1 (RAVL1) controls BR-mediated activation of AMT1;2 and   absorption in rice (Xuan et al., 2017) (Figure 1).



Roles of nitrogen metabolite tryptophan on plant growth and development

Nitrogen in plants first assimilates ammonia to glutamate, which is then converted to various amino acids, among which tryptophan is a key metabolite and the precursor of auxin. Given that auxin plays a key role in plant growth and development, we focused on tryptophan (Trp) and auxin metabolism and signaling in this review. There are two auxin biosynthesis pathways, the Trp-dependent and the Trp-independent pathways; while the tryptophan-dependent pathway is the main one (Korasick et al., 2013; Ljung, 2013). Auxin is a potential mediator of N signaling that auxin content is inversely associated with N status in various plants (Tian et al., 2008; Kiba et al., 2011; Ma et al., 2014). Furthermore, jasmonic acid (JA) locally produced in response to mechanical wounding triggers the de novo formation of auxin through the induction of Trp-dependent pathways (Zhang G. et al., 2019; Pérez-Alonso et al., 2021).

A research revealed that tryptophan’s role as an auxin precursor on root elongation is rather straightforward (Jing et al., 2009). Besides the promotion on auxin biosynthesis, exogenous tryptophan increased root length and plant height and improved plant resistance to stresses by enhancing C/N metabolism and related enzyme activities (Mustafa et al., 2018).

After N treatments, plant leaves become thicker and narrower, and the chlorophyll level increases. Our previous study found that the changes in leaf thickness and width were largely compromised in the shade avoidance 3 (sav3) mutant (Yang et al., 2022). The SAV3 protein catalyzes the synthesis of indole-3-pyruvic acid (IPA) from Trp, and is also named as Tryptophan Aminotransferase of Arabidopsis 1 (TAA1). SAV3 also controls hypocotyl elongation and leaf expansion under the shade condition (Tao et al., 2008), and regulates chlorophyll accumulation and nitrogen assimilation. Therefore SAV3 works as a master switch responsive to multiple environmental stimuli (Yang et al., 2022) (Figure 1).



NO and auxin synergistically regulate plant growth and development

Although direct nitric oxide synthase (NOS) has not been found in higher plants, it has been suggested that NR’s main role is to provide nitrite, which in turn can be further reduced to NO. In other words, NO is a by-product during nitrate assimilation (Chamizo-Ampudia et al., 2017).

Our previous study indicated that the NR protein can be S-nitrosated by NO. The S-nitrosylation status of NR is negatively correlated with its enzymatic activity. Thus NO generated through NR catalysis may deactivate the enzyme itself by this S-nitrosylation-dependent negative-feedback regulation (Fu et al., 2018).

Nitric oxide (NO) is a multi-purpose gaseous signaling molecule (Domingos et al., 2015; Simontacchi et al., 2015). NO and auxin interact with each other in controlling root development (Correa-Aragunde et al., 2004; Fernández-Marcos et al., 2011; Jin et al., 2011; Chen and Kao, 2012; Sun et al., 2017; Basu et al., 2021) and root hairs formation (Lombardo et al., 2006). The mitogen-activated protein kinase (MAPK) signaling cascade is activated during the adventitious root formation induced by auxin in a NO-mediated but cGMP-independent pathway. The stimulation of MAPK has been proposed in modulating mitotic processes in root cells (Pagnussat et al., 2004; Hu et al., 2005).

Some other studies suggested that NO may also function in signaling pathways upstream of auxin (Terrile et al., 2012; Liu et al., 2018). NO lowers the level of auxin in the root apex by inhibiting WD40-REPEAT 5a (WDR5a), which induces TAA1 (SAV3) and auxin accumulation (Liu et al., 2018). But NO increases the auxin receptor Transport Inhibitor Response 1 (TIR1) and the transcriptional repressor Auxin/Indole-3-Acetic Acid (Aux/IAA) protein interaction via S-nitrosylation on TIR1, which enhances the expression of auxin-regulated genes in the whole root (Terrile et al., 2012).

Additionally, NO-overproducing mutants and pharmacological treatments showed that, at high concentrations, NO inhibited acropetal auxin transport in Arabidopsis roots by lowering the abundance of the auxin efflux protein PIN1 through a proteasome-independent post-transcriptional mechanism (Fernández-Marcos et al., 2011).

Our previous study demonstrated that NO dramatically decreased monosaccharide catabolism by inhibiting sugar metabolic enzymes via S-nitrosylation. As a result, NO treatments reduced starch granule formation in root tips and compromised root gravitropism indirectly (Zhang et al., 2017).

Besides these putative mechanisms of NO on auxin transport and signaling, NO also regulates plant growth and development indirectly through interacting with ethylene (Du et al., 2014), cytokinin (Feng et al., 2013; Liu et al., 2013), ABA (Sang et al., 2008; Wang et al., 2015), gibberellin and light signaling (Bai et al., 2014).

Both nitrogen and NO treatments postpone plant flowering (He et al., 2004; Yuan et al., 2016). However, the high nitrogen condition reduced the amplitudes of transcripts of all circadian clock genes (Yuan et al., 2016). While NO enhanced the amplitudes of central oscillators, but reduced the amplitudes of circadian-clock output genes, GI (GIGANTEA) and CO (CONSTANS). NO induced S-nitrosation modification on GI and CO proteins, but not on the other circadian clock proteins (Zhang Z. W. et al., 2019). Thus nitrogen and NO rely on overlapping but different signaling pathways to regulate plant flowering (Figure 1).



Conclusions and perspectives

Nitrogen and its metabolites regulate plant growth and development through multiple and complex mechanisms. Nitrate assimilation metabolites,  ,  , tryptophan and the by-product NO, as well as the key enzymes NR and TAA1 are all involved, with interacting with phytohormone signals. Interestingly, NO may deactivate NR by S-nitrosylation (Fu et al., 2018). Whether NO also generates a feedback regulation on TAA1 requires further studies.

It is interesting to note that the AFB3 transcript did not decrease in the NR-deficient mutant after 1 hour of nitrate treatment. Thus some nitrate metabolite downstream of NR might affect AFB3 transcription indirectly (Vidal et al., 2010; Vidal et al., 2013). Which metabolite plays the key role needs further investigations. Both nitrate and NO repress auxin accumulation by decreasing TAA1 expression (Liu et al., 2018; Yang et al., 2022). Whether TAA1 works upstream of AFB3 requires further explorations. And we also don’t know whether TAA1 activity is associated with the cellular tryptophan level.

Both ammonium poisoning and NO accumulation increase loss of root gravitropism and inhibit root elongation (Zou et al., 2013; Zhang et al., 2017). The crosstalk between   signaling and NO metabolism in root morphogenesis would also be an interesting research direction.
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Rosa roxburghii Tratt. is an important commercial horticultural crop endemic to China, which is recognized for its extremely high content of L-ascorbic acid (AsA). To understand the mechanisms underlying AsA overproduction in fruit of R. roxburghii, content levels, accumulation rate, and the expression of genes putatively in the biosynthesis of AsA during fruit development have been characterized. The content of AsA increased with fruit weight during development, and AsA accumulation rate was found to be highest between 60 and 90 days after anthesis (DAA), with approximately 60% of the total amount being accumulated during this period. In vitro incubating analysis of 70DAA fruit flesh tissues confirmed that AsA was synthesized mainly via the L-galactose pathway although L-Gulono-1, 4-lactone was also an effective precursor elevating AsA biosynthesis. Furthermore, in transcript level, AsA content was significantly associated with GDP-L-galactose phosphorylase (RrGGP2) gene expression. Virus-induced RrGGP2 silencing reduced the AsA content in R. roxburghii fruit by 28.9%. Overexpressing RrGGP2 increased AsA content by 8-12-fold in tobacco leaves and 2.33-3.11-fold in tomato fruit, respectively, and it showed enhanced resistance to oxidative stress caused by paraquat in transformed tobacco. These results further justified the importance of RrGGP2 as a major control step to AsA biosynthesis in R. roxburghii fruit.




Keywords: Rosa roxburghii Tratt., L-ascorbic acid (AsA), fruits, overexpression, GDP-L-galactose pyrophosphatase (GGP)



Introduction

AsA (L- ascorbic acid, Vitamin C) is an essential metabolite for plants and nutrient for humans. In plants, AsA serves a range of cellular functions: as part of the antioxidant system, it scavenges free radicals produced by photosynthesis byproducts (Wang J. et al., 2013; Mitmesser et al., 2016; Akram et al., 2017) and stress reactions (Sarker and Oba, 2019; Paciolla et al., 2019; Sarker and Oba, 2020). Moreover, it functions as an enzyme cofactor and plays a crucial role in cell division and growth (Franceschi and Tarlyn, 2002), flower initiation, pathogen activity response, and metabolic gene expression regulation (Gallie, 2013; Mellidou and Kanellis, 2017; Fenech et al., 2018). AsA acts as a cofactor of 1-aminocyclopropane-1-carboxylate oxidase (ACCO), the terminal enzyme of the ethylene biosynthetic pathway, to catalyze the formation of climacteric fruit (De Tullio et al., 2004). It also serves as a starting point for producing other acids, including those found frequently in fruit like L-glyceric, L-threonic, L-oxalic, and L-tartaric acids (Debolt et al., 2007). In addition, AsA redox status is also vital in plant senescence and response to abiotic stress (Barth et al., 2004; Zhang et al., 2015). AsA is named after its ability to treat and prevent scurvy. It can scavenge free radicals and acts as an antioxidant in humans (Smirnoff, 2018) and can also reduce the risk of chronic diseases such as cancer, cardiovascular disease, iron deficiency anemia, and cataracts (Carr and Frei, 1999). Most mammals can produce ascorbic acid, but humans cannot synthesize AsA in vivo due to mutations in the l-gulone-γ-lactone oxidase (GLOase) gene (Chatterjee, 1973). The recommended dietary allowance (RDA) of AsA in males and females is 75 and 90 mg/day, respectively (Paciolla et al., 2019). Therefore, we must acquire AsA from plants or nutritional supplements as part of our diet to maintain and promote health. However, people in most countries, including many developed countries, cannot guarantee to meet the minimum ascorbic acid intake requirements (Linster and Van Schaftingen, 2007; Drouin et al., 2011; Yang, 2013). One important reason is that most commodity crops contain low amounts of AsA, and levels fall further due to cooking or extended postharvest storage (Lee and Kader, 2000; Grudzińska et al., 2016; Mieszczakowska-Frąc et al., 2021). Therefore, to alleviate this situation, the AsA content of crops and postharvest processing technology must be improved.

In plants, the content of AsA is maintained through synthesis, recycling and degradation. At present, there are four recognized pathways for AsA biosynthesis. The L-galactose pathway, also named the Smirnoff–Wheeler pathway, is thought to be the dominant route for AsA biosynthesis in many plants, which is supported by abundant biochemical and genetic studies (Bulley et al., 2012; Zhang et al., 2015; Bulley and Laing, 2016; Mellidou and Kanellis, 2017; Mellidou et al., 2017). The D-galacturonic pathway (Davey et al., 1999) is involved in AsA biosynthesis in strawberry (Fragaria×ananassa) (Cruz-Rus et al., 2011), grape (Vitis vinifera) (Cruz-Rus et al., 2010) and kiwifruit (Actinidia eriantha) (Jiang et al., 2018), by destroying cell walls to synthesize AsA. The L-gulose pathway (Wolucka and Montagu, 2003), a branch of the L-galactose pathway, starts with GDP-D-mannose, passes through several unknown enzymes, and finally passes through L-gulono-1, 4-lactone oxidase to synthesize AsA. The Myo-inositol pathway (Lorence et al., 2004) uses Myo-inositol as its precursor, which is also catalyzed by various enzymes and finally passes through L-gulono-1, 4-lactone oxidase to synthesize AsA. Meanwhile, AsA content is not only determined by synthesis, but also by recycling, in which AsA is formed by reducing oxidized forms of AsA (mono- and dehydroascorbate) (Chen et al., 2003; Yamamoto et al., 2005; Zhang Y. Y. et al., 2011; Liu F. et al., 2015; Huang et al., 2014).

Rosa roxburghii Tratt. is a plant in the Rosaceae family cultivated in Southwest China (Lu et al., 2021), that contains several bioactive compounds that may be beneficial to humans, including amino acids (Lin et al., 2017), flavonoids (Li et al., 2021), triterpenes (Liu et al., 2016), phenolic compounds, and especially AsA. AsA content can reach more than 2000 mg 100 g-1 FW, which is much higher than many fruits recognized as being rich in AsA. An et al. (2007) have described R. roxburghii as an ideal species to study the genetic basis of AsA production. Although Lu et al. (2016) have characterized the ascorbate metabolism genes in its leaves by genome survey sequencing, it remains unclear about the specific regulatory genes in their fruits. Previous studies on AsA synthesis in R. roxburghii fruit mainly focused on Dehydroascorbate reductase (DHAR), GDP-mannose-3, 5-epimerase (GME) (Huang et al., 2014) and L-galactose dehydrogenase (GalLDH) (Liu et al., 2013). Interestingly, however, the studies in Arabidopsis have shown that GDP-L-galactose phosphorylase (GGP), which catalyses the generation of L-galactose-1-P from GDP-L-galactose, is the first enzyme fully dedicated to AsA synthesis (Fenech et al., 2021), and its expression level is closely related to the biosynthesis of AsA in tomato (Solanum lycopersicum.) (Wang L. Y. et al., 2013), kiwifruit (Actinidia spp.) (Bulley et al., 2009) and blueberries (Vaccinium corymbosum) (Liu F. et al., 2015). Although the mechanism of AsA synthesis in higher plants including R. roxburghii has been preliminarily explored before, further genome-based research in this area will undoubtedly be more comprehensive and meaningful.

In this study, we identified for the first time that the expression level of RrGGP2 was highly correlated with the content of AsA during fruit development based on R. roxburghii genome. Virus-induced RrGGP2 silencing reduced AsA content in R. roxburghii fruit. RrGGP2 had an additive effect that enhanced AsA biosynthesis in tobacco and tomato, and the abiotic stress tolerance of transgenic tobacco was significantly improved. These results provide valuable insights into the regulatory mechanism of AsA in R. roxburghii.



Materials and methods


Plant materials and growth conditions

The R. roxburghii plants used in this study were six-year-old agamic trees of ‘Guinong 5’ and were grown at the Department of Horticulture, Guizhou University (26°42.408’N, 106°67.353’E). Fruits were collected every 15 days from the May 15th (15 days after anthesis, 15 DAA) until maturity (120 DAA). Fruits were frozen immediately in liquid nitrogen and stored at -80°C to measure the AsA content later and study the expression of AsA related genes.

Tomato (Ailsa Craig, AC) and tobacco (Nicotiana tabacum) plants were grown under standard greenhouse conditions as follows: 16-h day (25°C ± 2°C)/8-h night (18°C ± 2°C) cycle, PPFD, 200 ± 10 μmol m-2 s-1, and 80% relative humidity.

Transgenic T0 plants of tobacco were grown to maturity after selection on MS agar medium containing 0.4% Basta. T1 seeds were again germinated on MS agar medium with Basta and the resistant transgenic lines were grown to obtain the T2 homozygous lines used for further analysis.

The transformed lines of tomato were selected on a hygromycin-containing medium, and transgenic plants were confirmed via Polymerase Chain Reaction (PCR) and quantitative RT-PCR (qRT-PCR) using genomic DNA and cDNA from the leaves. T2 were used in AsA experiments.



Plant transformation

A Full-length GGP2 ORF (1341bp) (GeneBank accession number: HM998753) was amplified via PCR from R. roxburghii cDNA using gene-specific primers (Supplementary Table 4). It was inserted into a pFGC5941 vector with a CaMV35S promoter by replacing the CHSA intron (Supplementary Figure 1A). It was also cloned into a binary overexpression vector, pCAMBIA1301, which gets the CaMV35S promoter and NOS terminator from pBI121 (Supplementary Figure 1B). These vectors were introduced into Agrobacterium tumefaciens strain LBA4404. The constructs were subsequently transformed into Ailsa Craig (AC) tomato plants.

To generate pTRV2-RrGGP2, a 385bp RrGGP2 (361-745bp) specific fragment was amplified from the cDNA of R. roxburghii fruit by PCR with specific primers (Supplementary Table 4). These primers contained an added XbaI and BamHI restriction enzyme site at the 5′ end of forward and reverse primers, respectively. A fragment of the RrGGP2 gene in the pMD-18T vector was excised with XbaI and BamHI restriction enzyme and ligated with pTRV2 after digestion with the same enzymes to yield pTRV2-RrGGP2. The vector was then introduced into Agrobacterium tumefaciens strain GV3101.



RNA isolation and qRT-PCR

Total RNA was extracted using a TaKaRa MiniBEST Plant RNA Extraction Kit (TaKaRa, Dalian, China). cDNA was synthesized after removing the genomic DNA with the PrimeScrip RT reagent Kit with gDNA Eraser (Perfect Real Time) (TaKaRa, Dalian, China). qRT-PCR was performed on an ABI ViiA 7 DX system (Applied Biosystems) using SYBR Premix Ex Taq II (TaKaRa, Dalian, China). Transcript levels were normalized to RrUBQ (ubiquitin, internal control gene, ID: evm.model.Contig289.99) (Lu M. et al., 2020), and data analysis was performed using the 2−ΔΔCT method (Livak and Schmittgen, 2001). Values for mean expression and standard deviation (SD) were calculated from the results of three independent experiments. The primer sequences used for qRT-PCR are listed in Supplemental Table 5.



AsA content assays

AsA content was measured by High-Performance Liquid Chromatography (HPLC; Rizzolo et al., 1984; Yan et al., 2015). Fruit flesh (0.5g) was homogenized in 6% (w/v) metaphosphoric acid at 4 °C, then centrifuged at 16,000 × g for 20 min, and the supernatant was collected to the measurement. A C18 column (4.6 mm × 150 mm; 5 μm particle size) was used and eluted at 1 mL  min-1 at 30 °C. A 0.2% metaphosphoric acid solution was used as the mobile phase. AsA quantification was performed at a UV absorption wavelength of 254 nm. A calibration curve was constructed using an AsA standard solution (Sigma-Aldrich) dissolved in 0.2% metaphosphoric acid, with content ranging between 4 and 400 µg ml−1. AsA content were quantified by the standard curve and expressed in mg per 100 g fresh weight. Three technical replicates were performed and averaged. The AsA content of tomato were measured as described by Stevens et al. (2006).



AsA biosynthesis tested by feeding with candidate precursors

Fruits aged 70 DAA were cut into four sections of uniform size by longitudinal sectioning with a scalpel and treated with D-glucose, D-mannitol, L-galactono-1, 4-lactone, L-galactose, L-gulono-1, 4-lactone, L-gulose, Myo-inositol, D-glucuronic acid, or D-galacturonic acid, with a concentration of 15 mM for each treatment solution. The samples treated with sterile water were used as controls. All samples were incubated for 2, 4, 8, 12, 24, and 48 h at room temperature, with a natural daylight photoperiod, before being washed three times with sterile water and surface-dried on filter paper, and then were immersed in liquid nitrogen. AsA content were determined as described above.



Agrobacterium inoculation of TRV-based VIGS in R. roxburghii fruits

The cuttage of 70DAA R. roxburghii fruits along with branches were cultured in a nutrient solution with controlled temperatures of 20°C/16 °C under a 16h/8h (day/night) photoperiod. The Agrobacterium strain GV3101 containing pTRV2-RrGGP2 were incubated on Lennox agar supplemented with 50 mg/L kanamycin and 50 mg/L rifampicin (Sigma Aldrich) at 28°C. Osmotic buffer [10 mM MgCl2, 10 mM EMS (fatty acid methyl ester sulfonate), pH 5.5, 200 μM AS (acetyl eugenone)] was used to resuspended bacteria, with an OD600 of 0.8-1.2, and incubate at room temperature (25°C) without shaking for 2 h before syringe-infiltration. Approximately 300 μl of this Agrobacterium mixture was injected into 70DAA fruits. The fruits with good growth were then collected after 15 days. Ten fruits were subjected to each treatment, and each experiment was repeated three times.



Physiological evaluation of transgenic plants for stress tolerance

Tobacco leaf discs or seeds of transgenic lines and WT were used to assess the tolerance to paraquatand NaCl stresses, according to Liu et al. (2013), with some modifications to the NaCl treatment. Specifically, seeds of WT and transgenic plants were surface sterilized and plated on 1/2 agar MS medium containing 150 mM NaCl.



Chlorophyll measurement

Chlorophyll content was measured and performed as described by Liu et al. (2013).



Sequence and phylogenetic analysis of GGP

GGP genes in R. roxburghii were identified based on the protein sequences of the GGP (VTC) family in Arabidopsis thaliana. Genomic information of Arabidopsis thaliana, Solanum lycopersicum, Fragaria vesca, Pyrus bretschneideri, Mangifera indica, Actinidia chinensis, Nicotiana tabacum, and Malus pumila was obtained from NCBI (https://www.ncbi.nlm.nih.gov/). Multiple sequence alignments of the protein sequences of the GGP were performed using MEGA X (7.0.14) (Kumar et al., 2018). A molecular phylogenetic tree was constructed using the neighbor-joining (NJ) method (Poisson correction and bootstrap = 1000 replicates) in MEGA X (7.0.14) (Kumar et al., 2018). TBtools (version 1.09876) software was used to characterize the exon-intron structures. The motifs of each deduced RrGGP protein were analyzed by MEME (version 4.12.012) (Bailey et al., 2009). SMART online software (http://smart.embl.de/) was used to identify domain architecture prediction.



Statistical analysis

Data were analyzed with the Statistical Package for Social Science (SPSS) (SPSS, Chicago, Illinois, USA). Tukey’s multiple comparison tests assessed the differences among the tested lines. The level of significance was set at P < 0.05, and the standard deviation (SD) was calculated to analyze the sample variability.




Results


AsA accumulation in R. roxburghii fruit during development

From 15 days after anthesis (DAA), we collected fruits at eight fruit developmental stages (Figure 1A). As shown in Figure 1B, during the early stages, fruit weight increased and the dry weight held at about 20% of fresh weight, then decreased to about 15% after 75 DAA. Total ascorbic acid (T-AsA) includes AsA and DHA (L-Dehydroascorbic acid). The content of DHA remained low during the entire fruit development. The highest content was at 15 DAA, which was 42.52 mg 100 g-1 FW, half of the lowest AsA content recorded (Figure 1C). Since DHA does not contribute significantly to T-AsA, we focused on AsA in the following studies. AsA content started accumulating after anthesis, but no significant increases were observed initially. However, from 60 to 90 DAA, 976.3 mg 100g -1 FW AsA was collected linearly, representing approximately 60% of the total AsA accumulation throughout the entire fruit development. From 15 DAA to 120 DAA, the AsA content varied 14.5-fold, ranging from 99.5 to 1440.2 mg 100 g-1 FW (Figure 1B), which was divided into three stages: I, an initial stage of AsA accumulation, before 60 DAA; II, a rapid stage of AsA accumulation, from 60 to 90 DAA; III, a stable stage of AsA accumulation and ripening after 90 DAA. The highest accumulation rate was 39.4 mg 100g-1 FW per day, which occurred between 60 and 75 DAA (Figure 1D). After 90 DAA, the content of AsA changed very little, as the accumulation rate decreased sharply. The 60 to 90 DAA stage appeared to be the crucial stage of AsA accumulation in the R. roxburghii fruit during development. As such, in the subsequent sections of this study, we focused on the period between 15 and 90 DAA.




Figure 1 | Changes of R. roxburghii fruits during the development. (A) Fruit phenotypic changes, (B) dynamic changes of single fruit weight, (C) DHA and AsA content and (D) the rate of AsA accumulation during the development of R. roxburghii fruit. Values are means of 4 replicates ± SD. AsA accumulation rate = average increase in AsA content every day, taking the median point of adjacent time as the time node. Different letters denote statistical significance.





AsA biosynthesis analysis of R. roxburghii fruit

To determine the main pathway of AsA synthesis in R. roxburghii, the fruits at 70 DAA were used for in vitro feeding of 9 precursors, which were intermediates in four major AsA biosynthesis pathways (Figure 2). Compared with the control (ddH2O), incubating fruit flesh on media containing exogenous putative AsA biosynthetic precursors led to significant increases in AsA content of fruit flesh. AsA accumulation increased when tissues were incubated with L-galactose, L-galactono-1, 4-lactone, L-gulonic-1, 4-lactone, D-glucuronic acid, L-gulose and D-glucose. After 48 hours, the accumulation of AsA in different medias was ranked as follows: L-galactono-1, 4-lactone (53.5%) > L -galactose (52.5%) > L-gulonic-1, 4-lactone (50.1%) > L-gulose (35%) > D-glucose (33.7%), which belonged to both the L-galactose and L-gulose pathways (Figure 2). Furthermore, linear regression analysis revealed that AsA content had a significant positive correlation with L-galactono-1,4-lactone (y=0.3788x+4.042, R2= 0.981), L-gulono-1,4-lactone (y=0.3742x+3.6162, R2 = 0.9561), L-galactose (y=0.392x+3.8007, R2 = 0.9449), D-glucose (y=0.2869x+3.9313, R2 = 0.9272), and L-gulose (y=0.3289x+4.3669, R2 = 0.7887). Contrastingly, no significant effect was observed when fruit flesh was incubated on myo-inositol (4.7%), D-Galacturonic acid (3.1%), and D-mannitol (11.7%) (Figure 2; Supplemental Table 3). These results suggested that L-galactose and L-gulose pathways might be the dominant pathways of AsA synthesis in R. roxburghii fruit.




Figure 2 | Changes of AsA content during incubation of AsA biosynthetic candidate precursors. AsA content changes following incubation of fruit flesh at 70 DAA with candidate precursors of AsA biosynthesis, at a concentrations of 15 mM. (A, B) included 4 and 5 candidate precursors, respectively, and water was used as a control.





Expression of AsA biosynthetic genes in the developing fruit

To identify potential AsA regulatory genes in biosynthetic pathways, we measured the expression levels of all genes from 15 DAA to 90 DAA by qRT-PCR, normalized to 15 DAA. The results were shown in Figure 3. Different members of the same gene family had different expression levels and variation trends. In the L-galactose pathway, RrPMM1, RrPMM2, RrGGP3, RrGalDH1 and RrGalDH4 were lowly expressed after 30 DAA. Compared to 15DAA, the highest expression of RrPMI1 increased 4.6-fold, RrGMP1 increased 3.5-fold, RrGME2 increased 3.99-fold and RrGalDH2 increased 4.68-fold. However, expression levels of RrGGP2 rapidly increased at 45 DAA and peaked at 90 DAA, exhibiting a more than 7.52-fold increase. In the D-galactouronic acid pathway, the expression trend of RrGalURs family members differed. Among them, RrGalUR2 and RrGalUR5 showed a downward trend, RrGalUR1 and RrGalUR4 were relatively stable and RrGalUR3 rose first and then declined. In Myo-inostiol and L-Gulose pathways, only three genes, RrGME, RrMIOX and RrGLOase have been identified. Both RrMIOX and RrGLOase were all decreasing in late fruit development. In particular, RrMIOX3, RrGLOase1 and RrGLOase2 were lowly expressed after 30 DAA. We also analyzed the correlation between all the above biosynthetic genes and AsA content in Figure S2. It showed that RrGaIDH2, RrPMI1, RrGGP2 and RrGPP1 were significantly correlated with AsA content (P < 0.01), while RrMIOX and RrGLOase were not. Interestingly, the above in vitro feeding experiments demonstrated that the L-Gulose pathway contributes to AsA synthesis (Figure 2). In summary, these results suggested that the L-galactose pathway may be the main pathway of AsA synthesis in R. roxburghii fruit, while the L-Gulose pathway may still be a secondary pathway, and RrGGP2 was the most critical gene in the AsA biosynthesis pathway.




Figure 3 | The relative expression of genes involved in AsA biosynthesis during fruit development. L-galactose pathway: (A-H) D-galacturonic acid pathway: (I, H); Myo-inositol pathway: (J, K); L-gulose pathway: (D, K). For each sample, transcript levels were normalized to UBQ; expression over time was determined relative to a designation of ‘1’ at 15 DAA. Values are means of at least 3 replicates ± SD.





Identification and phylogenetic analysis of GGP genes in R. roxburghii

After analyzing gene expression levels (Figure 3) and examining its correlation with AsA content (Figure S2), we hypothesized that RrGGP2 was a crucial gene for AsA synthesis in R. roxburghii fruit. We identified three GGP proteins in R. roxburghii using multi-sequence alignment based on the protein sequences of the GGP (VTC2 and VTC5) family in Arabidopsis. To investigate the evolutionary relationships among RrGGPs and GGPs of eight other representative species that had been previously studied in about AsA (Arabidopsis thaliana, Solanum lycopersicum, Fragaria vesca, Pyrus bretschneideri, Mangifera indica, Actinidia chinensis, Nicotiana tabacum, Malus pumila), a neighbour-joining (NJ) phylogenetic tree was constructed by aligning their full-length protein sequences, with 1000 bootstrap replicates (Figures 4A, B; Table S1). All plant species had multiple GGP protein, of which strawberry has the most, with 8. The phylogenetic tree divided 38 homologs into three subgroups (I to III). Group III was the largest clade, containing 19 members, including RrGGP2 and RrGGP3, while group II was the smallest clade and consisted of only six members. Group I had 12 members, including RrGGP1. In addition, the phylogenetic analysis indicated that GGP genes of R. roxburghii were clustered with the GGP members of strawberry, suggesting a close relationship between the two Rosaceae species.




Figure 4 | Phylogenetic relationships, gene structures and conserved protein motifs of plant GGP genes. (A, B) The un-rooted NJ phylogenetic tree of plant GGP genes. (C) Conserved motif compositions and distribution of the plant GGP genes. (D) Domain analysis of plant GGP genes. (E) Exon–intron structure of plant GGP genes. Phylogenetic analysis of the GGP genes in Arabidopsis thaliana, Solanum lycopersicum, Fragaria vesca, Pyrus bretschneideri, Mangifera indica, Actinidia chinensis, Nicotiana tabacum, Malus pumila and Rosa roxburghii. The unrooted tree was generated by MEGA7 using the conserved amino acid sequences of the 3 kinds RrGGP proteins. GGP protein groups were distinguished by different colors. The conserved motifs were detected using MEME software and represented by colored boxes. The length of GGP proteins can be estimated using the scale at the bottom, and the conserved motifs were shown in Table S2.





Gene structures and conserved motifs of GGP genes

To reveal the structural variation of the GGP proteins in R. roxburghii, we further analyzed putative motifs of GGP using the program MEME (Bailey et al., 2009). The schematic distribution of these motifs among different gene groups was described (Figure 4C), representing their relative locations within the proteins. The multi-level consensus sequences were produced among these motifs, including those within the same group. The protein structure of the GGP genes corroborated with the NJ phylogenetic tree. RrGGP1 belonged to Group I, while RrGGP2 and RrGGP3 belonged to Group III. Among the ten identified motifs (Table S2), some were found to lack in RrGGP1 sequences compared with the other two RrGGPs proteins, with only seven motifs, motif 1, 2, 3, 4, 5, 7 and 10. However, motifs 1 to 9 were observed across the other two RrGGPs. We then performed domain analysis on these proteins using Batch CD-Search of NCBI (Figure 4D) (Lu et al., 2020). All the proteins in Group II and Group III contained conserved protein domain family PLN03103, a member of the superfamily cl14728, annotated as GDP-L-galactose-hexose-1-phosphate guanyltransferase (Laing et al., 2007). Proteins of Group I contained the DUF4922 superfamily, with an unknown function domain of cl14728.

As shown in Figure 4E, the number of exons varied significantly among different genes, ranging from 1 to 7. FvGGP3, RrGGP2 and RrGGP1 had the most with seven exons, and FvGGP3 and RrGGP2 shared similar exon-intron structures. Compared with FvGGP3, intron loss occurred in FvGGP4 and FvGGP5. RrGGP3 and FvGGP8 had only one exon and exhibited no intron.



Silencing of RrGGP2 gene in R. roxburghii fruit

An effective genetic transformation system was still not available in R. roxburghii because of severe callus browning and challenging plant regeneration. As such, we used virus-induced gene silencing (VIGS) to study gene function. PCR was used to detect TRV2 fragments in infected and uninfected fruits. The results were shown in Figure 5A, indicating that TRV virus vectors induced RrGPP2 silencing. The qRT-PCR results showed that pTRV2-RrGGP2 reduced the expression of RrGGP2 by about 51.2% compared to the control (Figure 5B). The AsA content in the pTRV2-RrGGP2 silenced group was decreased by 28.9% compared with the control group (Figure 5C). This result indicatesd that pTRV2-RrGGP2 could reduce AsA content by silencing the endogenous RrGGP2 gene in R. roxburghii fruit.




Figure 5 | Silencing of RrGGP2 gene in R. roxburghii fruits. Detection of TRV2 transcripts (A), RrGGP2 expression levels (B) and AsA content (C) after VIGS. P, untreated; CK, treated with TRV2; pTRV2-RrGGP2, treated with pTRV2- RrGGP2. ** Represents P < 0.01 compared with CK.





Overexpression of RrGGP2 in tobacco

To investigate the role of RrGGP2 in the biosynthesis and accumulation of AsA in plants, we generated transgenic tobacco plants expressing RrGGP2 under the control of the CaMV35S promoter to study the effect of overexpressing of exogenous RrGGP2 on tobacco AsA content (Figure 6D) and resistance to oxidative stress induced by paraquat (Figure 6E). Six independent transgenic tobacco lines, accumulating RrGGP2 transcripts at different levels, were generated (L1 to L6). The presence of the RrGGP2 gene in tobacco transformants was confirmed by PCR (Figure 6A), and its integration into the genome was demonstrated by PCR-Southern dot blot (Figure 6B). The constitutive expression of RrGGP2 in the selected transgenic lines was evaluated by RT-PCR (Figure 6C). The RrGGP2 gene was expressed at different levels across the different transgenic tobacco lines. The expression of L4 was the strongest, followed by L5, while the expression of L6 was the weakest. The AsA assays performed in the six transgenic lines showed that all the transgenic lines had significantly higher AsA content than the WT plants (Figure 6D), which correlated with the RrGGP2 transcript levels (Figure 6C). The maximum AsA content observed in L4 demonstrated 13-fold higher (2.99 μmol g-1 FW) compared with that in control, indicating that the overexpression of the RrGGP2 gene in tobacco significantly increased the content of AsA in tobacco.




Figure 6 | AsA content, oxidative resistance and growth status of tobacco overexpressing RrGGP2. (A) PCR analysis for the presence of the RrGGP2 gene in Basta-resistant tobacco transgenic lines by cloning primers. (B) PCR-Southern dot blot analysis of the transgenic tobacco plants. Dot blot hybridization analysis following PCR products of the transgene RrGGP2 with CaMV 35S promoter-specific primer and OCS PolyA-specific primer, where the hybridization was performed with a CaMV 35S-specific sequence as a probe. (C) RT-PCR analysis of total RNA from transgenic tobacco with RrGGP2-specific primers. (D) AsA content in the six transgenic lines and WT plants. Phenotypic difference (E) and chlorophyll content (F) of leaf discs after paraquat treatments for 30 hr under continuous light at 22 ± 2 °C. * Represents P < 0.05 compared with WT2. Rooting status after one week (G) and fresh weight and shoot lengths after ten weeks (H) of transgenic tobacco plants and control on rooting medium of 150 mM NaCl. *Represents P < 0.05 compared with WT, white represents fresh weight, and black represents shoot length. Lanes P= positive control pPFGC5941-RrGGP2, WT = untransformed control plants, L1–L6 = Basta-resistant T2 transgenic tobacco lines.



AsA can alleviate the oxidative effects of environmental stress on plants (Zhang et al., 2011). L1, L4 and L5 plants with high AsA content were selected to study the tolerance to paraquat induced oxidative stress. In the leaf disc assay, after 48 hours of paraquat treatment, the disc of wild-type plants showed complete senescence, while the disc of transgenic plants remained green (Figure 6E). The chlorophyll content of transgenic plants was significantly higher than that of WT. The chlorophyll content of L4 was 6.2-fold more elevated than WT’s (Figure 6F). This pattern indicated that RrGGP2 overexpression leaded to the enhancement of antioxidant activity in transgenic lines and further alleviates the degradation of chlorophyll. Higher content of AsA can also enhance plant tolerance to salt stress (Eltayeb et al., 2011). Therefore, we treated the three transgenic lines with the highest AsA content with salt and assessed their stress tolerance. Figure 6G showed root growth of WT and transgenic lines after one week on a rooting medium containing 150 mM NaCl. Transgenic lines showed an apparent increase in root growth compared to WT. After ten weeks of growth, we determined the fresh weight and shoot length, and transgenic lines 4 and 5 had significantly higher fresh weight and significantly longer shoot lengths (Figure 6H). However, transgenic line 1 did not exhibit any salt tolerance beyond that of WT plants.



Overexpression of RrGGP2 in tomato

To further investigate the role of RrGGP2 in the biosynthesis and accumulation of AsA in fruit, seven RrGGP2 over-expressing (OE) transgenic tomato plants were obtained. Three over-expressing lines (OE3, OE4 and OE5) were selected for further study (Figure 7). Using R. roxburghii fruit as the positive control (P) and Ailsa Craig tomato leaves as the negative control (WT). These lines were analyzed by PCR and qRT-PCR using their leaves, and the expression levels of the inserted RrGGP2 genes in the tested transgenic lines were significantly higher compared to WT plants. However, the expression levels varied (Figures 7B, C).




Figure 7 | AsA content in tomato overexpressing RrGGP2. Transgenic lines (A) and confirmation of the presence of transgenes in the RrGGP2-overexpressing tomato lines by a PCR amplification (B) and qRT–PCR (C). P, positive control, WT, untransformed control plants, OX-3–OX-5, Transgenic tomato plants, ** Represents p<0.01. AsA and DHA content in red fruit (D) and mature leaves (E) of RrGGP2 transgenic tomato lines. **Represents P < 0.01 compared with WT, white represents DHA, and black represents AsA.



We did not observe any change in phenotype between WT and transgenic tomato plants (Figure 7A). However, the content of AsA in both ripe fruit and mature leaves of over-expressing lines was significantly higher than that in WT. AsA content in over-expressing lines was increased greater in fruit (increased 3.11, 2.97 and 2.33 -fold) than in leaves (increased 0.78, 1.27 and 1.01 -fold). DHA showed the same trend in fruit, but in leaves, only the OE-4 line showed significantly improved levels (Figures 7D, E).




Discussion


AsA content in R. roxburghii fruit

In plants, AsA content differs significantly among species and organs. In this study, AsA in R. roxburghii fruit accumulated to 1440.2 mg 100 g-1 FW (equivalent to 81.8 µmol g -1 FW) at maturity, which was far more than in other fruits, such as kiwifruit (500-1200 mg 100 g-1 FW, Liu et al., 2022), jujube (795.95 mg 100 g-1 FW, Lu et al., 2022), mango (260 mg 100 g-1 FW, Marialuizapa and Francom, 2008), guava(110 mg 100 g-1 FW, Feng et al., 2021), strawberry (50 mg 100 g-1 FW, Cruz-Rus et al., 2011), peach (6 mg 100 g-1 FW, Wang et al., 2021), apple (5 mg 100 g-1 FW, Li M. J. et al., 2010) and bilberry (0.6 mg 100 g-1 FW, Cocetta et al., 2012). Different genotypes of R. roxburghii also have different AsA content (Jiang et al., 2022). Our previous work showed that AsA content in fruit was much higher than in the leaves (175.6 mg 100 g-1 FW), flowers, and stems in R. roxburghii (Sun et al., 2014). The AsA content in kiwifruit and jujube accumulates rapidly in early fruit development, then decreases (Liu et al., 2022; Lu et al., 2022). However, AsA content increases throughout fruit development in most plants including tomato (Ioannidi et al., 2009), strawberry (Cruz-Rus et al., 2011) and pepper (Alós et al., 2013), which is the same in R. roxburghii as showed in Figure 1C. As R. roxburghii has a high AsA content, it is an effective model to study the ascorbic acid accumulation mechanism, which may provide a theoretical basis for increasing crop ascorbic acid levels more broadly and improving human nutrition.

In addition, AsA levels are also influenced by environmental factors during plant growth and development. Our previous research have clarified that different lighting conditions significantly impact AsA levels (Li, 2016; Luo et al., 2018). Adding exogenous hormones such as ABA (abscisic acid), IBA (indoleacetic acid), SA (salicylic acid) and BR (brassinolide) significantly promoted the accumulation of AsA in R. roxburghii (Li, 2016). Other studies have also found that the accumulation of AsA is also affected by oxidative stress (Yoshimura et al., 2014), irrigation frequency (El-Bially et al., 2018), and nitrogen fertilizer use (Smoleń and Sady, 2009; Hajaji and Gouia, 2019). At the same time, the discovery of cultivation methods to improve AsA level of R. roxburghii is also one of the directions of our research.

AsA participates in lutein synthesis as a cofactor of violaxanthin de-epoxidase. AsA deficiency can limit fruit coloring by reducing the activity of violaxanthin de-epoxidase in vivo (Müller-Moulé and Niyogi, 2002), which promotes the synthesis of lutein (Eskling et al., 1997). In this study, the results showed that AsA accumulated rapidly at 60-90 DAA. And during this stage, the fruit color gradually changed from green to yellow (Figure 1A). This was similar to the results in pepper, where AsA accumulated fastest when chloroplasts were transformed into chromatids during the fruit color transition from green to yellow (Alós et al., 2013). These seemed to indicate a relationship between the rapid accumulation of AsA in R. roxburghii fruit and the color conversion of fruit.



AsA biosynthesis analysis in the R. roxburghii fruit

Feeding experiments suggested that the L-galactose and L-gulose pathways were the major pathways of AsA synthesis during R. roxburghii fruit ripening. Most plant species use the L-galactose pathway as their dominant pathway (Wheeler et al., 1998; Bulley and Laing, 2016). It starts from D-glucose-6-P, and AsA is generated through nine steps of enzymatic reactions (Supplemental Figure 3). Indeed, addition of exogenous precursors in this pathway, namely: L-galactose (increased 52.5%), L-galactono-1, 4-lactone (increased 53.5%), D-glucose (increased 33.7%), and D-mannitol (increased 11.7%), increased AsA content (Figure 2). From this, we deduced that R. roxburghii also predominantly synthesized AsA in this way.

The L-gulose pathway converts GDP-L-Gulose into AsA through L-Gulose-1-P, L-Gulose, and L-Gulono-1, 4-lactone intermediates. In our research, L-Gulono-1, 4-lactone, and L-Gulose improved AsA content (50.1% and 35%, respectively) which was consistent with those described in kiwifruit (Li M. et al., 2010). It was suggested that some plants rich in AsA synthesized AsA from the L-Gulose pathway, like animals. Previous studies show that GLOase is a critical control point for AsA synthesis in animals, which catalyzes the conversion of L-Gulono-1, 4-lactone to AsA (Frank et al., 1963; Smirnoff, 2001). AsA content in transgenic tobacco and tomato expressing GLOase from a rat accumulated up to 1.5-7 times as much AsA as the control (Jain and Nessler, 2000; Lim et al., 2012). However, in Arabidopsis, no significant change was found in AsA content from T-DNA insertional mutations of AT2G4676, the homologue of rat GLOase. RrGLOase1, RrGLOase2 and RrGLOase3 were all expressed downward during the AsA accumulation period of fruit, and there was no correlation with AsA content (Figure 3 and Supplementary Figure 2). The genes and enzymes responsible for these additional steps in plants have not yet been identified except for GLOase. Therefore, the contribution of the L-gulose pathway to R. roxburghii needs to be further explored.

Another pathway has been reported in plants, including strawberry and citrus fruits, synthesizing AsA from D-Galacturonic acid (Cruz-Rus et al., 2011; Xu et al., 2013). Studies in kiwifruit and tomato suggest that this pathway is typically a secondary rather than a major synthetic pathway, with relatively minor contributions to total AsA (Badejo et al., 2012; Liao et al., 2021; Wang et al., 2022). In our study, adding D-galacturonic acid increased AsA content by up to 3.1%, which was not significant. The D-Galacturonic acid at the beginning of the D-galacturonate pathway is produced from the degradation of cell wall polysaccharides (Mellidou et al., 2017). Compared with strawberry and citrus fruits, the lower pectin content in R. roxburghii fruit (Liu Y. Q. et al., 2015) might be thereason why this pathway is especially limited here.

The Myo-inositol pathway has been extensively studied in animals, but the results in plants are inconsistent. In plants, Myo-inositol is synthesized from Glucose by L-Myo-inositol-1-phosphate synthase (MIPS) and inositol monophosphate phosphatase (IMPase). Then, Myo-inositol oxygenase (MIOX) catalyzes the transferring process of Myo-inositol into D-glucuronic acid. Next, D-glucuronic acid becomes L-Gulono-1, 4-lactone, catalyzed by something unknown. Finally, L-Gulono-1, 4-lactone is catalyzed by GLOase to become AsA. However, after we added Myo-inositol and D-glucuronic acid, there was no noticeable increase in AsA content, only 8.2% and 22.86%, respectively (Figure 2). Overexpression of MIOX4 in Arabidopsis and tomatoes can increase AsA content (Lorence et al., 2004; Munir et al., 2020). Another investigation found out that MIOX did not impact AsA levels in Arabidopsis, but only Myo-inositol levels (Endres and Tenhaken, 2009). Coincidentally, in rice, whether the increase in abiotic stress tolerance of the strain overexpressing OsMIOX is directly regulated by genes or mediated by the increase in ascorbic acid content has not been proved (Duan et al., 2012). When analyzing the known genes in this pathway, we observed the low levels of MIOXs and a downward trend in its expression through development (Figure 3). Hence, the role of MIOX and other genes in the same pathway involved in AsA biosynthesis remains to be understood.



Expression of genes related to L-galactose pathway during the R. roxburghii fruit development

The biosynthetic pathways of AsA in higher plants have broadly been elucidated, particularly regarding the L-galactose pathway. As per the results here, evidence suggested that biosynthesis occured predominantly through this pathway in R. roxburghii. Although many species use this pathway to synthesize AsA, the key rate-limiting genes of different species and organs differ. GalDH, GLDH, and GPP levels correlated with AsA levels in apple fruit (Li M. J. et al., 2010; Guo et al., 2011). The expression levels of GMP, GME and GGP in leaves were significantly higher than that in fruit, but the changing trend of these genes in leaves were not identified with the trend of AsA content (Xia et al., 2014). However, in R. roxburghii, consistent with the spatial localization of AsA levels, the expression of RrGGP2 in fruit was much higher than that in leaves (Sun et al., 2014). In tomato, GMP (Zhang et al., 2013), GME (Gilbert et al., 2009; Chen et al., 2020) and GGP (Bulley et al., 2012) are key rate-limiting genes, and content of AsA is associated with the co-expression of the GGP and GME (Bulley et al., 2009). In kiwifruit, GGP is the bottleneck for AsA synthesis (Liu et al., 2022), as in Arabidopsis (Dowdle et al., 2007). The regulatory mechanisms in R. roxburghii are less well known. Consequently, here we performed qRT-PCR analysis of all the AsA synthetic pathway genes and found that their expression level only in the L-galactose pathway increased through fruit development. This trend closely matched the content of AsA (Figure 1C). Correlation analysis showed that RrPMI1, RrGalLDH2, RrGGP2 and RrGPP1 were highly correlated with AsA content (P<0.01) (Supplementary Figure 2). Here, RrGPP1 (increase 2.5-fold) contributed to AsA synthesis in the fruit of R. roxburghii, but a lesser degree than RrGGP2 (increase 7.52-fold). The findings of Huang et al. in R. roxburghii suggested that only the gene expression and enzyme activity of RrGME and RrDHAR strongly related to AsA content (2014). However, although the RrGME2 transcripts increased 3.99-fold, it was not very closely related to AsA content (Supplementary Figure 2). We therefore speculated that there may be confounding factors, as GME was also required for the biogenesis of cell walls and was involved in protein glycosylation (Gilbert et al., 2009).



The key rate limiting gene for the synthesis of AsA-RrGGP2

GGP, as a key control step of the L-galactose pathway, is the last enzyme identified (Linster et al., 2007; Laing et al., 2007, Dowdle et al., 2007). When the GGP gene from kiwifruit was over-expressed in Arabidopsis (increased 4 fold), tomato (increased 3-6 fold) and strawberry (increased 2 fold), AsA content increased in all instances (Bulley et al., 2009; Bulley et al., 2012). Overexpressing Triticum aestivum GGP (TaGGP) in tobacco, the level of AsA in leaf tissue increased 5-fold (Broad et al., 2019). Overexpression of other genes in this pathway could also modestly increase AsA content. Overexpression of an alfalfa GME in Arabidopsis showed a 1.7-fold increase (Ma et al., 2014). It was also reported that GGP transformed into Arabidopsis, could increase AsA content (2.9-fold), and the transformation of the other five genes, GMP, GME, GPP, GalDH and GalLDH also increased AsA content by 1.3-, 1.4-, 1.5-, 1.2- and 1.8-fold, respectively (Zhou et al., 2012). In summary, these genes did not always have a significant effect on AsA content. However, the co-expression of GGP and other genes seemed to have an additive effect on the increase in AsA content. For instance, co-expression of GGP and GalDH increased AsA by 4.1-fold (Zhou et al., 2012). When GGP and GME were simultaneously inserted into Arabidopsis, the AsA content increased seven times (Bulley et al., 2009). Recently, in Arabidopsis, subcellular localizations and metabolic control analysis incorporating known kinetic characteristic can explain why other genes in the pathway can influence AsA synthesis but GGP is the most critical (Fenech et al., 2021).

In R. roxburghii, we noted that the RrGGP2 gene expression pattern and AsA content were the same from 15DAA to 90DAA (Figure 3), just as in Malus (Davey et al., 2004). The expression of RrGGP2 increased 7.52-fold, which was far higher than any other genes. In the pTRV2-RrGGP2 silence group, AsA content decreased by 28.9% (Figure 5). Previous studies have shown that GGP genes may be a key rate-limiting step for AsA biosynthesis in tobacco (Laing et al., 2007) and tomato (Zhang et al., 2010). In this experiment, overexpression of RrGGP2 gene in tobacco increased the AsA content (up to 12 times) in leaves (Figure 6D), which was a much greater increase than seen in our previous study, where overexpression of RrGalLDH in tobacco only increased AsA content by1.1-fold in leaves (Liu et al., 2013), and higher than overexpression of tomato GGP gene in tobacco (1.43- fold increased, Wang et al., 2014). These results all demonstrated the sizeable contribution of RrGGP2 to the AsA production in R. roxburghii. In addition, over-expression of RrDHAR and RrGME in Arabidopsis resulted in a 3-fold and 2-fold increase in AsA content (Huang et al., 2014). Thus, GGP is most probably a rate-limiting enzyme in the L-galactose pathway in the fruit of R. roxburghii. In the meantime, when we overexpressed RrGGP2 in tomato, AsA content in leaves and fruit increased by 1.27-fold and 3.11-fold, respectively (Figure 7), which was much higher than that in homologous transformation of SlGGP gene (Koukounaras et al., 2022), but lower than that of tomato overexpressing the kiwifruit AcGGP gene (6-fold increased, Bulley et al., 2012).As the full genome sequences of progressively more species are published, we can begin to focus on a specific key gene and other members of the gene family and analyze its mechanisms from an evolutionary perspective. Recently, it has been found that GGP genes exist in the whole plant kingdom, and most GGP proteins have conserved motif arrangement and composition, especially in terrestrial plants (Tao et al., 2020). We also used bioinformatic techniques to conduct whole-genome analysis on the GGP of R. roxburghii and 8 kinds of species that had studied AsA. Evolutionary analysis showed that R. roxburghii and strawberry were most closely related (Figure 4A). In addition, although RrGGP2 and RrGGP3 contained domain PLN03103 (Figure 4D), RrGGP1 contained domain DUF4922 superfamily, the functions of RrGGP1 and RrGGP3 were different from RrGGP2, due to the distant relationship of RrGGP1 (Figure 4A) and intron loss of RrGGP3 (Figure 4E). Relatively conservative motif composition and distribution and similar exon-intron structure suggested that plant GGPs had similar catalytic functions. This corroborated the findings of Tao et al. (2020). It may also explain why GGP in different species can increase AsA levels when converted to tomato or other plants, but other genes in the pathway didn’t have such a conserved function.

In R. roxburghii, RrGGP2 is a key rate-limiting gene for the AsA synthesis, and deserves in-depth study in many aspects. At the translation level, abundant AsA inhibits the translation of GGP mRNA through uORF, so the AsA content in leaves without 5’-UTR is significantly higher than that in controls (Laing et al., 2015; Zhang et al., 2018). In addition to the co-expression with other genes and feedback control of uORF at the translation level, post-translational regulation, including methylation, phosphorylation and acetylation, as well as promoter and its cis-acting elements and related transcription factors, have also been key areas of research in recent years.



Effect of controlling AsA content to improve plant abiotic stress

The role of AsA in higher plants has been widely discussed (Conklin et al., 1997; Noctor and Foyer, 1998), especially its key impact in the ascorbic acid glutathione cycle (the main antioxidant system of plant cells). As a major antioxidant, it protects cells against the damaging effects of ROS, which are produced by normal cellular metabolism and under stress conditions (Bilska et al., 2019; Khedia et al., 2019).

Here, we overexpressed the RrGGP2 gene in tobacco and increased the AsA content by 12-fold (Figure 6D). The enhanced AsA synthesis contributed to the increased tolerance of the plant to salt and paraquat stress. This is consistent with the results of Bulley et al. (2009). Furthermore, increased tolerance of transgenic plants with elevated AsA levels to salt, drought, chilling or oxidative stresses was reported with the overexpression of PMM (He et al., 2017), GMP (Lin et al., 2021), GalLDH (Liu et al., 2013; Dun et al., 2022), ALO (Bao et al., 2016), GalUR (Hemavathi et al., 2009; Zhang et al., 2015; Lim et al., 2016), MIOX (Nepal et al., 2019; Yang et al., 2021), GLOase (Hemavathi et al., 2010), MDHAR (Eltayeb et al., 2007; Haroldsen et al., 2011; Zhou et al., 2021), DHAR (Kwon et al., 2003; Chen and Gallie, 2006; Ushimaru et al., 2006; Qin et al., 2015; Lin et al., 2016) and APX (Badawi et al., 2004). In our research, transgenic lines 4 and 5 had significantly higher fresh weight and shoot length than WT when grown in the presence of salinity while transgenic line 1 did not. This may be a result of the lower accumulation rate of AsA level within transgenic line 1, which had a significantly lower total AsA content of approximately 1.8 μmol g-1 FW versus 3.0 μmol g-1 FW in line 4 (Figure 6D), thus suggesting a threshold of AsA content before protective effects are seen. Improving plant tolerance through increasing AsA content will alleviate the challenges brought to crops by the emergence of global extreme weather in recent years.

In summary, this is the first time that all genes in the AsA biosynthetic pathway in R. roxburghii are comprehensively studied concerning the whole genome. The experiment of in vitro incubating analysis showed that the synthesis of AsA in R. roxburghii was predominantly performed through the L-galactose pathway. We also analyzed the changes of AsA content and its four biosynthetic pathways gene expression levels during fruit development, the expression level of RrGGP2 significantly correlated with AsA content. Virus-induced RrGGP2 silencing reduced AsA level in R. roxburghii, and conversely, overexpression of RrGGP2 in tobacco and tomato significantly increased AsA content. This work furthers advanced our understanding of the regulatory mechanisms controlling AsA biosynthesis and demonstrated that the RrGGP2 was the key rate-limiting gene in R. roxburghii.
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Salicylic acid (SA) and ethylene (ET) are crucial fruit senescence hormones. SA inhibited ET biosynthesis. However, the mechanism of SA delaying fruit senescence is less known. ETHYLENE INSENSITIVE 3 (EIN3), a key positive switch in ET perception, functions as a transcriptional activator and binds to the primary ET response element that is present in the promoter of the ETHYLENE RESPONSE FACTOR1 gene. In this study, a gene encoding putative EIN3 protein was cloned from sand pear and designated as PpEIN3a. The deduced PpEIN3a contains a conserved EIN3 domain. The evolutionary analysis results indicated that PpEIN3a belonged to the EIN3 superfamily. Real-time quantitative PCR analysis revealed that the accumulation of PpEIN3a transcripts were detected in all tissues of this pear. Moreover, PpEIN3a expression was regulated during fruit development. Interestingly, the expression of PpEIN3a was downregulated by SA but upregulated by ET, auxin, and glucose. Additionally, the contents of free and conjugated SA were higher than those of the control after SA treatment. While the content of ET and auxin (indole-3-acetic acid, IAA) dramatically decreased after SA treatment compared with control during fruit senescence. The content of glucose increased when fruit were treated by SA for 12 h and then there were no differences between SA treatment and control fruit during the shelf life. SA also delayed the decrease in sand pear (Pyrus pyrifolia Nakai. ‘Whangkeumbae’) fruit firmness. The soluble solid content remained relatively stable between the SA treated and control fruits. This study showed that SA plays an antagonistic role toward ET, auxin, and glucose in regulating the expression of PpEIN3a to delay fruit senescence.
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1 Introduction

Pear, a kind of popular fruit crop, has been cultivated around the world (Gu et al., 2020). According to the statistics of the Food and Agriculture Organization of the United Nations (FAOSTAT), planting area of pear in the world has 1.29 million hectares and its global production is 23.1 million tons in 2020 (http://data.un.org/). Climacteric fleshy fruit are known to go through an ethylene respiratory burst at the beginning of their ripening process (McMurchie et al., 1972; Osorio et al., 2013). Pear is a typical climacteric fruit, which has many important physiological changes after ripening. The ripening of pear is usually characterized by increases in sugar and ethylene content as well as changes in fruit color and firmness (Zhang et al., 2020a). ‘Whangkeumbae’ is one variety of sand pear (Pyrus pyrifolia). Its fruit is known for its smooth surface and good flavor. However, the shelf life of ‘Whangkeumbae’ fruit is short due to postharvest ethylene outbreaks and diseases. ‘Whangkeumbae’ pear (Pyrus pyrifolia) is a climacteric fruit and experiences a typical burst of ET production at 10 d after harvest (Shi et al., 2013).

Ethylene plays an important role in fruit ripening (Yue et al., 2020). The members of the ETHYLENE INSENSITIVE3/ETHYLENE INSENSITIVE3-LIKE1 (EIN3/EIL1) (Chao et al., 1997; Guo and Ecker, 2003; Potuschak et al., 2003; Gagne et al., 2004) family are transcription factors and the crucial regulators of ET signaling that maintain various plant responses to ET (Dolgikh et al., 2019), including fruit ripening (Burg and Burg, 1962; Theologis et al., 1992; Zhu et al., 2022), leaf senescence (Gepstein and Thimann, 1981; Li et al., 2013), and resistance to pathogen infections (Alonso et al., 2003; Chen et al., 2009). In these modulations, the transcriptional control that is conferred by the transcription factor EIN3 is pivotal (Boutrot et al., 2010). EIN3, a key positive switch in ethylene perception, functions as a transcriptional activator and binds to the primary ethylene response element that is present in the promoter of the ETHYLENE RESPONSE FACTOR1 gene (Chao et al., 1997; Solano et al., 1998). EIN3 transcriptionally activates the expression of ERF1, which has the core sequence 5’-ATGTA-3’ within its promoter (Solano et al., 1998; Chen et al., 2009; Zhong et al., 2009; Boutrot et al., 2010). EIL and ERF, as transcriptional complexes, coordinate to regulate the expressions of ripening-related genes during the ripening process of kiwifruit (Yin et al., 2010).

EIN3 is degraded via the ubiquitin/26S proteasome in the absence of ethylene. However, EIN3 is quickly stabilized and accumulated in the nuclei under ethylene treatment (Guo and Ecker, 2003; Potuschak et al., 2003; Yanagisawa et al., 2003; Gagne et al., 2004). Zhao et al. (2021) showed that PuEIN3 interacts with PuEBF1 and PuEBF2 at the protein level in Pyrus ussuriensis cv. Nanguo, suggesting that it may be regulated by ubiquitination pathway. In addition to EIN3, five EIL transcription factors (e.g., EIL1 to EIL5) have been identified from Arabidopsis that may also contribute to ethylene signaling (Chao et al., 1997; Wang et al., 2002). Zhang et al. (2020a) reported methyl salicylate (MeSA) decreased the expression of PbACS4, PbACO1, PbACO4, PbETR1, PbETR2, PbERS2, PbCTR1, PbEIN2 and PbEIL1 genes related to ethylene biosynthesis and perception, and enhanced the expression of ERS1 receptor genes, suggesting that MeSA regulates fruit ripening and senescence by directly affecting ethylene response. A recent study showed that EIN3 physically interacted with the core SA signaling regulator, NPR1, in senescing leaves. Additionally, EIN3 and NPR1 synergistically upregulated the expressions of senescence-associated genes (e.g., ORE1 and SAG29) (Wang et al., 2021).

Salicylic acid (SA) is an important plant hormone that has been shown to delay flower and fruit senescence (Hassan et al., 2007; Dokhanieh et al., 2013; Shabanian et al., 2019). Ethylene, a plant hormone, plays an important role in the ripening process of climacteric fruit (Lelièvre et al., 1997; Nath et al., 2006). Several recent studies have also revealed that SA and ethylene (ET) promoted leaf senescence through a coordinated series of molecular and physiological events (Wang et al., 2021; Yu et al., 2021). Additionally, SA delayed banana (Srivastava and Dwivedi, 2000) and sweet cherry (Valero et al., 2011) fruit ripening. Because SA can inhibit ET biosynthesis from 1-aminocyclopropane-1-carboxylic (ACC) (Leslie and Romani, 1988) through suppressing ACC oxidase activity (Fan et al., 1996). Recently, SA has been reported to regulate the expressions of several genes that are involved in ET biosynthesis and signaling pathways (Shi and Zhang, 2012; Shi et al., 2013; Zhang et al., 2013; Shi et al., 2019; Shi et al., 2021). High concentrations of indole-3-acetic acid (IAA) induced PpACS1 and PpACO1 gene expression, resulting in the production of large amounts of ethylene. Low content of IAA in the late ripening stage of stony hard peaches led to few ethylene yield and inhibited fruit softening (Tatsuki et al., 2013). Naphthalene acetic acid (NAA) can promote ethylene production in Prunus salicina (El-Sharkawy et al., 2014). Yue et al. (2020) showed auxin induced ET biosynthesis in apple fruit through activation of MdARF5 expression. In sand pear, IAA can induce the expression of PpACS1a (Shi and Zhang, 2014). Yanagisawa et al. (2003) found that glucose enhances the degradation of EIN3, a key transcriptional regulator in ethylene signaling, through the plant glucose sensor hexokinase8. Ethylene, by contrast, enhanced the stability of EIN3. The ein3 mutant had a glo phenotype, and overexpression of EIN3 in transgenic Arabidopsis decreased glucose sensitivity. Our previous study demonstrated that the expression of PpEIN3b was repressed by SA and glucose, but was induced by ACC during sand pear fruit ripening and senescence (Shi et al., 2019). However, the molecular mechanism by which SA, ET, auxin, and glucose interact to regulate fruit senescence is still unclear. This study aims to elucidate the mechanism by which SA delays fruit senescence by regulating the expression of PpEIN3a under SA/ET/auxin/glucose treatments, which would provide valuable information for regulating sand pear fruit senescence.



2 Materials and methods


2.1 Collection of plant materials

Sand pear (Pyrus pyrifolia Nakai. ‘Whangkeumbae’) fruit were collected as described in the study (Shi et al., 2019) from Hebei Agricultural University (Baoding, China). The pulp of these pears was collected for further study. Shoots were collected at 5 days old, young stems were collected at 10 days old, and young leaves were collected at 5 days old. Age (day old) was calculated from the starting time when buds that had just emerged in pear trees could be observed by the naked eye. All samples including petals and anthers were prepared as described in Shi et al. (2019).



2.2 Fruit treatments

The pear fruit with uniform size, free from mechanical damage, diseases and pests were screened at 150 days after full bloom (DAFB) and stored at 4°C for two months and then transferred to shelf life at room temperature for 36 h. Fruits were divided into two groups. One group was soaked in 200 μM SA (Solarbio, Beijing, China) for 12 h. The second group was soaked in distilled water for 12 h as control. The SA-treated and control fruit were air-dried and stored at room temperature for 12 h and 24 h. All fruit were stored at room temperature for 36 h and sampled every 12 h. For each sampling point, three biological replicates with five fruit each were used for analysis.

Pulp samples at one week after fruit harvest were separately soaked in 2, 20, 200, and 2000 μM SA (Solarbio, Beijing, China) for 12 h at room temperature, and the control was soaked in distilled water for 12 h (Shi et al., 2019). One week after harvest, fruit pulp samples were soaked in 1 μL/L ethephon (Solarbio, Beijing, China; Zhang et al., 2013) and 200 μM IAA (Solarbio, Beijing, China) for 6, 12, and 24 h (Shi and Zhang, 2014). Concurrently, the controls of the ethephon and IAA treatments were soaked in distilled water for 6, 12, and 24 h, respectively. The pear fruit pulp was treated with 15% glucose (Solarbio, Beijing, China; Shi et al., 2019) for 6, 12, and 24 h. The pulp was soaked concurrently in ddH2O for 6, 12, and 24 h as corresponding controls. All samples were frozen as described in the previous study (Shi et al., 2019).



2.3 Isolation of PpEIN3a cDNA

Total RNA was extracted from pear fruit that were collected at 150 d after full bloom. Complementary DNA (cDNA) library was constructed as described in primary study (Shi and Zhang, 2012) for sequencing. One clone that encoded EIN3 was identified and designated as PpEIN3a.



2.4 RNA isolation and real-time quantitative PCR analysis

Total RNA was isolated from the shoots, young stems, young leaves, petals, anthers, developing pear pulp, and pulp that was treated with SA/ethephon/IAA/glucose by a previously described method (Li et al., 2005).

The PpEIN3a expression profiling was performed using real-time quantitative PCR via a Magic SYBR mixture according to the manufacturer’s instructions (CoWin Biosciences, China) in the detection system (Mastercycler ep realplex 4, Eppendorf AG, Hamburg, Germany). A pear actin gene was used as a standard control for the real-time quantitative PCRs. A two-step RT-PCR procedure was carried out in all experiments via a previously described method (Li et al., 2005). The gene-specific primer sequences for PpEIN3a were 5’-GGAGTTGATGATGGGCAGAAAATG-3’ and 5’-GGTTCAGACATGTTGATGTTGCAT-3’. The relative value for the expression level of PpEIN3a gene was calculated by Y=10DCt/3.75*100% (DCt is the differences of Ct between the control actin products and the target PpEIN3a products, i.e., DCt=CtPpEIN3a-Ctactin, and 3.75 is a parameter for the cycle number which represents a 10-fold expression difference between the target gene and control gene).



2.5 DNA sequencing and protein analyses

The sequence analyses of the isolated pear EIN3a gene (cDNA) and its deduced protein were done with DNA STAR software (DNA STAR Inc., Madison, WI, USA). The conserved domain was determined by National Center for Biotechnology Information (NCBI) Conserved Domain Search (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The protein multiple sequence alignment analysis was performed with Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/), and protein motif analysis was performed using Motif Scan (http://myhits.isb-sib.ch/cgi-bin/motif_scan). The evolutionary relationships among twenty-nine EIN3 protein sequences from different plants were determined by MEGA7 software (Kumar et al., 2016) based on the neighbor-joining method (Saitou and Nei, 1987). The genomic DNA sequence of PpEIN3a was analyzed according to genome information of sand pear (Gao et al., 2021) by using the GDR database (https://www.rosaceae.org/).



2.6 Extraction and determination of SA content

High performance liquid chromatography (HPLC) was used to determine the content of SA (Zhang et al., 2003). The frozen sand pear pulp was ground into good powder in liquid nitrogen, and for the extraction of SA, a 0.8 g sample was soaked with 1 mL 90% (v/v) methyl alcohol in the dark for 12 h at 4°C. Then, the sample was centrifuged at 8,000 g for 10 min at 4°C. The supernatant was transferred into a clean 10-mL centrifugal tube and stored for 2 h at 4°C. The remaining sediment was re-suspended in 0.5 mL 90% methyl alcohol and re-extracted for 2 h at 4°C. The above sample was centrifuged again. The two resulting supernatants were mixed together and dried with N2 to approximately 0.3 mL aqueous solution. Then, 20 μL of 1 mg/mL trichloroacetic acid was added. After shaking, 1 mL cyclohexane and ethyl acetate mixture (V/V=1/1) was added for extraction, which was repeated twice. The upper organic phase was transferred to a clean 10-mL centrifugal tube and dried with N2. A 0.5 mL methyl alcohol was added to dissolve and filter, and the obtained solution represented the free SA in the sample.

A 0.5 mL of 2 M HCl was added into the remaining aqueous phase. After shaking, the mixture was heated in 80°C-water bath for 1 h and, after cooling, was extracted twice with cyclohexane and ethyl acetate (V/V=1/1). The rest procedure is the same as above, and the obtained solution represented the conjugated SA in the sample.

The contents of free SA and conjugated SA in sand pear pulp were determined by high performance liquid chromatography (HPLC, Agilent 1260, USA). Agilent Eclipse Plus C18 column (250 mm × 4.6 mm, 5 μm; Agilent, USA) was used to elute the SA with 65% acetonitrile and methyl alcohol. The column temperature was 25°C, 20 μL of sample was used for detection, the flow rate was set at 1 mL/min, and the detection wavelength was 280 nm.

Each experiment was repeated independently three times, and the data were analyzed using GraphPad Prism 8. Independent t tests for equality of means showed very significant differences (** p value < 0.01) between the controls and treated fruit.



2.7 Determination of ethylene production

A 2 g frozen sand pear pulp was ground into powder with liquid nitrogen. It was transferred to a clean 10-mL tube and added 4 mL of 95% ethanol. The mixture was boiled and extracted for 20 min. After cooling, the mixture was centrifuged for 15 min at 10,000 g. Then, the supernatant was transferred into a clean 10-mL tube. The remaining sediment was re-suspended with 4 mL 80% ethanol and re-extracted for 30 min at 70°C. The above sample was centrifuged again. Two supernatants were merged together and evaporated to dry by a rotary evaporator (IKA RV10, GER) at 40°C. Then 2 mL of distilled water was added to evaporated residue. The evaporated residue was shaken and dissolved. The preparation solution was obtained and stored at −20°C for further analysis (Lizarda and Yang, 1979).

The ethylene production in frozen samples was detected following the methods of Fan et al. (1998) with some modifications. A 1 mL of the preparation solution was taken and put into a 10 mL sample bottle. Then 40 μL of 25 mM/L HgCl2 was added into the bottle. The reaction sample bottles were then sealed with rubber stopper and kept in ice for 10 min. Then 0.2 mL of precooled mixture of 5% NaClO and NaOH (V/V=2/1) was injected into the reaction vessel by l-mL syringe. The mixture was shaken rapidly for 5 s and put into the ice for 5 min. A 1 mL of gas from the headspace was taken to measure the ethylene production by a gas chromatography (Agilent 7820A, USA) with an FID detector. Agilent GS-Alumina column (30 m × 0.53 mm) was used to elute the ethylene production. The column temperature was 80°C and the injection volume was 1 mL (Lizarda and Yang, 1979).



2.8 Extraction and measurement of IAA content

The method of Chen et al. (2003) for extraction of IAA was modified. A 2 g frozen sand pear pulp was ground into good power with liquid nitrogen. A 2 mL of pre-cooled 80% methyl alcohol was added into the power and the sample was transferred to a clean 10-mL tube. Following the remaining power was washed with 2 mL of pre-cooled 80% methyl alcohol and transferred to the clean 10-mL tube, which repeated twice. The mixture in the 10-mL tube was added with 500 μL of butylated hydroxytoluene (BTH) and soaked in the dark for 12 h at 4°C. In dark, the samples were shaken by ultrasonication and vortexing (Kunshan Schwimmer ultrasonic cleaner, KQ-100DE, China) for 1 h, and centrifuged at 12,000 g for 15 min at 4°C. The supernatant was transferred into a clean 10-mL tube and dried with N2 to 1-2 mL aqueous solution, and the pH was adjusted to 8.0 by 1 M dipotassium hydrogen phosphate and 1% acetic acid. Following 0.4 g polyvinylpyrrolidone (PVPP) was added to remove impurities such as phenols. The mixture was shaken for 0.5 h by ultrasonication and then centrifuged at 12,000 g for 5 min at 4°C. The supernatant was transferred into a clean centrifuge tube, and the pH was adjusted to 3.0 via 1 M citric acid and 1% NaOH. Following 3 mL ethyl acetate was added into the aqueous phase, shaken for 0.5 h, and placed for 2 h at 4°C. The upper solution was transferred to a clean 10-mL tube and dried with N2.

A C18 solid phase column was activated by adding, successively, 4 mL of methyl alcohol and 2 mL of sterile water. A 2 mL of 20% methyl alcohol was added into the 10-mL tube to dissolve the purified and dried supernatant. The mixture was poured into the activated C18 column. Following the column was washed with 2 mL of 10% methyl alcohol. Finally, 1 mL of pH 8 methyl alcohol was used to elute IAA from the column and through a 0.22 μm filter.

The determination of IAA was performed by HPLC (Agilent 1260, USA) and the C18 column (250 mm × 4.6 mm, 5 μm; Agilent, USA) was used to elute the IAA. Mobile phase A was sterile water, mobile phase B was acetonitrile, mobile phase C was 0.7% acetic acid, and mobile phase D was methyl alcohol. The column temperature was 30°C, 10 μL of sample was used for detection, the flow rate was set at 0.7 mL/min, and the detection wavelength was 254 nm.

Each experiment was repeated independently three times, and the data were analyzed using GraphPad Prism 8. Independent t tests for equality of means showed very significant differences (** p value < 0.01) between the controls and treated fruit.



2.9 Determination of glucose content

The frozen sand pear pulp was ground into homogenate with 20 mL sterile water for determination of glucose content. A 0.5 g sample was transferred to a clean conical bottle and was heated in a 70-80°C water bath for 3 h. After cooling, the sample was centrifuged at 8,000 g for 10 min. Then, the supernatant was transferred into a clean 10-mL tube. A 1 mL of the final supernatant was filtered through a 0.22 μm filter before analyses (Wang, 2013).

The measurement of glucose content was performed by HPLC (Agilent 1260, USA) and chromatographic column (Shodex Asahipak NH2P-50 4E, 4.6 mm × 250 mm, 5 μm) was used to elute the glucose. Solvent was 25% sterile water and 75% acetonitrile. The flow rate was set at 0.6 mL/min, the column temperature was 32°C, and 5 μL of sample was used for detection.



2.10 Determination of firmness and soluble solids contents

The fruit were characterized after the 200 μM SA treatment by measurements of fruit firmness and soluble solids contents (SSC) in fruit samples. Firmness was measured on both sides of the fruit after peeling, using a hardness tester (GY-1, China) that was fitted with a 7.5 mm diameter probe at a rate of 10 mm/s. The data were recorded as kg-force and converted to Newtons (Huang et al., 2021). The SSCs of fruit were determined from juice samples from both sides of the fruit after peeling with a digital refractometer (“Pocket” PAL-1, 0-53%, Atago, Japan). Each experiment was repeated independently three times, and the figures were made with GraphPad Prism 8. Independent t tests for equality of means showed significant differences (*p value < 0.05) or very significant differences (** p value < 0.01) between the controls and treated fruit.

After measurement of firmness and SSC content, fruit slices of pulp without skin from same batch of fruit were frozen in liquid nitrogen and stored at −80°C until determination of hormone and glucose contents.



2.11 Statistical analysis

Each experiment was repeated independently three times, and the data were analyzed using SPSS. Independent t tests for equality of means showed significant difference (*p value < 0.05) or very significant difference (**p value < 0.01) between the control and treated fruit.




3 Results


3.1 Cloning and characterization of PpEIN3a

One cDNA encoding the EIN3 protein was identified by screening the sand pear fruit cDNA pool (Shi and Zhang, 2012). The cloned cDNA was designated as PpEIN3a, accession number in GenBank: KT726838. The genomic DNA sequence of PpEIN3a was analyzed according to sand pear genome database (Gao et al., 2021). PpEIN3a cDNA encodes an EIN3 homolog that consists of 604 amino acids and shares relatively high homology with pear PbEIL (Pyrus x bretschneideri, XP_009355060; 97.52% identity) and PuEIL (Pyrus ussuriensis x Pyrus communis, KAB2627254; 97.52% identity) at the amino acid level. The PpEIN3a protein contains a conserved ethylene insensitive 3 (EIN3) domain (Figure 1). All three sequences contain a conserved ethylene insensitive 3 (EIN3) domain, which suggests that PpEIN3a may have similar function with PbEIL and PuEIL.




Figure 1 | Sequence alignment among the three fruit EIN3/EIL proteins. The sequences of fruit EIN3/EILs were aligned. Amino acid substitutions and deletions are highlighted in white. The ethylene insensitive 3 (EIN3) domains are shown in underlines. The accession numbers of these fruit EIN3/EIL proteins in GenBank are KT726838 (Pyrus pyrifolia PpEIN3a), XP_009355060 (Pyrus x bretschneideri PbEIL), and XP_008346133 (Malus x domestica MdEIL).



As shown in Figure 1, twelve substitutions and two deletions at the amino acid level occurred in PpEIN3a compared with other fruit EIN proteins. Among these, two substitutions may be crucial for the function of PpEIN3a. Namely, the nonpolar Pro was replaced by a polar Ser at position AA571. At position AA572, the nonpolar Ile was substituted by a polar Asn. Moreover, at positions AA599 and AA600, PpEIN3a has deleted the two amino acids (e.g., Asp and Ala).



3.2 Evolutionary relationships of PpEIN3a with other EIN3/EIL proteins

The analysis of the evolutionary relationships among PpEIN3a and other EIN3/EIL proteins, which was previously reported in plants, is shown in Figure 2. The evolutionary tree was divided into two subgroups. The PpEIN3a protein has the closest evolutionary relationship with pear PbEIL (Pyrus x bretschneideri, XP_009355060); pear PuEIL (Pyrus ussuriensis x Pyrus communis, KAB2627254); wild apple MbEIN3 (Malus baccata, TQD73050) (Chen et al., 2019); and apple MdEIL1 (Malus domestica, XP_008346133) among all EIN3/EIL proteins. PpEIN3a also has a close evolutionary relationship with sand pear PpEIN3b (Pyrus pyrifolia, KT726839) (Shi et al., 2019). However, PpEIN3a has relatively distant evolutionary relationships with the six EIN3/EILs that occupy another clade of the tree (subgroup II, Figure 2). These results suggest that PpEIN3a might have diverged earlier from these EIN3s during evolution.




Figure 2 | Evolutionary relationships of the PpEIN3a protein with respect to other EIN3/EIL proteins. The neighbor-joining evolution tree was constructed in MEGA 7. The accession numbers of the plant EIN3/EIL proteins in GenBank are: KT726838 (Pyrus pyrifolia PpEIN3a), XP_009355060 (Pyrus x bretschneideri PbEIL), KAB2627254 (Pyrus ussuriensis x Pyrus communis PuEIL), TQD73050 (Malus baccata MbEIN3), XP_008346133 (Malus x domestica MdEIL1), KT726839 (Pyrus pyrifolia PpEIN3b), XP_034202621 (Prunus dulcis PdEIL), XP_020411970 (Prunus persica PpEIL), XP_021834590 (Prunus avium PaEIL), EF031066 (Prunus persica PpEIL2), XM_006379360 (Populus trichocarpa PtEIN3), NM_001247617 (Solanum lycopersicum SlEIL3), XM_002530146 (Ricinus communis RcEIN3), XM_006432473 (Citrus clementina CcEIN3), XM_006471230 (Citrus sinensis CsEIN3), XM_002276344 (Vitis vinifera VvEIN3), AB525913 (Daucus carota DcEIL), XM_004306392 (Fragaria vesca FvEIN3), EU887511 (Actinidia deliciosa AdEIL2), XM_007016620 (Theobroma cacao TcEIN3), JQ771471 (Paeonia suffruticosa PsEIL3), JX445144 (Paeonia lactiflora PlEIN3), FJ890314 (Lithospermum erythrorhizon LeEIL1), AB063192 (Cucumis melo CmEIL2), AY248907 (Nicotiana tabacum NtEIL5), AF467784 (Vigna radiate VrEIL1), and KF595122 (Momordica charantia McEIN3).





3.3 Expression profiling of the PpEIN3a gene in sand pear

Real-time quantitative PCR analysis was performed to explore the PpEIN3a gene expression pattern. PpEIN3a was preferentially expressed in sand pear anthers. It exhibited a moderate expression activity in young stems and young leaves. A relatively weak expression signal of PpEIN3a was detected in the pulp, shoots, and petals (Figure 3A).




Figure 3 | Real-time quantitative PCR analyses of PpEIN3a expressions in different pear tissues (A) and during fruit development (B). Total RNA was isolated from different tissues (e.g., shoots, young stems, young leaves, petals, anthers, and pulp) and during fruit development. The relative value of the PpEIN3a expression in pear is shown as a percentage of actin expression activity. The mean values and SD (bar) from three independent experiments are shown. The values shown are the means ± SD for three replicates.



Further analysis of the expression pattern of PpEIN3a during fruit development was performed to investigate whether the expression of PpEIN3a is regulated during fruit development. The experimental results (Figure 3B) revealed that PpEIN3a exhibited the highest expression activity in 30-d-after-bloom fruit during whole-fruit development, and the relative value of this expression was 49.36. With fruit enlargement, the expression of the PpEIN3a gene gradually decreased to a relatively low level (e.g., relative value of 9.60) at 120 d after full bloom fruit. With fruit ripening, the expression of the PpEIN3a gene was nearly constant (e.g., 145 d after full bloom to 5 d after harvest). Interestingly, during fruit senescence, the expression of the PpEIN3a gene increased to its highest level (e.g., a relative value of 30.34) at 10 d after harvest fruit during fruit ripening and senescence. These results suggested that the PpEIN3a gene might play crucial roles during pear fruit senescence.



3.4 Transcript levels of PpEIN3a in response to multiple hormones and glucose treatments

The above results showed that the PpEIN3a expressions were regulated during fruit senescence. SA is an important plant hormone that delays sand pear fruit senescence (Hassan et al., 2007). Therefore, SA treatments were performed to discover whether SA regulated PpEIN3a expression. As shown in Figure 4, PpEIN3a expression was significantly downregulated by all SA concentrations. Moreover, there were very significant differences between the control and 20/200/2000 μM SA groups.




Figure 4 | Real-time quantitative PCR analyses of the PpEIN3a expressions in the pulp of fruit under SA treatment for 12 h. The relative PpEIN3a expression values in pulp one week after fruit harvest that were treated with 0, 2, 20, 200, and 2000 μM SA for 12 h are shown as percentages of actin expression. The mean values and standard errors (bar) shown are from three independent experiments. Independent t tests for equality of means demonstrated significant (*p value < 0.05) or very significant (**p value < 0.01) differences between the control and treated pulp of fruit.



To explore the regulation patterns of PpEIN3a by ethylene, auxin, and glucose, the pulp from sand pear fruit at one week after harvest was treated with 1 μL/L ethephon, 200 μM IAA, and 15% glucose. The real-time quantitative PCR results showed that the transcript accumulations of PpEIN3a were significantly induced by the 1 μL/L ethephon treatment at 6, 12, and 24 h (Figure 5A). The PpEIN3a expressions were also markedly upregulated by the 200 μM IAA treatment at 6, 12, and 24 h (Figure 5B). Interestingly, the expression of PpEIN3a was induced by the 15% glucose treatment at 3 and 6 h (Figure 5C). These results showed that SA played an antagonistic role toward ET, IAA, and glucose in regulating the expression of PpEIN3a to delay pear fruit senescence.




Figure 5 | Real-time quantitative PCR analyses of the PpEIN3a expressions in the pulp of fruit under ethephon (A), IAA (B) and glucose (C) treatments. The relative values of the PpEIN3a expressions in fruit pulp at one week after harvest that were treated with 1 μL/L ethephon, 200 μM IAA and 15% glucose are shown as the percentages of actin expression. The mean values and standard errors (bar) shown are from three independent experiments. A single asterisk shows a significant difference (*p value < 0.05), and a double asterisk represents a very significant difference (**p value < 0.01) between the treated and control pulp of fruit by t test.





3.5 SA delayed shelf-life sand pear fruit senescence

Free SA contents in control fruit increased at shelf life of 12 h and then decreased, and in SA-treated fruit increased at shelf life of 12 h and 24 h, while decreased at shelf life of 36 h. However, compared with the controls, the contents of free SA in sand pear obviously increased after SA treatment at shelf life of 12 h and 24 h (Figure 6A). Moreover, there was no obvious change on conjugated SA contents of control fruit during shelf life, while the conjugated SA contents in sand pear significantly increased after SA treatment at shelf life of 24 h and 36 h (Figure 6B). The results indicated SA could induce the free and conjugated SA contents in sand pear during shelf life.




Figure 6 | Free SA (A), conjugated SA (B), ethylene production (C), IAA (D), and Glucose (E) in pear fruit after SA treatment at room temperature. The mean values and standard errors (bar) from three independent experiments are shown. Independent t tests for equality of means demonstrated significant (*p value < 0.05) or very significant (**p value < 0.01) differences between the control and treated fruit.



As shown in Figure 6C, ethylene production increased at shelf life of 12 h, 24 h, and 36 h in both control and SA-treated fruits. However, the ethylene production was significantly decreased in SA-treated fruits compared with that in controls during all the shelf life (Figure 6C). IAA contents of control fruit increased during the shelf life at 24 h and 36 h. While the content of IAA dramatically decreased after SA treatment compared with control at the same shelf-life time points, 24 h and 36 h (Figure 6D). The results showed that SA inhibited the increase in ET and IAA content of sand pear fruit. Interestingly, the contents of glucose in control fruit increased during the late shelf-life (24 h and 36 h), and in SA-treated fruit increased during all the shelf life. Moreover, the content of glucose increased when fruit were treated by SA for 12 h and then there were no differences between SA treatment and control fruit during the shelf life (Figure 6E). These results showed that SA played an antagonistic role toward ET and IAA during fruit senescence.

Additionally, sand pear fruit firmness in both the control and SA-treated samples showed a downward trend with longer shelf times. However, the SA-treated fruit maintained much higher fruit firmness than the controls (Figure 7A). This result showed that SA delayed the decrease in shelf-life sand pear fruit firmness to make fruit fresh. Moreover, the soluble solids content (SSC) in both the control and SA-treated fruit remained identical (Figure 7B), which suggested that the fruit quality was maintained in the SA-treated fruits.




Figure 7 | Fruit firmness (A) and soluble solids (B) contents in pear fruit after SA treatment at room temperature. The mean values and standard errors (bar) from three independent experiments are shown. Independent t tests for equality of means demonstrated significant (*p value < 0.05) or very significant (**p value < 0.01) differences between the control and treated fruit.






4 Discussion

Recently, numerous EIN3/EIL genes were identified and characterized from fruit crops. For example, an EIN3 gene was cloned from peach (Prunus persica) and designated as PpEIN3. The peach PpEIN3 gene encodes a protein with 624 amino acids that contains a conserved EIN3 domain and a highly conserved N-terminal region (Zhang et al., 2019). A sand pear PpEIN3b was identified from ‘Whangkeumbae’. The deduced PpEIN3b contained a conserved EIN3 domain (Shi et al., 2019). Three EIN3 genes (e.g., CpEIN3a, CpEIN3b, and CpEIL1) were also isolated from papaya fruit (Zou et al., 2020). In this study, PpEIN3a shares a relatively high homology (97.52% identity) with white pear PbEIL (Pyrus x bretschneideri, XP_009355060) at the amino acid level. It has 89.07% identity with PpEIN3b (Pyrus pyrifolia, KT726839). Nevertheless, the evolutionary relationship analysis results showed that PpEIN3a and PpEIN3b belonged to the same subgroup tree (Figure 2). All of the above-mentioned EIN3 proteins contain conserved EIN3 domains (Figure 1).

Most fruit EIN3/EIL genes are regulated during fruit ripening. In peach, the expression level of PpEIN3 during late fruit development was higher than that during early fruit development. Additionally, a transgenic tomato fruit of PpEIN3 showed early maturation, which revealed that the EIN3 gene promoted fruit ripening (Zhang et al., 2019). The papaya EIN3/EIL genes were also expressed during fruit ripening. The results showed that the three EIN3/EIL genes were expressed at high levels in the third month (Zou et al., 2020). A previous study showed that the expression of sand pear PpEIN3b was regulated during fruit ripening and senescence (Shi et al., 2019). EIL genes of kiwifruit were involved in the regulation of fruit ripening (Yin et al., 2010). These results support the concept that EIN3/EILs play a role in regulating fruit ripening. Here, the PpEIN3a gene displayed a tissue-preferential expression pattern, and the PpEIN3a transcript preferentially accumulated in pear anthers (Figure 3A). Furthermore, the expression of the PpEIN3a gene was developmentally regulated during fruit senescence (Figure 3B), which suggested that EIN3 might be crucial in fruit senescence because of its own unique amino acid residues (Figure 1).

Fruit EIN3/EIL gene expressions are regulated by hormones and other signals during fruit ripening and senescence. For example, MA-EIL2 is a banana fruit ripening and ethylene-inducing gene (Mbe´guie´-A-Mbe´guie´ et al., 2008). In Arabidopsis thaliana, although EIN3 was transcribed in both endogenous and transgenes, EIN3-flag was detected only in ACC treatment, suggesting that ethylene positively regulated EIN3 (Yanagisawa et al., 2003). Exogenous ethylene promoted the expression of PpEIL1 and PpEIL2 in peach fruit, and the expression levels of both tended to increase with extension of treatment time. However, 1-MCP treatment inhibited the expression of PpEILs (Zhao, 2009). Under exogenous ethylene treatments, papaya CpEIN3b and CpEIL1 were negative regulators during fruit ripening, while CpEIN3a was a positive regulator. Under 1-MCP treatments, CpEIN3a was negatively correlated with respiration rates and ethylene production (Zou et al., 2020). Additionally, papaya CpEIL1 is involved in regulating fruit ripening by interacting with the auxin response factor (Zhang et al., 2020b), which suggests that CpEIL1 expression might be regulated by the crosstalk of ethylene and auxin. Pear PpEIN3b expression was inhibited by SA, glucose, and disease but was induced by ACC during sand pear fruit ripening and senescence, which suggested that pear PpEIN3b might be a negative regulator in delaying fruit ripening and senescence (Shi et al., 2019). Yue et al. (2020) showed auxin induced ET biosynthesis in apple fruit through activation of MdARF5 expression. EIN3 proteins are transcription factors and the key regulators of ET signaling that sustain a variety of plant responses to ET. Deng et al. (2022) reported that Mediator (MED) subunit MED25 in tomato regulated the expression of ripening genes by interacting with EILs transcription factors to link ethylene signaling with Pol II mechanism. In the present study, PpEIN3a expression was inhibited by SA (Figure 4) but was induced by ethylene, auxin, and glucose (Figure 5), which suggested that PpEIN3a might be a positive regulator during pear fruit senescence. Glucose inhibited EIN3 stability (Yanagisawa et al., 2003), which may explain why pear PpEIN3b expression was reduced after glucose treatments (Shi et al., 2019), while glucose induced PpEIN3a expression in this study, which may be due to the particular structure of PpEIN3a including the substitutions and deletions, which might lead to its special function during fruit ripening and senescence (Supplementary Figure 1). This might also be the reason that leads to the relatively distant evolutionary relationship between PpEIN3a and PpEIN3b. Also, there were no significant different PpEIN3a expression levels in diseased fruit compared with control (Supplementary Figure 2), while PpEIN3b expression was dramatically inhibited by disease during sand pear fruit senescence (Shi et al., 2019). Peach PpEIN3 was overexpressed in tomato, and the transgenic tomato fruit reddened earlier than the control fruit, while fruit ripening was inhibited upon the knockdown of PpEIN3, which showed that PpEIN3 accelerated fruit ripening and suggested that PpEIN3 might be a positive regulator during fruit ripening (Zhang et al., 2019). Therefore, PpEIN3a may be a positive regulator during pear fruit ripening and senescence, similar to peach PpEIN3 (Zhang et al., 2019). Xu et al. (2021) showed that DcEIL3-1 interacted with DcWRKY75, a homolog of ethylene signaling core transcription factor EIN3 in Arabidopsis thaliana. Silencing DcEIL3-1 can delay the senescence of carnation petals.

The physiological mechanism of SA delaying fruit ripening and senescence has been studied and is summarized as follows: Leslie and Romani (1988) found that SA can inhibit the biosynthesis of ET from ACC. The final step of the ET biosynthetic pathway is that ACC oxidase (ACO) converts ACC to ET. Furthermore, SA inhibits ET biosynthesis by inhibiting the activity of ACO (Fan et al., 1996). Srivastava and Dwivedi (2000) explored that SA delayed banana fruit ripening (Musa acuminata) by decreasing fruit softening, pulp:peel ratios, reducing sugar contents, invertase, respiration rates, and the activities of major cell wall-degrading enzymes (e.g., cellulase, polygalacturonase and xylanase)/the major enzymatic antioxidants (e.g., catalase and peroxidase). Treatment with SA, acetylsalicylic acid (ASA) and oxalic acid (OA) delayed the postharvest ripening process of sweet cherry cultivars harvested at commercial maturity stage, which showed decreased acidity, color change, hardness, and maintained quality attributes for a longer time than the control group (Valero et al., 2011). In addition, SA can maintain fruit quality for longer periods by continuously increasing total phenolics, anthocyanins and antioxidant activities during storage (Srivastava and Dwivedi, 2000). SA delayed the senescence of sand pear fruit by enhancing the activity of superoxide dismutase/peroxidase enzymes, reducing malondialdehyde contents, and decreasing water loss ratios (Hassan et al., 2007). SA also reduced sand pear fruit decay and tissue browning, and maintained the postharvest quality parameters of pear up to 60 days of cold storage (Adhikary et al., 2021). In this study, SA treatment delayed the decrease in post-harvested sand pear fruit firmness (Figure 7A). The contents of free SA (Figure 6A) and conjugated SA (Figure 6B) in sand pear increased after SA treatment. Moreover, the content of ethylene (Figure 6C) and auxin (IAA, Figure 6D) decreased after SA treatment compared with control during fruit senescence. Additionally, glucose content (Figure 6E) and SSC (Figure 7B) during the shelf life were maintained after SA treatment. The results indicated that SA could delay fruit senescence and maintain fruit quality. However, the molecular mechanism by which SA delays fruit senescence remains unclear and needs much deeper study. Here, the EIN3 gene, as a crucial element of the ET signaling pathway, will be further studied to resolve the above molecular mechanism.



5 Conclusions

In this study, we concluded a model that SA played an antagonistic role toward ET, IAA, and glucose in regulating the expression of PpEIN3a to delay pear fruit senescence (Figure 8). This study presented that SA increased endogenous SA levels but reduced the content of endogenous ET and IAA in sand pear, while glucose content increased after SA treatment during early shelf life. However, there was no influence for glucose content after SA treatment during late shelf life, connecting with the results that SA delayed the decrease in sand pear fruit firmness and the SSC was maintained in between the SA-treated and control fruit, which suggested that SA might maintain the sand pear quality and it could be an effective preservative for climacteric fleshy fruit. It also suggests that plant hormones, including SA, ET, auxin and other signals, such as glucose, interact to control fruit senescence by regulating senescence-related genes.




Figure 8 | The model pattern of salicylic acid (SA)-mediated sand pear fruit senescence via regulating PpEIN3a expression. SA may delay fruit senescence by influencing the contents of endogenous SA, ET, IAA, and Glu that regulating PpEIN3a expression in pulp. Green and white arrows represent up-regulation, and red arrows represent down-regulation.
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Melatonin is a multifunctional molecule that has been widely discovered in most plants. An increasing number of studies have shown that melatonin plays essential roles in plant growth and stress tolerance. It has been extensively applied to alleviate the harmful effects of abiotic stresses. In view of its role in regulating aspects of plant growth and development, we ponder and summarize the scientific discoveries about seed germination, root development, flowering, fruit maturation, and senescence. Under abiotic and biotic stresses, melatonin brings together many pathways to increase access to treatments for the symptoms of plants and to counteract the negative effects. It has the capacity to tackle regulation of the redox, plant hormone networks, and endogenous melatonin. Furthermore, the expression levels of several genes and the contents of diverse secondary metabolites, such as polyphenols, terpenoids, and alkaloids, were significantly altered. In this review, we intend to examine the actions of melatonin in plants from a broader perspective, explore the range of its physiological functions, and analyze the relationship between melatonin and other metabolites and metabolic pathways.
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Introduction

Melatonin (N-acetyl-5-methoxytryptamine), a bioactive molecule, is pervasive in organisms and has been well studied since it was first discovered in the pineal gland of cows (Lerner et al., 1958). Previous studies have demonstrated that melatonin is essential for maintaining human circadian rhythm, sleep, mood, body temperature, appetite, and immunological responses (Socaciu et al., 2020). Furthermore, antioxidant, anti-inflammatory, and other biological functions were also proven to be regulated by melatonin; thus, melatonin has been employed extensively for disease pathogenesis and drug development (Millet-Boureima et al., 2021).

A previous review on melatonin has provided insight into the biosynthesis, catabolism, and physiological and biochemical functions of this important molecule. The biosynthetic and metabolic pathways of melatonin, including tryptophan decarboxylase (TDC), tryptamine 5-hydroxylase (T5H), serotonin N-acetyltransferase (SNAT), N-acetylserotonin methyltransferase (ASMT), caffeic-O-methyltransferase (COMT), tryptophan hydroxylase (TPH), and hydroxyindole-O-methyltransferase (HIOMT), have been fully described by Zeng et al. (2022) and Kyoungwhan (2021). It is universally acknowledged that melatonin functions affect all aspects of the plant life cycle from seed germination to growth, maturation, and aging as well as aiding stressed plants in recovery (Zhang et al., 2022). Currently, scientists have elucidated the mechanisms by which melatonin alleviates stress by its function in antioxidants, photosynthesis, ion regulation, and stress signaling. Those basic roles of melatonin suggest that it could be an efficient method to ensure sustainable crop production and food safety. Here we review the myriad roles of melatonin and its possible molecular mechanisms integral to acclimatizing plants to climate action and self-consumption in times of stress. We examine the mechanisms of melatonin activities that underpin plant growth under various conditions and their effect on metabolic pathways and metabolites in response to stress.



The roles of melatonin in plant growth and development

An increasing number of studies have shown that melatonin has significant effects on growth and development, triggered by dramatic changes in metabolic status and diverse molecular and cellular processes (Wang et al., 2022a; Xie et al., 2022). The role of melatonin in plant life is shown in Figure 1.




Figure 1 | Summary of functional melatonin in plant vegetative growth and reproductive growth.




Effect of melatonin on seed germination

Seed germination is the initial stage in the plant life cycle and involves the transportation of a series of signaling molecules and an array of gene expression changes through multiple complex physiological processes (Lee and Back, 2022). The crucial role of melatonin in stimulating seed germination was described by Zhang et al. (2022) and Wang et al. (2022), who reported that cell division, shoot initiation, and seed dormancy of Arabidopsis, cucumber (Cucumis sativus), bermudagrass (Cynodon dactylon), pepper (Capsicum annuum), and sweet corn were modulated by melatonin. Melatonin cooperates with hormones, such as indole-3-acetic acid (IAA), abscisic acid (ABA), gibberellin (GA), cytokinins (CKs), and salicylic acid (SA) (Yin et al., 2022)—for example, melatonin improves the germination rate of seeds by mediating changes in endogenous GA and ABA. Upregulating ABA catabolic genes (CYP707As and 8′hydroxylase genes) and GA biosynthesis genes (GA20ox and GA3ox) and downregulating ABA biosynthesis genes (NCEDs, LpZEP, and LpNCED1) contribute to improving hydrolytic enzyme activities (such as α-AMS and β-GAL) and provide the energy needed for seed germination and thus against germination constraints engendered by seed coat limits and embryo dormancy (Chen et al., 2021; Wang et al., 2022a). Genes belonging to the cytokinin-mediated signaling pathway (AtAHK2 and AtARRs) are also upregulated to promote cell division and shoot initiation in the presence of melatonin (Suzuki et al., 2002). The above-mentioned results imply that melatonin has multiple functions in the fine-tuning of hormone homeostasis and signaling in plants. Conversely, it should be noted that melatonin concentrations used to regulate seed germination are highly divergent among species, and its cooperation with ABA, GA, and auxin may impact sprout suppression (Dong D. et al., 2021; Yin et al., 2022). Furthermore, seeds coated with melatonin before sowing had improved germination rate and seed viability, which are specific to melatonin as an antioxidant to remove excess reactive oxygen species (ROS) accumulation and enhance the production capabilities of soluble sugars (Shi et al., 2015a; Wei et al., 2015; Teng et al., 2022). Under salt stress, promoting the synthesis of both new proteins and secondary metabolites is a key mechanism by which melatonin improves the seed germination rate in cotton (Gossypium hirsutum) (Chen et al., 2021), tomato (Solanum lycopersicum) (Xie et al., 2022), and cucumber (Zhang et al., 2017). In addition, melatonin upregulates protein levels, which are involved not only in stress tolerance but also in cell elongation, glycolysis, citric acid cycle, and glyoxylate cycle (Zhang et al., 2017). Therefore, melatonin works on seed germination partly by promoting energy production and invoking cellular processes and primary and secondary metabolism.



Regulation of melatonin on root development

Previous studies support the point that melatonin positively affects root developmental regulation (Park and Back, 2012; Mao et al., 2020). Larger root biomass and longer seminal root length are observed in many melatonin-treated plants, such as rice, tomato, and apple (Malus prunifolia) (Chen et al., 2019; Mao et al., 2020). Park and Back (2012) demonstrated the involvement of melatonin in an intervention for lateral root (LR) formation. Melatonin regulates the expression levels of the cell cycle-related genes SlCDKA1, SlCYCD3;1, and SlKRP2 by stimulating SlPAO1-H2O2 (polyamine oxidase) and SlRboh3/4-O2•− (respiratory burst oxidase homolog), leading to the initial development of lateral root primordia. Mao et al. (2020) showed that melatonin also promotes adventitious root formation. Additionally, the developmental process and correlations between melatonin and hormones (IAA, ABA, GA, and zeatin ribosid) are crucial for AR development—for instance, apple root formation is related to the melatonin-induced expression of WUSCHEL-RELATED HOMEOBOX GENE 11 (WOX11) along with IAA synthesis (Wang et al., 2022). However, the crosstalk is intricate—for example, melatonin impedes taproot growth regardless of its concentration in monocot canary grass (Phalaris canariensis) and oat (Avena sativa) (Wang et al., 2022a). Moreover, the advance of root development by melatonin is the discovery of novel signaling networks consisting of H2O2, NO, G protein, ROS, and Ca (Chen et al., 2019; Hu C. Z. et al., 2020). In melon (Cucumis melo), A. thaliana, and alfalfa (Medicago sativa), signal transduction provides deep insights for understanding the protective effects of exogenous and endogenous melatonin on LR formation in response to external stimuli (Hu Z. C. et al., 2020; Wang et al., 2022a).

Melatonin induces young branches, cuttings, calli, and in vitro cultures of sweet cherry and pomegranates to root (Wang et al., 2022a). Melatonin regulates the physiological and biochemical processes of callus regeneration and improves the differentiation of embryogenic cells, thus improving the regeneration rate under drought stress conditions (Zhou et al., 2022). Taken together, the fluctuation of endogenous melatonin contents may be a candidate determinant to reveal the seasonal effect on the tissue culture response and regeneration frequency of barley explants, which needs further study (Yang S. J. et al., 2022).



Various roles of melatonin in plant growth

Melatonin plays an indispensable role in plant growth. The growth, root yield, and sugar content of sugar beet seedlings were promoted when melatonin was applied (Zhang et al., 2021). Zhong et al. (2020) found that grape seedlings grew better when melatonin was applied by activating sucrose-decomposing enzymes and sucrose phosphate synthase to hydrolyze and synthesize sucrose as well as the transport of sucrose to nonphotosynthetic “sink” tissues (e.g., flowers, fruits, seeds, and roots). Furthermore, the regulation of melatonin in its own biosynthesis and degradation promotes specific mineral nutrition signal transduction, and within relatively stable ratios, it can balance the acquisition and appropriate of mineral nutrients, thus improving plant growth (Bawa et al., 2020; Sun et al., 2022). Regardless of whether nutrients (K, Fe, N, and S) are lacking or there is an excess of nutrients (N, Zn, Cu, and AI), there are detectable signs of optimization after melatonin application (Sun et al., 2022). Moreover, positive effects of external melatonin treatments under abiotic stress on seedling growth parameters and plant mineral contents (P, K, Ca, Mg, Fe, Zn, Cu, and Mn) were also observed by Bawa et al. (2020) and Sezer et al. (2021)—for example, when exposed to saline soil conditions, the exogenous application of melatonin to seedlings restores nutrient concentrations (Na+, Ca2+, and K+) and significantly increases Cu2+, Mn2+, and Zn2+ contents (Sezer et al., 2021).

Additionally, melatonin has been considered a circadian oscillator that affects the rhythm of the biological clock system and some physiological indicators in both mammals and plants (Chang et al., 2021). In the majority of plants (e.g., A. thaliana, rice, and barley), the melatonin concentrations are high at night (Chang et al., 2021; Ahn et al., 2021). Melatonin biosynthesis genes (TDC, T5H, SNAT, and particularly ASMT) are the core factors in adjusting the circadian clock of plant growth (Ahn et al., 2021). Consisting of light-dependent processes, melatonin production has regulatory relationships with some photoreceptors (such as phytochromes), whose deficiency will influence the gene expression duration of melatonin biosynthesis (Ahn et al., 2021). It is also worth noting that exogenous melatonin application restores the rhythmic expression of core circadian clock genes, while the absence of GIGANTEA genes leads to the non-rhythmic expression of ASMT, implying a potential melatonin-mediated signaling network (Chang et al., 2021; Ahn et al., 2021).

Additionally, melatonin influences plant growth by regulating the nitrogen (N) metabolism pathways. The nitrate transporter gene OsNPF6.5, glutamine synthetase gene OsGS2, and amino acid transporter gene OsAAP14 involved in N metabolism are induced in response to melatonin, and hence tiller number, nitrate uptake, and N use efficiency are affected (Wang et al., 2020). Melatonin regulates relevant key enzymes for N absorption and metabolism (such as S-nitrosoglutathione reductase and nitrate reductase) that are integral to triggering NO accumulation and its feedback (Zhang et al., 2022; Wang et al., 2022a). These valuable hints allow us to further appreciate the contribution of melatonin to plant growth and development, including but not limited to roots, stems, and leaves, which are apt to absorb nutrients and compete for resources.



The improvement of melatonin in plant reproductive growth

Melatonin has multiple functions in flowering. Melatonin is involved in distinct flowering pathways, including ambient temperature, vernalization, photoperiod, autonomous, GA, and age pathways (Wang et al., 2022a). In the autonomous pathway, it has been indicated that the effect of melatonin requires Flowering Locus C, which implies an innovative pathway in regulating floral transition in A. thaliana, with interconnectivity between melatonin and strigolactone (Yang et al., 2019). In GA pathways, the stabilization of transcriptional regulator DELLA proteins mediated by melatonin results in delayed translation (Yang et al., 2019; Wang et al., 2022a). Murch et al. (2009) and Lee and Back, (2019) found that the melatonin biosynthesis gene SNAT2 is significantly induced in Arabidopsis flowers and achieves the highest content in reproductive organs but gradually decreases as flowers mature. Fluctuations in melatonin levels also induce flowering delays, as shown in some algae and photoperiodic plants. In Antirrhinum majus, the number, size, and quality of flowers are improved by different concentrations of melatonin (Xiang et al., 2020). Furthermore, it is argued that melatonin influences volatile synthesis gene expression (such as TPS, DXS, BSMT, HAT, GGPS, and PAL in the terpenoid and benzenoid/phenylpropanoid pathways), thus regulating floral volatile compound content (Farhat et al., 2021).

Melatonin reverses the inhibitory effect of stress on pollen viability and germination (Hu W. et al., 2020). This might be attributed to exogenous melatonin at an appropriate dose, thus improving carbohydrate transport into the anthers (Hu et al., 2022). Melatonin promotes the transport of carbon assimilate from leaves to sink tissues by inducing the expression of sucrose transporters (SUT1 and SUT2) related to sucrose phloem loading under drought stress (Hu et al., 2022). Conversely, melatonin maintains carbohydrate metabolism in male and female tissues by accelerating sucrose decomposition and improving the availability of carbohydrates (Hu W. et al., 2020). In cotton anthers, the addition of 100 and 200 μM melatonin markedly stimulates the activities of the main rate-limiting enzymes of starch biosynthesis (AGPase and SSSase), and SuSy, cell wall, and vacuolar invertase activities are also elevated in wheat and tomato (Wang et al., 2022a). Further research revealed that melatonin contributes to higher male fertility of crops by increasing autophagy-related gene expression and autophagosome formation to restore the stability of tapetum cells under high temperature conditions (Qi et al., 2018). Similarly, Nguyen et al. (2010) also showed that melatonin regulates the tricarboxylic acid cycle to meet the energy demand under negative environmental conditions. As mentioned above, rather than being irretrievable, the losses of flower and crop yields recover due to melatonin regulation in multiple fields.



Melatonin regulates fruit maturation and post-management


Fruiting period and quality

Melatonin plays a role in the complicated process of fruit ripening, production, and quality (Wang et al., 2022). This stage is characterized by remarkable changes in the aroma, color, and flavor of the ripening fruit. Compared with control plants, the contents of organic acids, phenolics, flavonoids, peonidin derivatives, and apoptotic inhibitor proteins increased with melatonin treatment (Sun et al., 2016; Xie et al., 2022). Simultaneously, melatonin influences the expression of sucrose invertase genes and the net photosynthetic rate, thus increasing the solute content (e.g., soluble sugars) and pigment content (anthocyanins and carotenoids) in tomato, pear (Pyrus communis), and grape (Vitis labruscana) (Wang et al., 2022a; Xie et al., 2022). Melatonin triggers the metabolism of most hormones, e.g., melatonin increases ABA, H2O2, and ethylene content, participates in signaling molecules, and coordinates biochemical and developmental pathways that change the texture and nutritional quality (Xie et al., 2022). In apple, grape, tomato, and blackberry (Rubus fruticosus), the content of endogenous melatonin is changeable and accumulates the most in the flesh during the rapid growth phase, which coincides with the change trend of ethylene in the skin, suggesting its role in regulating phytohormone synthesis (Verde et al., 2022). Furthermore, melatonin-treated fruits have higher quality, number (e.g., higher 6.6% in blackberry), weight (e.g., higher 6.6% in grapes and 47.8% in pears), and size (Liu et al., 2019; Verde et al., 2022). Therefore, melatonin does have superior effects on all aspects of fruit development.



Post-management of fruit

After maturation, the occurrences of chilling injury, decay, moths, and microbes are the major limiting factors for post-management of the fruit, while melatonin has a unique superiority in maintaining fruits with good storability and quality (Xie et al., 2022). The present studies depict that, in banana, apple or pear, the exogenous application of melatonin distinctly reduces ethylene production during postharvest (Liu et al., 2019; Verde et al., 2022). Delay of senescence in cold-stored mangoes and tomato fruit by exogenous melatonin is attributed to the postponement of the climactic peak of ethylene due to a higher expression of biosynthesis-related genes (SlACS4), ethylene receptor genes (SlNR and SlETR4), and ethylene signaling-related genes (Sun et al., 2020; Dong J. X. et al., 2021). Additionally, during cold storage, melatonin reduces water runoff to regulate ethylene release (Anna and Petriccione, 2022). This view is justified based on two pieces of evidence: one is that melatonin-based coatings influence the expression of several genes, such as wax synthesis genes (CER1), cutin monomer genes (GPAT4/8), and aquaporin genes (PIP1;4, PIP2;7, and PIP22), which all determine the formation of a surface barrier composed of cuticle to reduce water outflow (Miranda et al., 2020; Anna and Petriccione, 2022). Another is that melatonin benefits metabolic processes (respiration and transpiration), which help to reduce the water vapor pressure gradient between the fruit and the surrounding atmosphere (Rastegar et al., 2020).

Fruits, such as mango and guava, treated with melatonin can maintain significantly higher unsaturated fatty acid levels and higher activities of enzymes (cytochrome c oxidase, H-ATPase, and Ca-ATPase) for the sake of a constant energy supply (Dong et al., 2021; Renu et al., 2022). Crucial enzymes of other processes activated by melatonin, such as the lipid metabolic pathway (LPS, LOX, and PLD), phenylpropanoid metabolic pathway (4CL and PAL), and shikimic acid pathway (P5CR, P5CS, and OAT), attenuate phosphoinositide and chlorophyll degradation or promote polyamine (PA) accumulation to aid in the fluidity and function of the cell membrane, particularly chloroplast membrane integrity (Aghdam et al., 2019; Silin et al., 2022; Renu et al., 2022). On the other hand, melatonin treatment improves the activities of antioxidant enzymes such as ascorbate peroxidase, glutathione S-transferase, and phenylalanine ammonia-lyase and upregulates genes coding for catalase, manganese superoxide dismutase, copper–zinc superoxide dismutase, monodehydroascorbate reductase, dehydroascorbate reductase, and glutathione reductase, which all decrease ROS, H2O2, and MDA production and polyphenol oxidase and lipoxygenase activities, resulting in the suppression of mildew and the visual symptoms (pitting, blackening, wrinkling, and browning) that are caused by microorganisms, insects, and brown pigments (Dong J. X. et al., 2021; Ze et al., 2021).





Melatonin functions against abiotic stress

In nature, the environment changes constantly, which is a huge challenge for plants suffering drought, fire, flood, and temperature stress. Melatonin has emerged as a defense potentiator to keep plants adapting by inducing the synthesis of endogenous melatonin or by improving the accumulation of metabolites (Zhang et al., 2022). By analyzing the transcriptional profile, the expression patterns of related genes (COMT, HIOMT, TDC, T5H, SNAT, and ASMT) under various abiotic conditions are shown (Ahn et al., 2021; Xing et al., 2021). Simultaneously, studies have reported that melatonin application modulates a variety of physiological processes to enhance plant tolerance, which is attributed to the increased endogenous melatonin content (Fan et al., 2018; Arnao et al., 2022). The subsequent chapters are organized according to the role of melatonin and related metabolites in determining plant stability under different stresses and how these changes occurred.


The effect of melatonin on photosynthesis

It is well known that plants gain energy through photosynthesis due to the sensitivity of chloroplasts to abiotic stresses; thus, the function of the photosystem and production yield are severely limited (Yang S. J. et al., 2021). Interestingly, the occurrence of photosynthesis and melatonin biosynthesis in the same organelle shows a complex connection, which is considered a natural self-protection strategy in plants to ensure stable photosynthesis and maximal food production under unstable environmental conditions (Marino et al., 2022). This result is supported by the phenotype of Arabidopsis overexpressing ASMT9, showing strong resistance to stress, in which melatonin concentrations, photosynthetic rate, fresh biomass, and dry biomass are significantly increased (Kang et al., 2010). Simultaneously, COMT1 knockout Arabidopsis exhibits reduced photosynthesis, carbon fixation, energy absorption and distribution, and heat stress reactions (Ahammed et al., 2018).

Melatonin has shown excellent protective effects on the integrity of the photosystem (Zhang et al., 2022)—for example, high salinity causes injury to the D1 subunit of PSII, but melatonin application is accompanied by a decline in the content of 34-kDa PSII reaction center protein (D1) and an increase in the content of PSII subunit S protein, which helps tomato and maize achieve high photosynthetic efficiency (Zho X. et al., 2016). Interestingly, melatonin reduces the photosystem protein levels under normal light but increases the PSII and PSI protein contents to cure photosystem damages under high light conditions (Yang S. J. et al., 2021). Melatonin is essential in maintaining a delicate balance between the breakdown and the synthesis of chlorophyll in plants (Khan et al., 2019). A comprehensive analysis of current results shows that melatonin protects chlorophyll from breakdown under stress in several ways, including the acceleration of de novo synthesis of chlorophyll or alleviation of chlorophyll loss (Yang S. J. et al., 2021). As mentioned above, those processes involve the expression of chlorophyll degradation-associated (NYC1, NOL, CLH, PPH, and PAO in melatonin-treated broccoli) and synthesis-associated genes (POR, CAO, and CHL G in tomato) as well as the accumulation of ABA and jasmonic acid (JA) to embody the renewal and stability of chlorophyll in the long term (Wu et al., 2021; Li et al., 2021). Melatonin substantially improves energy flux, which consists of absorption (ABS/RC), trapping energy (TRo/RC), and electron transport (ETo/RC), helping two Brassica napus cultivars reduce the toxic effects of polymetals (Ayyaz et al., 2021). Furthermore, in SNAT1-deficient Arabidopsis, the gene expression of chloroplast heat shock proteins (CpHSP70.1 and CpHSP70.2) and caseinolytic proteases (ClpR1, ClpR4, and ClpP1) is suppressed, while exogenous melatonin application reverses this response, implying that melatonin might participate in the quality control of chloroplast proteins (Lee and Back, 2018). Under the combined stress of low temperature and high humidity, melatonin pretreatment promotes the uptake and translocation of N, Mg, and Fe, which are responsible for chlorophyll biosynthesis and other physicochemical reactions (Amin et al., 2022). Evidence indicates that, when tomato is exposed to darkness for 4 days, melatonin increases the chlorophyll content, Fv/Fm value, and starch content and ameliorates carbon starvation-induced leaf chlorosis by activating the expression of miR171b or inhibiting glucan water dikinase gene expression (Wang et al., 2022b). Moreover, melatonin is involved in the process of the exchange between gas and water by changing the area and the density of stomata (Yang X. X. et al., 2022). Collectively, with the help of melatonin, photosynthetic mechanisms run smoothly, and cooperation efficiency and effectiveness are on the rise to adapt to ensuing changes under environmental stress.



Enhanced antioxidant system by melatonin

Studies have shown that melatonin is superior in equalizing the production and scavenging of ROS and reactive nitrogen species (RNS) (Lee and Back, 2022; Zhang et al., 2022). The mechanisms underlying the alleviation effects of melatonin on oxidative stress mainly involve crosstalk among various defensive response pathways (Zhang et al., 2022). One of the most effective ways to eliminate reactive oxygen species is to synthesize melatonin as a result of the enhanced antioxidant system (Zhang et al., 2022). In indirect ways, melatonin modulates antioxidant enzyme activities to improve their efficiency in ROS (H2O2 and O2−) detoxification. A series of antioxidant enzymes, POD, APX, SOD, and CAT, are induced by exogenous melatonin to dispose of excessive ROS accumulation (Zeng et al., 2022). Several studies have proposed that, under various abiotic stresses, the melatonin-mediated ascorbate–glutathione (AsA–GSH) cycle serves a crucial role in scavenging reactive oxygen species in cells (Xie et al., 2022; Zhang et al., 2022). Specifically, melatonin enhances the AsA/DHA and GSH/GSSG ratios and antioxidant capacity by stimulating the AsA–GSH cycle, thereby improving the scavenging capacity of ­O2·− and ­H2O2, reducing oxidative stress and providing an approach to reduce organic residues through plant detoxification mechanisms (Dong et al., 2018; Hodžić et al., 2021; Yan et al., 2022). In addition, melatonin could make a direct connection with various oxidizing agents, particularly with hydroxyl radicals, to reduce the damage to cell structures (one molecule of melatonin neutralizes a maximum of 10 molecules of ROS/RNS) (Simlat et al., 2018; Kyoungwhan, 2021). This evidence ties in neatly with the identity of melatonin as a direct antioxidant.

Transcription factors (TFs) are indispensable for regulating gene expression and cover stress-induced biological processes and related metabolic pathways that include cellular processes and primary and secondary metabolism (Xie et al., 2022). In cellular processes, melatonin-mediated gene expression requires TFs to further modulate metabolic processes during the aging of various seeds and maintain higher antioxidant enzyme activities than aging treatment alone (Biswojit et al., 2020). In particular, TFs such as WRKY, AP2/ERF-ERF, MYB, NAC, bZIP, and bHLH have a larger impact (Biswojit et al., 2020; Shi et al., 2015a; Zhao et al., 2021). Wei et al. (2018) confirmed that melatonin synthesis enzymes (MeTDC2 and MeASMT2/3) interact with MeWRKY20/75 to form a protein complex that extends the complex signaling of melatonin modulation. Not only ROS reduction in PSII but also circadian rhythm fluctuations have been mediated in melatonin-treated tomato, according to the weakened interaction between SlCV and SlPsbO/SlCAT3/SlM3H (Yu et al., 2022). In addition, a set of miRNAs (such as miR8029-3p, miR159-5p, miR858, and novel-m0048-3p) is able to negatively regulate target mRNAs in response to melatonin-mediated cold resistance (Li et al., 2016). Biswojit et al. (2020) observed the noticeable expression of secondary metabolite genes in the transcriptome profile. Similarly, phenolic compounds, flavonoids, and other representative nonenzymatic antioxidant compounds accumulate to control ROS levels via the NO-dependent pathway (Kim et al., 2010) and carotenoids (Sharma et al., 2020),

Carbohydrates/fatty acids and amino acids are well known to work as osmoprotectants and ROS scavengers (Marino et al., 2022). Iqbal et al. (2021) emphasized that melatonin initiates carbohydrate metabolism to resist oxidative stress by regulating related genes and repairing damaged membranes and proteins. A correlative study indicated that melatonin induces HSPs and autophagy and reduces oxidized proteins to promote cellular protein protection for the purpose of surmounting biological hurdles (Shi et al., 2015a; Xu et al., 2016). Furthermore, tobacco BY-2 cells, throughout the culture period, are able to synthesize starch by absorbing exogenous melatonin in large quantities to counteract stress-induced damage (Kobylińska et al., 2018). Several reports have shown that melatonin induces higher levels of 18 metabolites (such as cellobiose, galactose, and gentiobiose), 10 amino acids, five sugars (arabinose, mannose, maltose, glucopyranose, and turanose), five polyalcohols (dulcitol, galactinol, glycerol, myo-inositol, and sorbitol), one organic acid (propanoic acid), two sugar alcohols of the carbon metabolic pathway, and more expressed genes related to carbohydrate transcripts, including glycosyl-transferases, glycosyl-hydrolases, glycosyl-phosphatases, glycosyl-invertases, and glycosyl-mutases, hexokinases, mannosidases, α- and β-amylases, α- and β-glucan related-enzymes and several dehydrogenases (3-phosphoglycerate-, UDP-glucose-, alcohol- and aldehyde-), among others (Fan et al., 2015; Hernández-Ruiz et al., 2021). Specifically, in seeds, amid abiotic stress, plants generate important compatible solutes (such as starch and sucrose) to improve osmosis by advancing the expression of pectinesterase, malZ, sucrose-phosphate synthase, glgC, and PYG with the support of melatonin (Su et al., 2018). As previously described, it has been clearly demonstrated that melatonin mediates carbohydrate, polyalcohol, and other metabolite levels in response to osmoregulatory adaptation.



Melatonin-regulated signaling pathways in response to stress

Signal molecules significantly activate antioxidant responses when plants confront various environmental stress factors (Zhang et al., 2022). First, the regulation of defense-related gene expression, stomatal movement, root morphogenesis, and germination is evidently based on melatonin/NO-mediated signal cascades involving ROS, mitogen-activated protein kinase (MAPK), phytohormones, protein kinases (cyclic adenosine diphosphate ribose and cyclic guanosine monophosphate), and second messengers such as Ca2+ and cyclic guanosine monophosphate (Zhu et al., 2019). On the one hand, the multiple effects of NO and melatonin depend on their concentrations (Zhu et al., 2019)—for example, NO can regulate melatonin-related biosynthetic enzymes by forming N-nitrosomelatonin (a kind of NO donor in vitro as well) to promote melatonin production (Kaur and Bhatla, 2016). Melatonin improves nitrate reductase (NR) and NO synthase activities and related gene expression to regulate NO production, which further affects a variety of systems (Pardo-Hernández et al., 2020). In rapeseed under saline conditions, a signal cascade of NR and NO associated-1 is triggered by melatonin and NO in a concentration-dependent manner and influences the intensification of melatonin-induced S-nitrosylation that decreases because of the removal of NO (Zhao et al., 2018). Nitrosylation and NO2-Tyr are both NO-mediated posttranslational modifications that are related to the activities of some antioxidant proteins, thus helping to maintain the antioxidant capacity (Pardo-Hernández et al., 2020). Inextricably, melatonin stimulates endogenous NO content with a downregulation of s-nitroglutathione reductase expression in tomato seedlings, and an increased expression of glutathione S-transferase genes and AsA/GSH cycle genes (GR, APX, DHAR, and MDAR) in kiwifruit makes melatonin play a protective role in defending against damage by regulating antioxidant pathways (Liang et al., 2018; Xie et al., 2022). However, NO and melatonin interact in complex ways (Zhu et al., 2019). The reaction of compounds (such as serotonin, N-nitroso-melatonin, and sodium nitroprusside) releases NO, which interacts with melatonin to maintain oxidative homeostasis through the modulation of SOD isoforms (Cu/Zn SOD and Mn SOD) and the Na+/K+ ratio through the reprogramming of sodium hydrogen exchanger and salt overly sensitive 2 expression (Zhu et al., 2019). In Haematococcus pluvialis, the induction of melatonin enhanced light tolerance and nitrogen starvation resistance by activating the NO-dependent MAPK signal cascade (Zhu et al., 2019). Alleviation of salt-induced damage was also achieved effectively with the correlation factor of melatonin and nitric oxide signaling pathways and the accumulation of ­ONOO− (peroxynitrite anion) and ­O2·− (Arora and Bhatla, 2017).

Hormone signal transduction is essential for inducing biological processes and responses to environmental factors, which are known to activate gene transcription and regulate downstream metabolic processes (Su et al., 2018). Typically, melatonin helps to acclimate to thermal shock not only through the differential regulation of HSPs (HSFB3, HSFA1a, HSFA2b, HSP23, HSP70, HSP80, and HSP90) but also stimulates Ca2+ and hormone signal transduction to accelerate a general response to improve resistance (Xing et al., 2021). Eight subpathways (viz., IAA, ABA, CTK, GA, ETH, BR, JA, and SA) were also found to have genetic responses and were analyzed by Zhao et al. (2021)—for example, in the JA synthesis pathway, melatonin significantly regulates the transcripts of nine α-linolenic acid metabolism-related genes in maize seedling leaves (Zhao et al., 2021). In parallel, Jahan et al. (2021) presents a strong cross-connection among three signaling molecules (melatonin, GA, and ABA) and demonstrates that melatonin treatment repressed heat-induced leaf senescence either directly or indirectly by regulating the GA levels. The role of melatonin in the heat stress signaling response is evident in functioning upstream of H2S to reduce oxidative stress and increase antioxidative metabolism (Teng et al., 2022). This may suggest that melatonin traces the endogenous H2S-dependent pathway, wherein H+-ATPase-energized secondary active transport operates K+–Na+ homoeostasis (Teng et al., 2022). Siddiqui et al. (2021) refers to the stimuli of melatonin-mediated L-DES activity, endogenous H2S content, K+, and RWC retention that relies on the synergistic effect of melatonin and H2S on NaCl stress tolerance.

Furthermore, in melatonin-induced plants, sugars act as signaling molecules, while they positively or negatively regulate the expression of a variety of genes and enzyme activities of sugar-exporting (source) and sugar-importing (sink) tissues for the optimal synthesis and use of carbon and energy resources (Hernández-Ruiz et al., 2021). Teng et al. (2022) observed that treatment with 100 µM melatonin or high sucrose levels can trigger the downregulated expression of HXK and the upregulated expression of PFK7 so that source-to-sink phloem transport is promoted. Carbon metabolic flux of primary metabolism will be rebalanced as a consequence of elaborate management through these processes (TCA cycle and glycolysis) to meet the metabolism demand in organisms at risk (Teng et al., 2022). It is clear for melatonin-based mechanisms that various signal pathways are important for the integrity and fitness of living organisms.



Accumulation of secondary metabolites regulated by melatonin

To cope with plant stress signals, various melatonin-regulated metabolic pathways are accompanied by the accumulation of substances (such as flavonoids, polyamines, and phenolic compounds) and the improvement of organelle function (Marino et al., 2022). More attention to physiological and transcriptomic analyses of the effects of exogenous melatonin on stress tolerance has proven this perspective (Figure 2).




Figure 2 | Synthesis and metabolism patterns of melatonin-induced secondary metabolites in response to stress. (A) Melatonin modulates various mechanisms against abiotic stresses (salt, cold, heat, and drought). (B) Melatonin induces common changes in gene expression in secondary metabolic pathways. PLD, phospholipase D; TCS1, tea caffeine synthase 1; CHS, chalcone synthase; DFR, dihydroflavonol 4-reductase; TIDH, inosine 5′-monophosphate dehydrogenase; LOX, lipoxygenase; AMS, S-adenosyl-l-methio-nine synthase; FNS, flavone synthase; C4H, cinnamic acid 4-hydroxylase; F3H, flavanone 3-hydroxylase; ANR, anthocyanidin reductase; LAR, leucoanthocyanidin 4-reductase; UFGT, UDP-glucose: flavonoid 3-O-glucosyltransferase; CHI, chalcone isomerase; GR, glutathione reductase; GSH, glutathione; GSNOR, S-nitrosoglutathione reductase; TS1, theanine synthase; ASMT, acetylserotonin O-methyltransferase; SNAT, serotonin N-acetyltransferase; COMT, caffeoyl-O-methyltransferase; TDC, tryptophan decarboxylase; OMT1, flavone 3′-O-methyltransferase 1; PAL, phenylalanine ammonia-lyase; CAD, cinnamyl alcohol dehydrogenase; POD, peroxidase; 4CL, 4-coumarate-CoA ligase; CCR, cinnamoyl CoA reductase; NACs, IAA-related factors; MYBs, regulator of CBF; PDS, phytoene desaturase; ZDS, ζ-carotene desaturase; bHLHs, basic helix–loop–helix; PCL1, phenylalanine ammonia lyase 1; PDH, pyruvate dehydrogenase; P5CDH, delta-1-pyrroline-5-carboxylate dehydrogenase; P5CS, pyrroline-5-carboxylate synthetase; OAT, ornithine aminotransferase; F5H, ferulic acid 5-hydroxylase; HCT, hydroxycinnamoyl transferase; HMGR, HMG-CoA reductase; CDNS, (+)-d-cadinene synthase; DH1, alcohol dehydrogenase; 2-ODD-1, 2-oxoglutarate/Fe(II)-dependent dioxygenase; DS, dammarene diol-II synthase; SE, squalene epoxidase; CAS, cyclohexene synthase.




Effects of melatonin on polyamine biosynthesis

PAs, namely, putrescine (Put), spermidine (Spd), and spermine (Spm), are considered a class of important regulators and have been shown to be involved in mitigating deleterious effects when plants suffer (Marino et al., 2022). Studies have demonstrated the association of melatonin and PA metabolism in response to environmental stress, as described in Bermuda grass (Shi et al., 2015b), carrot (Lei et al., 2004), peach (Cao et al., 2016), and Malus hupehensis (Gong et al., 2017)—for instance, melatonin, as a resistant initiator under diverse environmental stress conditions, including water shortage, low temperature, salt, and nutrient deficiency, can not only upregulate the synthesis genes (ODC, ADC, NCA, and SPDS) and downregulate the degradation genes (PAO and DAO) of PA but also stimulate the activities of related enzymes, including NR, ADC, ODC, nitrite reductase, glutamine synthetase (GS), glutamate synthase (GOGAT), and S-adenosylmethionine decarboxylase, inducing a significant increase in polyamines and endogenous melatonin content (Zhou C. et al., 2016; Talaat, 2021; Lei et al., 2022; Wang et al., 2022a). In addition, melatonin was found to accelerate the synthesis of amino acids (such as arginine and ornithine), which are precursors of bioactive compounds (such as Spd, Spm, Put, and GABA compounds) (Wang et al., 2022a). Therefore, by accelerating polyamine biosynthesis, melatonin attenuates apoptosis and disintegrates the membrane in cold-induced carrot and tomato (Ding et al., 2017; Aghdam et al., 2019). In melatonin-treated samples, the accumulated arginine and polyamine contents are also beneficial for nitrogen distribution and recycling, modulation of ion channel activities (specific polyamine-binding proteins) and Ca 2+ homeostasis, as well as the activation of NO signaling pathways, which are of prime importance to improve the resistance of Fe-deficient plants (Zhou C. et al., 2016; Wang et al., 2022a). Otherwise, the interplay between melatonin and SA, ABA, and ethylene accumulation plays crucial roles in the stress management of polyamines (Zhao et al., 2017). Both ABA and PA contents are increased in the crosstalk of melatonin and ABA, which upregulates an important stress-related gene, CsZat12, leading to the mitigation of chilling stress in cucumber (Zhao et al., 2017). However, in water-logged alfalfa, melatonin antagonizes ethylene production by suppressing ethylene biosynthesis-related gene expression and moves to PA biosynthesis (Zhang et al., 2019). Interestingly, melatonin metabolites (2-hydroxymelatonin) provide utility for regulating metabolism, particularly for enhancing Put, Spm, and Spd synthesis, and this exhibits a preferred orientation for studying the mechanism of melatonin to counteract environmental stress (Shah et al., 2020). A profound influence on plant resistance exerted by melatonin is evident herein through the elevated polyamine content, which scavenges free radicals, preserves nucleic acid and protein structures, and consequently improves membrane stability.



Effect of melatonin on flavonoid biosynthesis

Flavonoids have a main effect on protecting plants from abiotic stress by acting as a backup for peroxide production to eliminate various types of ROS (Dong et al., 2018). Studies designed with various stress conditions (such as cold, water deficiency, salt, etc.) show that melatonin promotes secondary metabolite accumulation, including flavones, flavanone, luteolin, and isoflavone (Ithal and Reddy, 2004; Song et al., 2022). It was also reported that the transcriptional levels of PCL, CHS, DFR, FNS, C4H, F3H, ANR, LAR, UFGT, CHI, and IFS genes involved in flavonoid biosynthesis were significantly increased by melatonin treatment (Dong et al., 2018; Song et al., 2022). In addition, PAL and PPO have been shown to be upregulated in Dracocephalum moldavica, Vigna radiata, and Sesamum indicum treated with melatonin, and damage inhibition was observed (Naghizadeh et al., 2019). In heat-treated chrysanthemum and kiwifruit, cold-stressed white clover and kiwifruit, and salt-induced pigeon pea, similar data have also been obtained—that is, melatonin favors the production of flavonoids, carotenoids, carotenes, xanthophylls, and chlorophyll II to protect the photosynthetic potential and mitigate adverse effects (Sun et al., 2016; Liang et al., 2018; Dong et al., 2018; Sun et al., 2020; Xing et al., 2021; Song et al., 2022). Isoflavone biosynthesis responds to melatonin profoundly through hormone biosynthesis involving upregulated genes (AOS, AAO, SAMA, and ACCO), which has conferred a broader understanding of the melatonin regulatory mechanism (Gyanendra et al., 2021). Otherwise, it has been verified by Song et al. (2022) that melatonin greatly decreases genomic DNA methylation and modified gene expression. Therefore, the outcome of increased disease resistance and flavonoid biosynthesis is at least partially achieved by utilizing melatonin to decrease the methylation of related gene promoters, such as EDS1 (Gao et al., 2020). Conversely, in some cases, among gardenia and apples, melatonin decreases the related gene expression levels of flavonoids but with a greater retention of carotenoids so that plants remain greener and have brighter leaves after 24 days in dark conditions. This internal indication illustrated that melatonin-treated plants adapted better to the adverse environment (Wang et al., 2018). Similarly, overexpressing MsASMT1 in alfalfa makes it grow faster and have higher endogenous melatonin levels, which, in turn, suppress flavonoid biosynthesis (28 downregulated genes), mainly quercetin, kaempferol, formononetin, and biochanin (Cen et al., 2020). Notably, flavonoids are potent in inhibiting in vivo melatonin biosynthesis by abolishing the activities of ASMT, SNA, and COMT (Kyungjin et al., 2018). In terms of the objective use of melatonin, some notable changes in flavonoids are used to establish the ideal dose to influence plant resistance to develop effective solutions and to provide a fresh perspective that explores the connection between melatonin and secondary metabolites.



Effect of melatonin on other secondary metabolites

Multiple secondary metabolisms are associated with plant stress tolerance, while in many persuasive studies, melatonin application shows an increase in total phenolic content, total flavonoid content, rosmarinic acid, luteolin flavone, apigenin flavone, photosynthetic pigment, ascorbic acid, phenol, and essential oil (EO) yield (Saad and Salem, 2019; Farinaz et al., 2020). Taking phenolic compounds as an example, the levels of resveratrol, caffeic, chlorogenic, and gallic acids can be redistributed by melatonin in stressful situations (Xu et al., 2018). Scientists have clearly demonstrated that melatonin function in moderately high-temperature-stressed tea is accompanied by increased contents of catechins, theanine, and caffeine, which are related to upregulated genes, including AMS, IDH, TCS1, ANS, LAR, GS, GOGAT, GDH, and TS1 (Xin et al., 2020).

As a crucial secondary metabolite generated through the phenylalanine metabolic pathway, lignin has practical effects on protective barriers (Wang et al., 2019). Melatonin addition can compensate for the blockaded lignin accumulation and the decreased oxidase activities (such as PAL, CAD, and POD) caused by low temperature. This evidence indicates that, under cold stress, melatonin regulates lignin synthesis genes (ZlPAL1/2/3/4, ZlCAD1/2/3, and ZlPOD1/2/3/4/5) and TF expression (NAC and MYB family) in bamboo and therefore is expected to benefit from horticultural management with melatonin application (Li C. T. et al., 2019). This result is consistent with that of Wang et al. (2021). Additionally, melatonin acts as a positive signal that enhances P. lactiflora stem strength and lignin accumulation by regulating the expression of genes (PAL, 4CL, CCR, and CAD) in lignin biosynthesis (Zhao et al., 2022). Given the resistance of V. dahliae, the gossypol and lignin contents in cotton were increased by melatonin through changes in the metabolic flux of different pathways [mevalonate (MVA), phenylpropanoid, and gossypol pathways] (Li Z. et al., 2019).

Other secondary metabolites, such as glucosinolates, are known to defend against herbivores and pathogenic attacks (Selmar, 2010). Some secondary metabolites are relevant to maintaining plant commercial life when florets of broccoli treated with melatonin can raise physical–chemical parameters, including color, texture, shine, and rates of weight loss (Arnao et al., 2022). Saponins and alkaloids, both mediated by melatonin, are beneficial for the self-protection of plants (Ptak et al., 2019; Yang Q. et al., 2021). For chromium-treated rosemary, melatonin applications will increase its yield and EO yield by up to 25% and 100%, respectively (Farouk and Al-Amri, 2019). Moreover, as an active phytosterol, β-sitosterol significantly lowers stress caused by high salt levels in tomato and sunflower (Helianthus annuus) and is contained in many plant species, and its density and production are significantly increased in dehydrated plants when exposed to melatonin treatment, thus hinting at the underlying relationship (Fawzia et al., 2016; Gamel et al., 2017; Ramadan et al., 2018).

Further exploration of the role of melatonin may greatly enhance specific secondary metabolite synthesis, thereby improving defense capability and leading to less cell death and disease in living organisms, instead of some stress-induced processes, such as lipid peroxidation.





Melatonin functions against biotic stress

Melatonin is unique in the mitigation of plant biological stress. First, the identification of melatonin as a scavenger has cleaned not only ROS and RNS but also viruses (Mohamed et al., 2019). Apples infected with apple stem grooving virus shed light on this discovery in such a way that melatonin eradicates the virus from previously infected shoot tips (Mohamed et al., 2019). The second is melatonin-activated bioactivity, such as phagocyte and plant resistance (R) proteins (Mohamed et al., 2019; Rahul et al., 2022). Relatedly, regulated genes are mapped to signal transduction networks (Rahul et al., 2022). Melatonin upregulates defense genes through SA, ethylene, and NO signaling, and another hormonal crosstalk (CKs, ABA, IAA, and GA) also involves melatonin in systemic acquired resistance (Mohamed et al., 2019; Rahul et al., 2022). Additionally, melatonin stimulation induces a response from the MAPK cascade as confirmed in (Pst)-DC3000-infected Arabidopsis and SlMPAK3-deficient tomato infected with Botrytis cineraria, which also leads to the initial PAMP-triggered immunity response and effector-triggered immunity response (Rahul et al., 2022). Thirdly, plants will gain strengthened physical obstacles in that more complex chemicals are generated, and genes of dammarene diol-II synthase (DS), squalene epoxidase (SE), and cyclohexene synthase in saponin biosynthesis, HMG-CoA reductase (HMGR), (+)-d-cadinene synthase, alcohol dehydrogenase in the MVA and gossypol pathways, and other genes in melatonin, flavonoid, lipid, and lignin biosynthesis are upregulated by melatonin stimuli (Mohamed et al., 2019; Gao et al., 2020; Yang Q. et al., 2021).



Conclusions

Melatonin has a unique role in every stage of the plant life cycle, particularly in reversing environmental pressure. It is produced in the cytoplasm, chloroplasts, and mitochondria, which may be conducive to easy movement and prompt response. Several interpretations to explain the stress protective function of melatonin in plants have been proposed in this paper and zeroes in on the regulation of primary and secondary metabolism with the objective of capturing its versatile role in the plant hormone network and general physiological processes. At the same time, melatonin regulates a wide range of molecular mechanisms, not only interacting with proteins and affecting nutrient metabolism in plants but also having functional effects on noncoding RNA. This potential gives melatonin priority over pesticides and fertilizers to become a sort of pollution-free solution maintaining the supply for plant-based foods and products. To varying degrees, melatonin and its precursors and metabolites help to enhance plant immunity and development. These data indicate another pioneering work on melatonin pathway application that provides multiple options for breeding work. Overall, the study of the real risks and benefits of many secondary metabolites in different plants is a way to decipher their genetic structures and inherent gifts. It would be a marked progress if we knew how they work with melatonin in such a way that arouses strong resistance toward stresses in unexpected ways.
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Ultraviolet-B (UV-B) promotes anthocyanin accumulation and improves fruit quality in plants. To explore the underlying network of MYB transcription factors that regulates UV-B-induced anthocyanin biosynthesis in blueberry (Vaccinium corymbosum), we analyzed the response of MYB transcription factor genes to UV-B treatment. Transcriptome sequencing analysis revealed that VcMYBA2 and VcMYB114 expression were upregulated and were positively correlated with the expression of anthocyanin structural genes under UV-B radiation according to weighted gene co-expression network analysis (WGCNA) data. The VcUVR8-VcCOP1-VcHY5 pathway perceives UV-B signals and promotes the expression of anthocyanin structural genes by upregulating VcMYBA2 and VcMYB114 or by regulating the VcBBXs-VcMYB pathway, ultimately promoting anthocyanin accumulation. By contrast, VcMYB4a and VcUSP1 were downregulated under UV-B treatment, and VcMYB4a expression was negatively correlated with that of anthocyanin biosynthesis genes in response to UV-B. Analysis of VcMYB4a-overexpressing and wild-type blueberry calli exposed to UV-B radiation revealed that VcMYB4a represses UV-B-induced anthocyanin accumulation. Yeast one-hybrid and dual luciferase assays showed that the universal stress protein VcUSP1 directly bound to the promoter of VcMYB4a. These results suggest that the VcUSP1-VcMYB4a pathway negatively regulates UV-B-induced anthocyanin biosynthesis and provide insight into UV-B-induced anthocyanin biosynthesis.
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Introduction

Ultraviolet-B (UV-B) is a component of sunlight that affects the plant defense system, leading to increased accumulation of secondary metabolites, especially anthocyanin (Nguyen et al., 2017; Song et al., 2022). The UV-B-induced anthocyanin biosynthesis pathway is well characterized in many plants (Liu et al., 2018; Ding et al., 2021). In Arabidopsis (Arabidopsis thaliana), the UV-B photoreceptor UV RESISTANT LOCUS 8 (UVR8) interacts with CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1) to activate UV-B signaling and initiate UV-B adaptation pathways in response to UV-B radiation (Oravecz et al., 2006; Rizzini et al., 2011). COP1 is a critical regulator of plant responses to UV-B that promotes flavonoid accumulation. COP1 activates ELONGATED HYPOCOTYL 5 (HY5, a bZIP transcription factor) and coordinates HY5-dependent and -independent pathways, ultimately resulting in UV-B tolerance (Oravecz et al., 2006; Bhatia et al., 2021). HY5 is a central transcription factor that promotes anthocyanin accumulation by regulating the expression of MYB transcription factors and anthocyanin biosynthesis genes (Stracke et al., 2010; Shin et al., 2013; An et al., 2017). B-box (BBX) proteins interact with HY5 or directly bind to the promoter sequences of MYBs or anthocyanin biosynthesis genes to regulate anthocyanin biosynthesis (Bai et al., 2019; Fang et al., 2019). Thus, UVR8, COP1, HY5, BBXs, MYBs, and anthocyanin biosynthesis genes form a UV-B-induced anthocyanin biosynthesis network and MYBs play an important role in this network.

MYB proteins are a superfamily of transcription factors that are responsive to one or multiple stress treatments and regulate the accumulation of secondary metabolites (Hartmann et al., 2005; Chen et al., 2006). In the R2R3-MYB gene family, subgroup 6 members promote anthocyanin biosynthesis and subgroup 4 members inhibit anthocyanin biosynthesis. For example, in the Vaccinium genus, VbMYBA, VmMYBA1, VmMYBA2, and VcMYBA, which belong to subgroup 6, activate anthocyanin biosynthesis, and, in strawberry (Fragaria × ananassa), FaMYB1, a member of subgroup 4, suppresses anthocyanin accumulation (Aharoni et al., 2001; Plunkett et al., 2018; Karppinen et al., 2021; Zhang et al., 2021). UV-B also affects the expression of MYB transcription factor genes from subgroups 4 and 6. In Arabidopsis, AtMYB75 from subgroup 6 is upregulated and AtMYB4 from subgroup 4 is downregulated upon exposure to UV-B light (Jin et al., 2000; Tohge et al., 2011). In apple (Malus domestica), MdMYB10 of subgroup 6 is upregulated throughout fruit development and influences anthocyanin production under UV radiation (Henry-Kirk et al., 2018). However, how MYB pathway genes function under UV-B radiation conditions merits further research.

Rich in anthocyanin compounds, blueberries (Vaccinium corymbosum) are often referred to as a “superfood” (Ribera et al., 2010; Norberto et al., 2013). The anthocyanin biosynthesis pathway in blueberry has been elucidated, and several structural genes associated with this pathway have been characterized (Zhang et al., 2017; Song et al., 2022). VcMYBA of subgroup 6 from blueberry has also been characterized; this transcription factor transactivates the VcDFR promoter to activate anthocyanin production (Plunkett et al., 2018). UV-B promotes anthocyanin accumulation in blueberry fruits and upregulates the expression of VcBBX, VcMYB21, VcR2R3MYB, and structural genes involved in anthocyanin biosynthesis (Nguyen et al., 2017). However, the UV-B-induced network underlying anthocyanin biosynthesis is unclear.

In this study, we identified MYB transcription factors that function in the response of blueberry to UV-B radiation based on transcriptome deep sequencing (RNA-seq) data and elucidated the network of transcription factors that positively regulates UV-B-induced anthocyanin biosynthesis according to weighted gene co-expression network analysis (WGCNA) data. In addition, analysis of blueberry calli overexpressing VcMYB4a and yeast one-hybrid and dual luciferase assays suggested the existence of a UV-B-induced anthocyanin biosynthesis network that is negatively regulated by VcMYB4a. Our findings broaden our understanding of UV-B-induced anthocyanin biosynthesis in blueberry.



Materials and methods


Plant materials and UV-B treatment

Wild-type (WT) and VcMYB4a-overexpressing blueberry calli (OE-1, OE-2, and OE-3 lines) were generated in our laboratory (Zhang et al., 2020; Yang et al., 2022).

All the calli were exposed to UV-B lamps (TL20/01; 311-nm Philips, Netherlands). WT calli were harvested to measure anthocyanin contents and WT and OE-1 calli were used to measure mRNA expression levels by reverse-transcription quantitative PCR (RT-qPCR) after 0, 6, 12, 24, and 48 h of UV-B radiation. The anthocyanin contents of WT and VcMYB4a-overexpressing calli treated with UV-B for 4 days were measured, using untreated calli as a control.



Identification of transcription factor genes

RNA-seq data from calli treated for 0, 1, 3, 6, 12, and 24 h with UV-B radiation were downloaded from the BioProject database in the NCBI repository (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA831018). The data were analyzed on the MKCloud online platform (https://international.biocloud.net). Using 0 h as a control, differentially expressed transcription factor genes from calli treated with 1, 3, 6, 12, and 24 h of UV-B radiation were identified according to the criteria of the absolute value of log2 (fold change) ≥ 1 and a false discovery rate (FDR) < 0.01 by the DEGSeq2 R package. Gene expression levels were quantified as fragments per kilobase of transcript per million fragments mapped (FPKM) values. The transcription factors were annotated using Protein family (Pfam) and Swiss-Prot databases (Apweiler et al., 2004; Finn et al., 2014).



Cluster analysis of VcMYB transcription factors

The differentially expressed VcMYB transcription factors were obtained by deleting the redundant sequences. A phylogenetic tree was constructed from 52 VcMYBs of blueberry and 142 AtMYBs of Arabidopsis using the neighbor-joining method with the MEGA X program (Kumar et al., 2018). The phylogenetic tree was divided into different subgroups based on MYB transcription factors from Arabidopsis (Kranz et al., 1998; Dubos et al., 2010). The VcMYBs were named based on cluster and functional annotations from Swiss-Prot databases.



Correlation analysis between VcMYB4a and genes involved in the UV-B-induced anthocyanin pathway

The differentially expressed genes from the WGCNA kMEblue module were selected to identify genes involved in the UV-B-induced anthocyanin pathway (Song et al., 2022). Pearson’s correlation coefficients (r) between the expression levels of differentially expressed genes were calculated using SPSS 19.0 software. Heatmap of UV-B-induced anthocyanin biosynthesis pathway genes and transcription factor genes were drawn using log10 (FPKM) values with TBtools software (v1.098761) (Chen et al., 2020).



Reverse-transcription quantitative PCR

RT-qPCR analysis was performed for WT and VcMYB4a-overexpressing (OE-1) calli after 0, 6, 12, 24, and 48 h of UV-B radiation using an ABI 7900HT real-time PCR system. The relative expression levels of VcPAL1, VcPAL3, Vc4CL2, VcCHS1, VcDFR, VcCHI3, VcF3H-1, VcF3H-2, and VcUFGT genes were calculated using the 2–ΔΔCt method and VcGAPDH was used as the reference gene. Primer sequences are shown in Table S1.



Promoter analysis of VcMYB4a gene

The upstream sequences of VcMYB4a were cloned using a Genome Walking Kit (TaKaRa, Japan). The cis-elements of the VcMYB4a upstream sequence was analyzed for the presence of cis-acting regulatory sequences in the PlantCARE database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/).



Yeast one-hybrid assays

The promoter fragment (1,718 bp) of VcMYB4a was inserted into the pHIS2 vector as bait (BD Biosciences, Shanghai, China). The VcUSP1 (GenBank accession no. OP957062) sequence was recombined into the pGADT7 vector as prey (Clontech). The primer sequences are shown in Table S1. Yeast strain AY187 was co-transformed with different combinations of vectors and selected on SD medium lacking tryptophan and leucine. A series of 5-µL aliquots of 10× diluted yeast co-transformants were dropped onto SD medium lacking tryptophan, leucine, and histidine (SD/−Trp/−Leu/−His) and containing 10, 20, 30, 40, 50, and 75 mM 3-amino-1,2,4-triazole (3-AT), which was used to suppress the background histidine leakiness of the pHIS2 vectors. The co-transformed yeast was grown at 30°C for 3 days. Yeast cells harboring pHIS2-VcMYB4a/pGAD53m and pHIS2-p53/pGAD53m were used as negative and positive controls, respectively.



LUC complementation imaging assay

The promoter fragment of VcMYB4a and CDS of VcUSP1 were inserted into the pGreenII 0800-miRNA and Pcambia1302 vectors to construct the pVcMYB4a-LUC and GFP-VcUSP1 vectors, respectively (Table S1). Recombining vectors were co-injected into Nicotiana benthamiana leaves and luminescence was detected 48 h after infiltration with a live imaging apparatus. The ratio of Luc to Ren activity was determined using the Dual-Glo® Luciferase Assay System (Promega). As a negative control, Pcambia1302 (GFP) and pVcMYB4a-LUC vectors were co-injected into the N. benthamiana leaves.



Anthocyanin content measurement

The anthocyanin content of the samples was measured as described by Yang et al. (2022). Each sample (0.5 g) was soaked in 3 mL methanol with 1% HCl and incubated for 16 h in darkness at 4°C. After centrifugation, the supernatant was diluted with an equal amount of water and the absorbance of each diluted extract at 530 and 650 nm was measured with a spectrophotometer (UV-1600, Shimadzu). Total anthocyanin content was quantified using the equation A530-0.25×A650 (Rabino and Mancinelli, 1986).



Statistical analysis

In the figures, each error bar represents the standard deviation (SD) of the mean of three independent biological replicates, and three technical replicates were performed for each biological replicate. Significant differences were detected using Tukey’s test, implemented in SPSS 19.0 software.




Results


UV-B radiation induces anthocyanin accumulation

To investigate the function of UV-B radiation on anthocyanin accumulation, blueberry calli were exposed to UV-B radiation for 0, 6, 12, 24, and 48 h. The proportion of callus that was red gradually increased during UV-B treatments (Figure 1A). Furthermore, the anthocyanin content significantly increased 2.9-, 4.2-, 5.1-, and 9.0-fold after 6, 12, 24, and 48 h of UV-B treatment relative to the 0 h treatment, respectively (Figure 1B). Thus, UV-B radiation promotes anthocyanin accumulation in blueberry calli.




Figure 1 | UV-B radiation induces anthocyanin accumulation in blueberry calli. The phenotype (A) and anthocyanin contents (B) of blueberry calli exposed to UV-B radiation for 0, 6, 12, 24, and 48 h. Error bars indicate ± SD of the mean of three independent biological replicates, each with three technical replicates; different letters indicate significant differences (p < 0.05) among samples by Tukey’s test.





UV-B radiation regulates the expression of transcription factor genes

An analysis of Pfam and Swiss-Prot functional annotations revealed 370 transcription factor genes that were differentially expressed in response to UV-B radiation. The most highly enriched differentially expressed genes encoded MYB family members (23.77%), followed by AP2 (17.48%), WRKY (13.21%), bZIP (8.81%), and bHLH (6.92%) transcription factors (Figure S1; Table S2). After analyzing the sequences of VcMYB transcription factor genes and deleting the redundant VcMYB transcription factors, 52 VcMYB transcription factor genes were identified, namely 28 R2R3-MYB, 22 1R-MYB, 1 3R-MYB, and 1 3R/4R-MYB transcription factor genes (Table S3).

To predict the potential functions of the VcMYBs, phylogenetic analysis of the deduced protein sequences of 52 VcMYB and 142 AtMYB genes were performed (Figure 2). Of the 52 VcMYB genes, 28 VcMYBs from the R2R3-MYB subfamily belonging to 15 subgroups were upregulated and/or downregulated in response to UV-B radiation. VcMYB114 and VcMYBA2 were clustered in subgroup 6, and VcMYB4a was clustered in subgroup 4. Most genes from subgroup 6 promote anthocyanin accumulation, whereas most genes from subgroup 4 inhibit anthocyanin biosynthesis (Aharoni et al., 2001; Plunkett et al., 2018). VcMYB114 and VcMYBA2 expression increased and that of VcMYB4a decreased during UV-B treatment.




Figure 2 | The 52 differentially expressed VcMYB transcription factor genes from blueberry and 142 MYB transcription factor genes from Arabidopsis thaliana were clustered into different subgroups using MEGA X with the neighbor-joining method. Magenta, green, and black dots represent upregulated, downregulated, and both up- and downregulated VcMYBs under UV-B radiation, respectively. Black circle represents MYB transcription factors from Arabidopsis. Red box indicates the position of VcMYB4a.





VcMYB4a represses UV-B-induced anthocyanin accumulation

To explore the role of VcMYB4a in the plant response to UV-B radiation, we treated three VcMYB4a-overexpressing lines (OE-1, OE-2, and OE-3) and wild-type (WT) calli with UV-B for 4 days and measured anthocyanin contents (Figure 3). In the absence of UV-B treatment, the anthocyanin content of VcMYB4a-overexpressing calli was not significantly different from that of WT calli (Figure 3A). Under UV-B treatment, anthocyanin rapidly accumulated in WT calli compared with VcMYB4a-overexpressing calli (Figures 3B, C). Thus, VcMYB4a was a repressor of UV-B-induced anthocyanin biosynthesis.




Figure 3 | Anthocyanin contents of wild-type (WT) and VcMYB4a-overexpressing (OE-1, OE-2, and OE-3) blueberry calli after 4 days of exposure to UV-B radiation. Untreated calli (A) and calli after 4 days of UV-B treatment are shown (B). (C) Anthocyanin contents of WT and VcMYB4a-overexpressing calli treated or not with UV-B radiation for 4 days. Error bars indicate SD of the mean of three independent biological replicates, each with three technical replicates; different letters indicate significant differences (p < 0.05) among samples by Tukey’s test.





VcMYB4a expression is negatively correlated with that of genes involved in UV-B-induced anthocyanin accumulation

To reveal the role of VcMYB4a in the regulatory network underlying anthocyanin biosynthesis under UV-B radiation, we searched for genes that were co-expressed with VcMYB4a and involved in this network using the WGCNA package in R and calculated their Pearson’s correlation coefficients (r) (Table 1). The expression level of VcMYB4a was negatively correlated with that of VcUVR8, VcCOP1, and most genes involved in the anthocyanin pathway, including VcPAL1, VcPAL3, Vc4CL2, VcCHS1, VcCHI3, VcDFR, VcF3H-1, VcF3H-2, and VcUFGT. Both VcMYB114 and VcMYBA2 expression was positively correlated with the expression of VcCOP1, VcHY5, VcBBX32, and VcBBX30 as well as that of the anthocyanin biosynthesis genes VcPAL1, VcPAL3, VcC4H, Vc4CL2, VcCHS1, VcF3H-2, and VcUFGT. However, VcMYB114 expression was negatively correlated with VcBBX21 expression. In a heatmap, VcMYB4a and VcBBX21 were clustered together and were downregulated by UV-B radiation, whereas the other genes were upregulated by this treatment (Figure 4A; Table S4). These results indicate that VcUVR8, VcCOP1, VcHY5, VcBBXs, VcMYBs, and anthocyanin biosynthesis genes form a UV-B-induced anthocyanin biosynthesis network and that VcMYB4a is negative regulator of this network (Figure 4B).


Table 1 | Pearson’s correlation coefficients (r) between the expression levels of genes from the UV-B-induced anthocyanin biosynthesis pathway.






Figure 4 | UV-B-induced anthocyanin biosynthesis pathway. (A) Heatmap representation of hierarchical clustering analysis of UV-B-induced anthocyanin biosynthesis pathway genes and transcription factor genes. Blue, low expression; red, high expression, based on log10(FPKM). (B) Proposed model of UV-B-induced anthocyanin biosynthesis pathways. Solid line indicates known signaling pathway; dotted line indicates putative signaling pathway. Arrows indicate activation; short lines indicate inhibition.





VcMYB4a represses the expression of anthocyanin biosynthesis genes in transgenic blueberry calli

To identify potential downstream target genes of VcMYB4a, we compared the transcript levels of VcPAL1, VcPAL3, Vc4CL2, VcCHS1, VcCHI3, VcDFR, VcF3H-1, VcF3H-2, and VcUFGT between VcMYB4a-overexpressing calli (OE-1) and WT calli during UV-B treatment by RT-qPCR analysis (Figure 5). Overexpressing VcMYB4a in blueberry calli resulted in the downregulation of the anthocyanin biosynthesis genes VcPAL3, VcDFR, VcF3H-2, and VcUFGT. The transcript levels of VcPAL1, VcPAL3, VcCHS1, VcDFR, VcF3H-1, VcF3H-2, and VcUFGT genes rapidly increased and peaked after 24 h of UV-B radiation, and then decreased in both OE-1 and WT calli. For the same UV-B radiation time, the expression levels of VcCHS1, VcDFR, VcCHI3, and VcF3H-1 genes in WT calli were higher than in OE-1 calli. These results suggest that VcMYB4a inhibits anthocyanin biosynthesis by downregulating anthocyanin biosynthesis genes.




Figure 5 | Expression of anthocyanin biosynthesis genes was repressed in the VcMYB4a-overexpressing blueberry calli (OE-1) compared with that in wild-type (WT) calli under UV-B treatment. Error bars indicate ± SD of the mean of three independent biological replicates, each with three technical replicates; different letters indicate significant differences (p < 0.05) among samples by Tukey’s test.





The upstream sequence of VcMYB4a is regulated by VcUSP1

To elucidate the mechanism by which VcMYB4a suppresses anthocyanin metabolism under UV-B radiation, we isolated the promoter sequence of VcMYB4a from blueberry using a previously reported genome-walking protocol and predicted cis-elements using the PlantCARE database (Tables S5; S6). The main elements included light responsive elements, defense-related elements (drought and low-temperature), and phytohormone-related elements (particularly, those associated with methyl jasmonate, abscisic acid, and gibberellin). We cloned the 1,718-bp sequence upstream of the coding region of VcMYB4a and inserted it into the pHIS2 vector. We then performed a yeast one-hybrid assay to identify proteins that interact with the VcMYB4a promoter sequence from a yeast library. The universal stress protein VcUSP1 directly bound to the promoter region of VcMYB4a (Figure 6A). To validate the result of the yeast one-hybrid assay, we performed luciferase complementation imaging assays in N. benthamiana leaves. Co-expression of GFP-VcUSP1 with pVcMYB4a-LUC led to a clear increase in LUC signal and Luc/Ren ratio compared with leaves co-expressing the control vectors (Figure 6B; 6C). These data confirmed that VcUSP1 directly bound to the promoter region of VcMYB4a to regulate its expression.




Figure 6 | The VcUSP1 protein binds to upstream sequences of VcMYB4a. (A) Interaction of VcUSP1 with the VcMYB4a promoter in a yeast one-hybrid assay. pHIS2-VcMYB4a/pGAD53m was used as a negative control and pHIS2-p53/pGAD53m as a positive control. A series of 5-µL aliquots of 10 × diluted yeast cultures was grown on SD medium lacking tryptophan, leucine, and histidine (SD/–Trp/–Leu/–His) and with different concentrations of 3-amino-1,2,4-triazole (3-AT) for 3 days at 30°C. (B) Interaction of VcUSP1 with the VcMYB4a promoter using dual luciferase complementation imaging assays in Nicotiana benthamiana leaves. GFP/pVcMYB4a-LUC was used as a negative control. (C) The ratio of Luc-to-Ren activity was measured for the dual luciferase assay. Error bars indicate the SD of three biological replicates. The asterisks indicate statistically significant differences by Tukey’s test (***Correlation significant at the 0.001 level).






Discussion

UV-B radiation promotes anthocyanin accumulation via the UVR8-COP1-HY5 pathway (Rizzini et al., 2011; Bhatia et al., 2021). The HY5 transcription factor directly binds to upstream sequences of MYB transcription factor genes to promote their expression (Stracke et al., 2010; Shin et al., 2013; An et al., 2017). BBX proteins directly interact with HY5 to enhance its binding to the promoters of MYBs or regulates the expression of MYBs to promote anthocyanin accumulation. However, B-box protein also suppresses anthocyanin accumulation by interacting with HY5 to synergistically inhibit the expression of MYBs (Bai et al., 2014; An et al., 2019; Fang et al., 2019). In the current study, we established that VcUVR8, VcCOP1, and VcHY5 are upregulated under UV-B treatment, and identified a positive correlation between VcHY5 and VcCOP1 expression (Figure 4A; Table 1). Furthermore, VcHY5 expression was found to be positively correlated with VcBBX30, VcBBX32, VcMYB114, and VcMYBA2 expression. These results suggest that VcUVR8 perceives UV-B radiation and then upregulates VcCOP1 and VcHY5. VcHY5 then combines with VcBBX32 and VcBBX30 to promote VcMYB114 and VcMYBA2 expression. Therefore, VcHY5, VcBBX32, VcBBX30, VcMYB114, and VcMYBA2 form a positive regulatory network of anthocyanin biosynthesis under UV-B treatment (Figure 4B).

Transcription factors play essential roles in plant responses to abiotic stress (Chen et al., 2010; Seo and Park, 2010). UV-B radiation regulates the expression of most transcription factor genes, including MYB, bHLH, WRKY, NAC, and bZIP family genes (Ma et al., 2020; Ding et al., 2021). The current results support this finding. To date, 229 non-redundant MYB sequences have been identified in the blueberry genome, including 72 that respond to drought treatment in leaves and 69 in roots (Wang et al., 2021). In this study, 52 non-redundant MYB transcription factor genes from the R2R3-MYB, 1R-MYB, 3R-MYB, and 3R/4R-MYB subfamilies were found to function in the response of blueberry to UV-B radiation. Fifteen subgroups of R2R3-MYB subfamily members are involved in the response to UV-B radiation, as they were upregulated or downregulated by this treatment (Figure 2). These results improve our understanding of the roles of blueberry MYB TFs in response to abiotic stress.

R2R3-MYB transcription factors from subgroup 6 control anthocyanin biosynthesis by regulating the expression of structural genes involved in this process. For example, AtMYB113, AtMYB114, AtMYB75, and AtMYB90 promote anthocyanin biosynthesis by upregulating the expression of late anthocyanin structural genes in Arabidopsis (Teng et al., 2005; Gonzalez et al., 2008). Blueberry (Vaccinium section Cyanococcus) expressing MYBA of subgroup 6 activated anthocyanin production in N. benthamiana, and MYBA transactivated the DFR promoter from blueberry and other species (Plunkett et al., 2018). In the current study, we identified two VcMYB genes of subgroup 6, VcMYB114 and VcMYBA2, whose expression was positively correlated with that of structural genes involved in anthocyanin biosynthesis that were upregulated under UV-B radiation (Table 1; Figure 4). Thus, VcMYB114 and VcMYBA2 function as activators in the UV-B-induced anthocyanin biosynthesis network by promoting downstream gene expression.

VcMYB4a, belonging to subgroup 4, inhibits lignin biosynthesis and negatively regulates plant responses to salt, drought, and temperature stress (Zhang et al., 2020; Yang et al., 2022). Our study showed that the expression levels of VcMYB4a were negatively correlated with those of anthocyanin biosynthesis genes. Thus, VcMYB4a likely encodes an inhibitor of the anthocyanin biosynthesis pathway. Yeast one-hybrid and dual luciferase assays showed that VcUSP1 binds to the promoter region of VcMYB4a and directly regulates its expression (Figure 6). USP is a ubiquitous protein that plays an important role in abiotic stress tolerance in plants (Jung et al., 2015). Some USP proteins enhance osmotic stress, salinity, drought, cold, freezing, or heat tolerance in plants (Loukehaich et al., 2012; Jung et al., 2015; Udawat et al., 2016; Guo et al., 2020). However, a recent study showed that AtUSP17, a multiple stress-inducible gene, encodes a universal stress protein in Arabidopsis that negatively regulates salt tolerance by modulating multiple signaling pathways (Bhuria et al., 2022). In this study, VcUSP1 was found to be downregulated under UV-B treatment (Figure 4A). These findings suggest that VcUSP1 and VcMYB4a form a negative regulatory network and that UV-B radiation downregulates the expression of VcMYB4a by repressing VcUSP1 expression.
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Translation is a crucial process during plant growth and morphogenesis. In grapevine (Vitis vinifera L.), many transcripts can be detected by RNA sequencing; however, their translational regulation is still largely unknown, and a great number of translation products have not yet been identified. Here, ribosome footprint sequencing was carried out to reveal the translational profile of RNAs in grapevine. A total of 8291 detected transcripts were divided into four parts, including the coding, untranslated regions (UTR), intron, and intergenic regions, and the 26 nt ribosome-protected fragments (RPFs) showed a 3 nt periodic distribution. Furthermore, the predicted proteins were identified and classified by GO analysis. More importantly, 7 heat shock-binding proteins were found to be involved in molecular chaperone DNA J families participating in abiotic stress responses. These 7 proteins have different expression patterns in grape tissues; one of them was significantly upregulated by heat stress according to bioinformatics research and was identified as DNA JA6. The subcellular localization results showed that VvDNA JA6 and VvHSP70 were both localized on the cell membrane. Therefore, we speculate that DNA JA6 may interact with HSP70. In addition, overexpression of VvDNA JA6 and VvHSP70, reduced the malondialdehyde (MDA) content, improved the antioxidant enzyme activity of superoxide dismutase (SOD), catalase (CAT) and peroxidase (POD), increased the content of proline, an osmolyte substance, and affected the expression of the high-temperature marker genes VvHsfB1, VvHsfB2A, VvHsfC and VvHSP100. In summary, our study proved that VvDNA JA6 and the heat shock protein VvHSP70 play a positive role in the response to heat stress. This study lays a foundation for further exploring the balance between gene expression and protein translation in grapevine under heat stress.
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Introduction

Grapevine is an important fruit tree grown worldwide and is popular for its high nutrition and good color, aroma and taste. According to the latest data from 2021 released by the International Organization of Grapes and Wine (OIV), the planting area of grapevine has already reached 783,000 hectares in China (Dixon et al., 2022), and there is high demand for fresh and wine grapes in the fruit market. Therefore, there is a need to improve the yield and quality of grapevines for increased economic benefits (Zhou et al., 2022).

The transcriptome and proteome provide useful information for examining gene or protein abundance in plants. All transcriptome research aims to characterize transcripts expressed within specific tissues or stages involved in plant growth and development (Smythers and Hicks, 2021). For instance, RNA-seq data was used to generate network maps of 343 salt stress-related differentially expressed genes (DEGs) that were related to metabolic pathways, secondary metabolite biosynthesis, membrane transport, and development pathways and helped identify the functions of genes associated with Thompson Seedless grapes (Wang et al., 2016). Since there are many unlabeled transcripts and unannotated genes in the grape genome (Li et al., 2021), the study of gene function cannot be restricted to the nucleic acid level by transcriptome analyses. Even though 164,062 proteins have been recorded in the UniProt database (Kuang et al., 2019), many more unidentified proteins still need to be revealed. Proteins serve as both direct executors and final controllers of gene activity since they are the building blocks of all life activities (Bheri et al., 2021). Proteins are involved in a variety of plant activities, including maturation, apoptosis, stress resistance, differentiation, and proliferation (Desvoyes and Gutierrez, 2020). Understanding the intricate translation mechanism in plants requires revealing the shifting profile of protein abundance. The isolation and identification of protein samples form the foundation of proteomics (Demir et al., 2018). One method that is frequently used to examine proteins at both the quantitative and qualitative levels is liquid chromatography−mass spectrometry (LC−MS) (Wang et al., 2002). SDS−PAGE is also employed to examine total plant proteins that have been extracted (Sawada and Hirai, 2013). However, only 10,000 proteins have been discovered, and it is challenging to capture entire proteins, particularly those with lower molecular weights (Alves et al., 2019). Ribosome profiling (Ribo-seq), a significant technological advancement that uses a translation inhibitor to stop mRNA from being translated via ribosomes (Ruiz-Orera and Albà, 2019), adds a nuclease to treat unprotected mRNA, isolates ribosomes, and extracts short, undigested mRNAs (approximately 30 nt) on the ribosome. These RNAs are then reverse transcribed into cDNA for deep sequencing. The combination of mRNA with polysomes helps detect their active translation position (Hsu and Benfey, 2018). Based on this technology, together with a semisupervised method relying on stacking classification cases, 5360 potentially translated open reading frame (ORFs) in 2051 genes were identified. These presumably formed uORFs were affected by the transcription initiation site and alternative splicing events (Hu et al., 2016). Over 90% of the short ORFs in annotated noncoding RNAs are mapped by super resolution ribosome profiling to the mORF. Many of these unannotated ORFs can create stable proteins and are also conserved (Hsu et al., 2016). The prediction of translated small ORFs showed that lncRNAs can produce peptides in the roots of Arabidopsis thaliana (Bazin et al., 2017). Ribosome footprint mapping to a genome-wide location can be used to decipher the photomorphogenic translation process. There are two initiator codons, ATG and CTG, but only ATG constitutes the upstream ORF, thus reducing the translation efficiency of downstream ORFs (Liu et al., 2013). In addition, translational diversity was detected by Ribo-seq in Chlamydomonas, rice, maize and tobacco in response to ethylene signal transduction (Merchante et al., 2015), immune induction (Xu et al., 2017), sublethal hypoxia stress (Juntawong et al., 2014), heat stress (Lukoszek et al., 2016), and phosphorous (Pi) nutrition-deficient stress (Bazin et al., 2017). As the whole transcriptome translates real-time sequence data, Ribo-seq is developing into a helpful tool for researchers to track the molecular translation of the proteome (Ingolia et al., 2009). It has potential applications in the study of protein translation processes.

Heat stress seriously influences fruit yield and quality, and plants can arrest defense system processes by reducing the damage to membrane lipids and increasing protective enzyme activities and osmotic substance contents, which helps protect themselves against damage. For example, heterologous overexpression of the ZnJClpB1-C gene in tobacco reduced the increase in the content of MDA compared to WT (Panzade et al., 2020). At the same time, a large number of reactive oxygen species (ROS) accumulate under heat stress (Slimen et al., 2014; Medina et al., 2021). When plants are exposed to moderately elevated temperatures, the antioxidant enzyme activities of POD (Janda et al., 2019; Mohapatra et al., 2020), catalase (CAT) (Tutar et al., 2017; Wang et al., 2018; Hassan et al., 2020), and SOD (Wu et al., 2020; Khurshid et al., 2021; Liu et al., 2021) increase, which improves the antioxidant defense process and provides protection from oxidative damage (Miao et al., 2020). Additionally, heat stress transcription factors (Hsfs) are conserved throughout the evolution of eukaryotes, and these factors bind to downstream genes encoding transcription factors, enzymes, and chaperone proteins. Under normal conditions, HSP70 and HSP90 interact with the core regulatory factor heat stress transcription factor A1 (HsfA1) and inhibit its activity (Yamada et al., 2007). After heat stress, HsfA1 is released from HSP70/90 and activated to participate in heat stress (Hahn et al., 2011). In Arabidopsis thaliana, a member of the DNA J domain chaperone protein named ATDjB1 interacts with HSP70, which plays a positive regulatory role in response to heat stress through maintaining redox homeostasis (Zhou et al., 2012). However, their particular functions and target genes or proteins are still unclear. Thus, in this work, we identified the molecular chaperone protein DNAJ A6, which is significantly induced by heat stress, through Ribo-seq and GO analysis, and we speculated that it may bind to the heat stress protein HSP70. Furthermore, VvDNAJ A6 and VvHSP70 overexpressing tobacco plants accumulated more protective enzymes and osmotic substances involved in heat stress. The complicated mechanisms induced by thermoresistance in grapevine were explored at the physiological and molecular levels.



Materials and methods


Plant materials

Grape (Vitis Vinifera L.) named ‘Thompson Seedless’ as explant, sterilized with 70% absolute ethanol for 30 s, 15% NaClO, stored at 4°C for 24 h, after that repeat sterilized again, use sterile water to rinse for 6-8 times. The 2-3 cm stems were planted on 1/2 MS+30 g/L sucrose+0.8% Agar+0.1 mg/L NAA media. In addition, the day/night (16 h/8 h) temperatures were required to be 25°C. At the same time, we have obtained overexpression grape callus materials, which are currently in the process of identification.



Abiotic stress treatment

To test the response of VvDNA JA6 and VvHSP70 to heat stress, the 5 weeks old grape subcultured seedlings were placed in a growth incubator at 45°C. For cold stress, the seedlings were placed in a growth incubator at 4°C. For drought stress, the seedlings treatment concentration is 200 mM mannitol. For salt stress, the seedlings treatment concentration is 150 mM NaCl. At the same time, WT was cultured at 25 ± 1°C. All of the WT and treated seedlings were collected at 0, 2, 4, 6, and 8 h. Then grapevine leaves were sampled for RNA extraction.

To further observation of tobacco phenotype under heat stress, the constructed vector of 35S::VvDNA JA6-GFP, 35S::VvHSP70-GFP, and 35S::pSuper1300-GFP were transferred into the GV3101 competence cell. Inoculate three kinds of agrobacterium to LB+50 mg/L kanamycin+20 mg/L rifampicin, cultured 16 h at 28°C with 200 rpm shaking. Twice inoculated to 50 mL liquid medium. 4°C 4000 rpm 10 min. Use suspension containing 0.2 M As, 0.5 M MES and 1 M MgCl2 adjusted OD600 nm reached at 0.6-0.8. Injected prepared bacterial solution into the back of 4 weeks old tobacco leaves. Dark co-cultured for 12 h at 25°C. Phenotype observation after treatment at 45°C for 8 h.



Extraction of ribosome and construction of the library

To reveal the overall translation landscape in grapes, ribosome profiling was performed as Ingolia et al. (2009) described. For the previous approach, we made minimal adjustments: Take 0.1g of tissue and grind it into powder fully, add 1 mL polysome buffer (50 mM Tris-Cl pH 7.5; 0.2 M KCl; 15 mM MgCl2) and lysis buffer (10% Triton X-100; 10 µL β-Mercaptoethanol; 10 µL Dnase I; 50 mg/mL cycloheximide), then ribosomes were collected by mircrospin S-400 columns. After the rRNA was removed, it was purified with PAGE gel, the target fragment was screened, and the library containing the fragment was obtained, and then sequenced by Illumina. The detailed flow chart was described in Figure 1A.




Figure 1 | Translation landscape in grapes. (A) Overview of the ribosome sequencing approach, the mRNA-tethered ribosomes were extracted and enriched, which performed library preparation and deep sequencing. (B) mRNA protected by ribosome fragment enriched at 23-31nt. (C) Protein translation regions are distributed in coding, UTR, Intron and Intergenic. (D) Ribosomes move in units of 3 nt nucleotides in the initial codon. (E) Ribosomes move in units of 3 nt nucleotides in a stop codon.





Ribo-seq raw data analysis

Remove rRNA, tRNA, adapter and low-quality reads from the raw data to get clean data. Because binary alignment map (BAM) files are compressed binary files, it is hard to check them. So we use the following software to realize visualization: (1) Java download address: (https://www.java.com/zh-CN/); (2) IGV registered address: (https://software.broadinstitute.org/software/igv/?q=registration); (3) IGV download address: [Downloads|IntegrativeGenomicsViewer(broadinstitute.org)]. Secondly, import BAM files and grape genome files (http://plants.ensembl.org/index.html) into IGV. This software can display the distribution of reads on each chromosome, and it also shows the location of sequence on the genome (annotated CDS, introns, intergenic regions and other functional regions).



Function annotation analysis

Gene ontology (GO) analysis was performed to discover further functional significance enrichment analysis of the screened proteins. The basic unit of GO is the term, and each term corresponds to a gene attribute. Input Gene ID on Omic Share Tools (https://www.omicshare.com/tools/Home/Soft/gogseasenior), then downloads the compressed file for free (Supplementary Table S1). Check Molecular Function (MF), Biological Process (BP) and Cellular Component (CC), merge the same item by item in excel.



Evolutionary tree and domain analysis

Blast VIT_00s0324g00040; VIT_06s0080g01230; VIT_08s0056g01490; VIT_09s0002g07210; VIT_13s0073g00560; VIT_15s0021g02090; VIT_18s0001g14090 protein sequences, choose organism option is Arabidopsis thaliana, the highly similar protein sequences were retained. Use MEGA 11 to construct an evolutionary tree, then beautify it with AI software.

All protein sequences were used to construct the evolutionary tree by using the software of Pfam Scan, arranging the txt file in CDD batch search and inputting the protein sequence fasta file on Tbtools software.



Subcellular localization of DNA JA6 and HSP70

Transient transformation consisted of the method described as phenotype observation. After co-cultured for 3-5 d, then identified protein location using a fluorescence microscope.



Physiological index detection

The MDA content detection was described as (Li et al., 2018), Take 0.1 g material in 1.8 mL 10% trichloroacetic acid (TCA) solution and put it into the grinding machine for 1 min. 4000 r/min for 10 min. 1 mL supernatant was added to 0.6% thiobarbituric acid (TBA), after boiling water bath for 15 min, Absorbance was checked at 532 nm, 600 nm and 450 nm respectively.

SOD and POD are important antioxidant enzymes in plants, and their activities are closely related to stress resistance. In order to detect activities, 0.1 M/L phosphate buffer (pH 7.6) was added to 0.1 g material and constant volume to 2 mL. Put it into the grinding machine for 1 min. 12000 r/min for 10 min. Then supernatant is the crude extract for protective enzymes. SOD detection was described by (Sattar et al., 2020), and for POD detection, it was described by (Li et al., 2018).

When encountering stress, the content of free proline accumulated greatly. The content of proline detection was described as (Rajametov et al., 2021).



Yeast two hybrid

Yeast two-hybrid system was used to determine the interaction between VvHSP70 and VvDNA JA6, The full-length VvHSP70 were cloned into the pGBKT7 vector, then transformed into the yeast strain Y2H Gold. Yeast only grew on DO Supplement-Leu/-Trp and did not grow on DO Supplement-Ade-His-Leu-Trp. This indicated that HSP70 has no self-activation effect. Then the full length VvDNA JA6 was cloned into the pGADT7 vector, put VvHSP70-pGBKT7and VvDNA JA6- pGADT7 resulting vectors were transformed into the yeast strain Y2H Gold. pGBKT7and BD-53 resulting vectors as positive control, pGBKT7and BD-Lam resulting vectors as negative control. Observe the growth after a few days.



qRT-PCR

Extraction of RNA from grape leaves containing polysaccharides and polyphenols by CTAB Method (Chen et al., 2020). Reverse Transcription to cDNA (Fastking RT Kit with gDNase, TIANGEN), uniform RNA loading concentration then add SYBR Green (Talent qPCR Premix, TIANGEN) and quantitative primer (Supplementary Table S2). The qRT-PCR conditions were: 95°C 3 min, 40 cycles for 95°C 5 s and 60°C 15 s, Melting for 10 s. Use the method of 2-ΔΔct to calculate the multiple of gene expression change (Trick et al., 2021).



Statistical analysis

One-way ANOVA variance analysis used the Student’s t-test in GraphPad Prism 8 software to compare the significant difference of the mean between groups, and the significance level was set as α= 0.05 (*, P<0.05; **, P<0.01).



Accession numbers

Ribo-seq sequencing raw data from this paper can be found in the National Center for Biotechnology Information’s Sequence Read Archive (SRA) under accession number PRJNA903951.




Results


Characteristics of ribosome sequencing data from grapevine

To explore the whole translational landscape of all ribosome-protected mRNA regions in grape, Ribo-seq was performed as described by Ingolia (Ingolia et al., 2009). First, mRNA-binding ribosomes were isolated. After that, mRNA segments bound to ribosomes were selected, sequenced, and quantified to create footprints (Figure 1A). We obtained 37 million clean data reads, with a Q 30 of 97.09%; ribosome-protected fragments (RPFs) were highly enriched at approximately 23-31 nt (Figure 1B). According to the comparison results, the proportions of reads in the coding region, UTR, intron and intergenic region were 37.1%, 34.74%, 6.8% and 21.29%, respectively (Figure 1C). During translation, ribosomes move in units of 3 nt along RNA codons to produce translation footprints. Therefore, based on the P site (peptide-based transfer site), RPFs derived from a normal translation process should show a periodic distribution of 3 nt on RNA. The 26 nt RPF occurred 15 nt upstream of the start codon (Figure 1D) and disappeared 20 nt downstream of the stop codon (Figure 1E).



Grape mRNA exhibits variable degrees of ribosome binding

RPKM is the unit used to describe the expression efficiency of transcripts. In total, we found that 8291 transcripts were translated in grapes (Supplementary Table S3); the top ten most translated proteins are listed in Table 1. These proteins have different positions and are related to glutathione S-transferase, photomorphogenesis, transposase and metal combinations. The high expression of these proteins indicated their crucial functions in plant growth and response to biotic and abiotic stresses. In addition to the coding region, we also detected the RPKM values for UTR, intron and intergenic regions (Supplementary Figure 1). These results suggest that there were a large number of unconventional peptides that need to be further explored in grapes.


Table 1 | The higher RPKM among all detected protein.



GO secondary function analysis was used to identify the biological role of the 8291 detected proteins. The findings revealed that membrane, organelle, protein complex, and cell proteins had the highest levels of enrichment in the cellular component (CC) category. In terms of the biological process (BP) category, metabolic process, transport, biological process, and regulation were the most enriched GO keywords. Kinase activity, transporter activity, molecular function regulator, antioxidant activity, signal transducer activity, and similar items were found for the molecular function (MP) category. Interestingly, we discovered 7 proteins in the UniProt public database that are involved in heat shock protein binding (VIT 00s0324g00040, VIT 06s0080g01230, VIT 08s0056g01490, VIT 09s0002g07210, VIT 13s0073g00560, VIT 15s0021g02090, and VIT 18s0001g1409) (Figure 2).




Figure 2 | GO secondary function analysis 8291 transcripts are translated in grapes. The blue bar chart represents a cellular component, the orange bar chart represents a molecular function, red bar chart represents the molecular function.



These 7 heat shock binding proteins were selected for further research. We activated all ribosome footprints to appraise and compare translation efficiency, and the results showed highly different ribosome binding levels. To visualize the translational activity, we mapped clean reads to the genome of Vitis vinifera L. The total read coverage of VIT_00s0324g00040 (Figure 3A), VIT_06s0080g01230 (Figure 3B), VIT_08s0056g01490 (Figure 3C), VIT_09s0002g07210 (Figure 3D), VIT_13s0073g00560 (Figure 3E), VIT_15s0021g02090 (Figure 3F), and VIT_18s0001g14090 (Figure 3G) could be observed by using Integrated Genome Viewer (IGV) software. The highest translation efficiency was observed for VIT_13s0073g00560. Conversely, VIT_15s0021g02090 had the lowest translation efficiency in grapevine (Figure 3H).




Figure 3 | Comparation and visualization of translation efficiency in heat shock binding proteins. (A) RPKM in Different heat shock binding proteins. Reads coverage in VIT_00s0324g00040 (B), VIT_06s0080g01230 (C), VIT_08s0056g01490 (D), VIT_09s0002g07210 (E), VIT_13s0073g00560 (F), VIT_15s0021g02090 (G), VIT_18s0001g14090 (H).





Heat shock binding proteins play an important role in the plant response to abiotic stresses

To explore the functions of the 7 heat shock binding proteins detected, we examined their expression profiles in three grapevine tissues, and the results showed that they displayed different expression patterns in roots, stems and leaves (Figure 4A). For abiotic stresses, all of the heat shock binding proteins could be induced to different degrees (Figures 4B–E). First, these 7 heat shock binding proteins have different expression patterns during abiotic stress. VIT_06s0080g01230 only responded to heat stress (Figure 4B) but was not induced by cold stress, drought stress or salt stress. VIT_08s0056g01490 participated in cold and drought stresses (Figures 4C, D). VIT_09s0002g07210 was involved in cold and salt stresses (Figures 4C, E). However, VIT_13s0073g00560, VIT_15s0021g02090 and VIT_18s0001g14090 showed no obvious changes under abiotic stress. Significantly, VIT_00s0324g00040 could be induced by heat and cold stresses, especially 6 h of heat stress treatment (Figure 4B), which indicates that VIT_00s0324g00040 may play an important role in the response to heat stress in grapevine.




Figure 4 | Different expression patterns of tissue and reaction by abiotic stresses in grapevine. (A) Tissue expression in root, stem and leaf. After heat stress (B), cold stress (C), drought stress (D) and salt stress (E) for 0 h, 2 h, 6 h and 8 h, the different expression profiles in grapevine. The results perform the mean ± SE of three independent replicates (P < 0.05).



The amino acid sequence of VIT_00s0324g00040 was used to blast the Arabidopsis genome to investigate which protein families it belongs to, and an evolutionary tree analysis was constructed according to the protein blast results. VIT_00s0324g00040 belongs to the DNA JA subfamily protein, and it was named DNA JA6 (Figure 5A). We also found that this DNA J family protein had a conserved DNA J domain (Figure 5B).




Figure 5 | Bioinformatics Analysis with DNA JA6 protein. (A) Evolutionary tree analysis. (B) Conservative domain analysis. All protein names are uniformly named with NCBI accession ID. VIT_00s0324g00040 counterparted as XP 002274349 and marked with a red box.





DNA JA6 may binds to heat shock protein 70 in grapevine

DNA JA6, regarded as a cochaperone J-protein, builds on dependent protein refolding, which can enhance the interaction ability between HSP70 and subordinate proteins (Pulido et al., 2013; Craig and Marszalek, 2017; Jacob et al., 2017). First, organizational expression properties showed that VvHSP70 was significantly highly expressed in grape leaves (Figure 6A). In addition, VvHSP70 was significantly induced by cold and drought stresses, especially in response to heat stress (Figure 6B). Subcellular localization showed that both DNA JA6 and HSP70 were located on the plasma membrane (Figure 6C). Therefore, we speculate that DNA JA6 might bind to the HSP70-mediated heat stress response process synergistically in grapevine. But further yeast two hybrid result showed that DNA JA6 did not react with HSP70 (Supplementary Figure 2). This may be due to the interaction mechanism exists in Arabidopsis, but not in grapevine.




Figure 6 | DNA JA6 may interact with HSP70 in Grapevine. (A) Relative expression of HSP70 in root, stem and leaf. (B) Different expression patterns of HSP70 in heat stress, cold stress, drought stress and salt stress. (C) Subcellular localization of DNA JA6 and HSP70. The results perform the mean ± SE of three independent replicates (P < 0.05).





DNA JA6 and HSP70 play a positive role in responding to heat stress

To further explore the significant function of DNA JA6 and HSP70 in responding to heat stress, an instantaneous transformation experiment was performed on tobacco to overexpress VvDNA JA6 and VvHSP70. Under normal conditions, there was no obvious growth difference among the control (CK), GFP empty vector overexpression, and VvDNA JA6 and VvHSP70 overexpression lines. However, after heat stress, the growth of the VvDNA JA6 and VvHSP70 overexpression lines was significantly better than that of the CK and GFP overexpression lines (Figure 7A). The NBT staining results showed that the accumulation of dark blue compounds in tobacco leaves of wild type and VvDNA JA6 and VvHSP70 transiently overexpressed tobacco was similar, while compared with WT, the accumulation of transient overexpressed tobacco leaves was less after heat stress treatment (Figure 7B). The detection of O2•- content showed that after treatment at 45 °C, the O2•- content of wild type and transient overexpression tobacco increased, and VvDNA JA6 and VvHSP70 transient overexpression tobacco was lower than that of WT (Figure 7C). The results of DAB staining and content detection of H2O2 are similar to that of O2•-. After high temperature treatment, the accumulation of dark brown compounds (Figure 7D) and the content of H2O2 (Figure 7E) in tobacco leaves with VvDNA JA6 and VvHSP70 transient overexpression are less than WT.At the same time, overexpression of VvDNA JA6 and VvHSP70 in tobacco reduced the accumulation of MDA (Supplementary Figure 3) and increased the contents of the protective enzymes SOD (Figure 7F) and POD (Figure 7G) CAT (Figure 7H) and the osmotic substance proline (Figure 7I) to protect the plant during elevated temperatures. Moreover, compared with those in the CK and GFP overexpression lines, the transcripts of the high-temperature marker genes VvHsfB1, VvHsfB2A, VvHsfC and VvHSP100 accumulated to a higher level in VvDNA JA6-and VvHSP70-overexpressing tobacco (Figures 7G–M). Altogether, these results indicate that VvDNA JA6 and VvHSP70 play a positive role in heat stress resistance enhancement in grapevine.




Figure 7 | DNA JA6 and HSP70 play a positive role in response to heat stress. (A) The phenotype of WT, DNA JA6 and HSP70 transient over expression in tobacco after heat stress. The observation of NBT staining (B) and the test of O2•-content (C). The observation of DAB staining (D) and the test of H2O2 content (E). Analysis of physiological indexes SOD activity (F), POD activity (G), CAT activity (H) and proline content (I) in WT, GFP, DNA JA6 and HSP70 transient over expression tobacco after heat stress. Relative expression of heat stress marker gene VvHsfB1 (J), VvHsfB2A (K), VvHsfc (L) and VvHSP100 (M) in transient over expression tobacco after heat stress. The results perform the mean ± SE of three independent replicates (P < 0.05). “#” represent the object being compared. “*” represent difference. "**" represent significant difference. “***” represent extremely significant difference.






Discussion

Proteins, as important materials for all life activities, exist in all cells (Sun et al., 2021). They are closely related to the growth and development of plants at various stages (Ling et al., 2012; Ling and Jarvis, 2015; Thomson et al., 2020). At present, increasing research on proteomics has provided new insights into the crucial functions of proteins in signal transduction, metabolism, and abiotic stress processes (Righetti and Boschetti, 2020; Smolikova et al., 2020). However, the essence of protein expression mainly involves the one-way flow from transcription to translation (Frohlich and Lindermayr, 2011). To further understand the interaction between the transcriptome and proteome, real-time monitoring of RNA and protein expression is required (Schaller et al., 2012). Therefore, we screened a class of molecular chaperone proteins by Ribo-seq and a series of bioinformatic methods, with the aim of investigating the complicated VvDNA JA6 and VvHSP70 mediated mechanisms induced by heat stress in grapevine.

Ribosome imprinting mapping provided new insights into gene expression on a translational level (Zoschke et al., 2013). Systematic translation analysis on different tissues of Arabidopsis, rice and maize, revealed many new translation sites and provided supplementary annotation of the genome (Zhu et al., 2021). In this work, 8291 proteins could be identified by using Ribo-seq in grapevine, and the translation sites were distributed in coding, UTR, intron and intergenic regions (Figures 1A–C). According to a previous report, when the ribosome moves across the new peptide chain, the codon will fluctuate by a frequency of 3 nt at the P-site (Bazin et al., 2017), which is consistent with the results of this study (Figures 1D, E). Then, we determined that proteins are heavily engaged in cellular metabolism and transportation using GO secondary function analysis. The majority of proteins exhibit kinase, transporter and antioxidant activities. Surprisingly, we discovered 7 heat shock binding proteins that react to heat stress (Figure 2). In addition, the RPKM value can be used as a criterion for translation efficiency. In the maize tpj mutant, the RPKM values of the psbJ and psbN genes were significantly lower than those of other chloroplast-related genes. The loss of the ribosome binding to psbJ and psbN ORFs by screen captures from IGV was also observed in the maize genome (Williams Carrier et al., 2019). In this study, different RPKM values implied different translational efficiencies for these 7 proteins (Figure 3H), and read abundance was visualized through IGV (Figures 3A–G). Further analysis of the evolutionary tree showed that the identified proteins belong to the DNA JA subfamily (Figure 5A). DNA J is an important chaperone protein in plants and is primarily classified into three subfamilies (DNA JA, DNA JB and DNA JC), which are composed of approximately 70 amino acids (Tamadaddi et al., 2021). The core structure is the His/Pro/Asp tripeptide (Craig et al., 2006). However, these proteins can also be divided into three types according to their structures. Type one contains J, G/P and CRR domains; type two contains J and G/P domains; and type three only contains J domains (Miernyk, 2001). In this work, the protein we screened for VvDNA JA6 only has a conserved J domain (Figure 5B). In addition, computer simulation analysis showed that a total of 120 DAN J proteins in Arabidopsis were distributed in different subcellular structures (Solana et al., 2022). 50 were located in the cytosol, 19 were located in the mitochondria, 12 were located in the chloroplast, 9 were located in the endoplasmic reticulum, 3 were located in the cytoskeleton, 1 was located in the plasma membrane, 2 were located in the vacuole, and 24 were located in the nucleus (Rajan and D'Silva, 2009). It has been reported that HSP70, another molecular chaperone, can interact with the J domain of DNA JA6 (Fernandez and Valpuesta, 2018), thereby regulating the activity of ATPase and maintaining the stability of protein complexes that participate in many biological processes (Usman et al., 2017). We found that although both VvHSP70 and VvDNA JA6 were located on the cell membrane, but VvHSP70 did not react with VvDNA JA6. So we speculate that there are many members of HSP protein family, and DNA JA6 heat shock binding protein may interact with other HSP protein families. (Figure 6C, Supplementary Figure 3).

Heat stress is an important issue since it causes aberrant biological processes, including protein polymerization and the release of some hazardous chemicals. When plant cells are damaged by heat stress, the cell membrane is initially affected by pressure initially, and the increased MDA content indicates that the plant has been seriously damaged. Then, heat stress causes a large amount of reactive oxygen species (ROS) to accumulate in plants. The J protein AtDjB1 protects cells by improving the activities of the antioxidant enzymes SOD, CAT and POD to counteract the heat-induced production of ROS in Arabidopsis (Zhou et al., 2012). HSP70 can combine with a molecular chaperone and is also affected by heat stress. Overexpression of CaHSP70-2 also induced the expression of heat stress-related genes (AtHsfA7a, AtHsp17.6C-CI and AtHsp25.3) and improved the heat tolerance of Arabidopsis (Guo et al., 2016). In our work, when exposed to high-temperature stress at 45°C, compared with the wild type and GFP negative control, VvDNA JA6 and VvHSP70 transient transgenic tobacco showed a high-temperature tolerance phenotype (Figure 7A). Overexpression of VvDNA JA6 and VvHSP70 reduced the content of ROS (Figures 7B–E) and increased the activities of protective enzymes (SOD, PODand CAT) and the content of the osmotic substance proline (Figures 7F, I), as well as high-temperature marker genes (VvHsfB1, VvHsfB2A, VvHsfC and VvHSP100), under heat stress conditions (Figures 7G–M). These data proved that VvDNA JA6 and VvHSP70 play a positive role in heat stress resistance.

In summary, we propose that VvDNAJ A6 and VvHSP70 mediate the complicated mechanisms involved in increased grapevine thermoresistance, primarily by measuring a series of physiological indices and testing high-temperature marker genes relevant to the heat stress response. Thus, future work will verify the protein interaction between VvDNAJ A6 and VvHSPs family proteins in grapevine. Whether other chaperones interact with VvDNAJ A6 and VvHSP70 in the regulation of the heat stress response remains to be seen. Moreover, investigations into the control of the expression of core heat stress factors at the transcriptional level is needed. Since we observed read abundance data in the intergenic region, it is possible that noncoding RNA can be translated into protein.



Conclusions

In this study, we used a novel technique called Ribo-seq to identify the whole protein expression profile of grapevine; we also visualized the translation of proteins and identified 7 heat shock binding proteins from the DNA J chaperone family. Of these seven proteins, VvDNAJ A6 was found to be highly upregulated by high temperature, to interact with VvHSP70, and to play a positive regulatory role in heat stress. Research regarding abiotic processes is critical for plant biology and for establishing the groundwork for identifying stress resistance proteins in grapevine.
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Cold and drought stress considerably suppress the development of plants. In this study, a new MYB (v-myb avian myeloblastosis viral)TF gene, MbMYBC1, was isolated from the M. baccata and located in nucleus. MbMYBC1 has a positive response to low temperature and drought stress. After being introduced into Arabidopsis thaliana, the physiological indicators of transgenic Arabidopsis had corresponding changes under these two stresses, the activities of catalase (CAT), peroxidase (POD) and superoxide dismutase (SOD) increased, electrolyte leakage rate (EL) and the content of proline increased, but the content of chlorophyll decreased. In addition, its overexpression can also activate the downstream expression of AtDREB1A, AtCOR15a, AtERD10B and AtCOR47 related to cold stress and AtSnRK2.4, AtRD29A, AtSOD1and AtP5CS1 related to drought stress. Based on these results, we speculate that MbMYBC1 can respond to cold and hydropenia signals, and can be used in transgenic technology to improve plant tolerance to low temperature and drought stress.
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Introduction

Various uncertain factors in the natural environment seriously restrict the development of apple industry and cause serious damage to it, especially low temperature, drought and osmotic stress (Chinnusamy et al., 2006; Liu et al., 2023). When sensing external stress signals, plants will undergo a variety of changes, including physiological and biochemical levels, to reduce their own damage (Han et al., 2018a). Therefore, according to these changes, the damage degree of plants can be roughly known. Stress destroys the integrity of organelles and enhances the permeability of membranes, the more serious the damage of cell membranes, the greater the electrolyte leakage rate (EL) (Blum, 1983). It will also accelerate the degradation of chlorophyll and reduce the photosynthetic rate. During the normal growth of plants, the content of ROS in cells is maintained in a normal state, while stress will destroy the balance of its production and removal (Nandhini et al., 2022). Too much ROS is easy to cause oxidative stress if it is not cleared in time. Superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT) can effectively remove ROS, and their activities can be used to reflect the antioxidant level of plants (Dogru and Çakirlar, 2020; Liang et al., 2022a). Plants can resist the damage of organelles, proteins and cell membranes caused by external stimuli by regulating the accumulation of osmoregulation substances (Gerona et al., 2019; Yao et al., 2022a). In addition, the phenotype of plants will also change significantly.

In order to survive under various environmental conditions, plants have formed a series of stress response mechanisms. It has been proved that transcription factor (TF) can effectively help plants resist adversity (Jiang and Deyholos, 2009; Han et al., 2020a). According to the number of domain repeats, MYB TFs are divided into four subfamilies: 1R-MYB, 2R-MYB, 3R-MYB and 4R-MYB (Li W. et al., 2022). Among them, 2R-MYB TF is the most common in plants and is characterized in many plants (Li et al., 2015). For example, there are 126, 108, 157 and 222 2R-MYB genes in Arabidopsis (Li et al., 2016), grape (Matus et al., 2008), corn (Du et al., 2012) and apple (Cao et al., 2013) respectively. MYB is not only widely involved in various metabolic activities, material synthesis and other biological processes of plants, but also can protect plants from abiotic stresses such as high salt, low temperature, heat and drought (Lin et al., 2021). Studies have shown that soybean GmMYB118 can make plants more adaptable to drought and salinity by regulating osmotic pressure and oxidant and inducing the expression of stress-related genes (Du et al., 2018). In tomato, the overexpression of SlMYB102 can enhance the resistance of plants to cold, and may also participate in CBF and proline synthesis pathway to further improve the adaptability of tomato to stress (Wang et al., 2020).

The process of plant response to stress often involves the participation of multiple genes through multiple channels. The process of plant resistance is generally divided into two steps, first sensing the stress signal and then transmitting it; second, activating the expression of various related genes. CBF/DREB is rapidly induced by low temperature in the cold response pathway and combines with the C-repeat/dehydration response region in the cold response (COR) gene promoter to improve cold resistance (Yamaguchi-Shinozaki and Shinozaki, 1994; Li X. et al., 2022). Drought stress response protein can improve the viability of plants under water shortage conditions through ABA-dependent and ABA-independent pathways (Wassie et al., 2023). Studies have proved that there are ABA response elements in promoters of many genes, such as RAB18, RD22, RD29 (Kazuko and Kazuo, 1993; Latchman, 1997). The expression of proline biosynthesis gene P5CS1 will increase under drought stress, its transcription level can reflect the proline accumulation under drought stress. Moreover, P5CS1 regulation does not depend on ABA signal transduction pathway (Furlan et al., 2020).

Malus baccata (L.) Borkh (M. baccata) is a commonly used grafting rootstock in apple cultivation (Ren et al., 2017), and the cold tolerance and drought tolerance of rootstock have a direct impact on the environmental adaptability of apple, so the study on the stress tolerance of rootstock is of great significance in the process of apple breeding. However, there are few studies on MYB in M. baccata. In this study, we cloned and identified the expression of MbMYBC1 and stress related genes in A. thaliana, and preliminarily clarified the cold and drought resistance mechanism of mountain stator. It has promoted the development of the breeding of M. baccata stress resistant varieties as rootstocks, laid a foundation for the research on the molecular mechanism of cold and drought resistance of apples, and is conducive to the selection of Malus plants breeding genes.



Materials and methods


Cultivation and treatment of M. baccata

M. baccata tissue culture plantlets was put on Murashige and Skoog (MS) medium containing 0.55 mg/L cytokinin (6-BA) and 0.6 mg/L indole butyric acid (IBA) for rapid propagation. After one month, selected robust tissue culture plantlets and transfered them to rooting medium (1.2 mg/L IBA) (Yao et al., 2022b). After rooting, seedlings were put into Hoagland hydroponic culture solution for growth. The room temperature and humidity of tissue culture were maintained at about 25°C and 80%. Changed the hydroponic culture solution regularly. When 7-8 fully developed mature leaves and new strong roots grow out of the hydroponic seedlings, seedlings with roughly the same growth conditions were selected and grouped, 10 seedlings in each group, a total of 5 groups, one of which was the control group without any treatment. The other 4 groups were treated as follows respectively, and the hydroponic seedlings were placed in the 4°C tissue culture room for low temperature stress; The Hoagland hydroponic culture solution with 200 mM NaCl was used for salt stress; Hoagland hydroponic medium containing 20% PEG6000 was used for water stress; The hydroponic seedlings were put into the tissue culture room at 37°C for high temperature stress. The young leaves, mature leaves, roots and stems of all seedlings were sampled after treatment for 0, 1, 3, 6, 9 and 12 h, and stored at -80°C after liquid nitrogen quick freezing (Han et al., 2018b).



Cloning and qRT-PCR expression analysis of MbMYBC1

The total RNA was extracted from the roots, stems and leaves (young leaves and mature leaves) of M. baccata seedlings with EasyPure plant RNA kit (TransGen Biotech, Beijing, China). Then used Trans Script® First-Strand cDNA Synthesis Super Mix (transgen, Beijing) to synthesize the first strand of cDNA. According to the CDs region of MbMYBC1, two pairs of specific primers were designed with Primer 5.0 software. After synthesizing the primers, MbMYBC1-F and MbMYBC1-R were obtained (Supplementary Table S1). The full length of the target gene was obtained by PCR using the first strand cDNA of apple as the template. After detection and purification by agarose gel electrophoresis, the target gene was linked to the cloning vector using pEASY-T1 cloning kit (TransGen Biotech, Beijing, China) and sequenced (BGI, Beijing) (Han et al., 2020a).

To analyze the expression of MbMYBC1, it was detected by qRT-PCR. MbActin was used as a control, which can be stably expressed without being affected by conditions (Modesto et al., 2013), and the gene is amplified from M. baccata tissues. The primers Actin-F and Actin-R were designed according to the sequences published in the GenBank database (Supplementary Table S1). From the partial sequences obtained in this study, MbMYBC1 primer for qRT-PCR was designed, MbMYBC1-qF/qR (Supplementary Table S1). The qPCR reaction system was shown in Supplementary Table S2, and its reaction process was as follows: pre denaturation at 95°C for 5 min, denaturation for 5 s, annealing at 60°C for 1 min, and extension at 72°C for 1 min. Carried out 35 cycles and continued to extend at 72°C for 5 min (Han et al., 2013; Han et al., 2015; Assal and Lin, 2021). The 2−ΔΔCT method was used to analyze the relative transcriptional level data of the target gene (Li Y. et al., 2022).



Bioinformatics analysis of the MbMYBC1

On ExPASy website (https://web.expasy.org/protparam/), the primary structure and various physical and chemical properties of the target protein were predicted (Han et al., 2020b). The domain and tertiary structure of MbMYBC1 protein were predicted on SMART and SWISS-MODEL websites respectively. The sequences of MbMYBC1 were blasted in NCBI database, MYB sequences of several other species with high sequence similarity was select. Compared these sequences with DNAMAN 5.2, and then constructed phylogenetic tree through MEGA7 neighbor connection method. These amino acid sequences were PbMYBC1 (Pyrus bretschneideri, XP_048430460.1), MaMYBC1 (Mercurialis annua, XP_050229005.1), CiMYBC1 (Carya illinoinensis, XP_042940585.1), JcMYBC1, (Jatropha curcas, XP_012088642.1), JrMYBC1 (Juglans regia, XP_035544691.1), CsMYBC1 (Cannabis sativa, XP_021654469.1), MsMYBC1 (Malus sylvestris, XP_050115747.1), EgMYBC1(Eucalyptus grandis, XP_010036386.2), PaMYBC1 (Prunus avium, XP_021808479.1), AtMYBC1 (Arabidopsis thaliana, AT2G40970).



Subcellular localization analysis of the MbMYBC1 protein

The enzyme digestion sites of BamHI and SalI were selected on pSAT6-GFP-N1 vector, and MbMYBC1-ORF was cloned between these two sites to obtain MbMYBC1-GFP fusion protein. The modified red shift green fluorescent protein (GFP) was contained between these two sites. The MbMYBC1-GFP plasmid was injected into the tobacco epidermal cells from the lower epidermis of the leaves using the Agrobacterium tumefaciens injection method, and the empty 35S:: GFP plasmid as the control was also transferred into the leaves (Su et al., 2022). The expression of MbMYBC1-GFP was observed under confocal microscope to determine its location.



Acquisition of transgenic A. thaliana

The 5’ and 3’ ends of MbMYBC1 were linked to the restriction sites of BamHI and SalI by PCR to construct the overexpression vector of Arabidopsis transformation. BamHI and SalI digested PCAM3011 and PCR products and replaced them with GUS gene to connect them. PCAMBIA2300-MbMYBC1 was transferred into GV3101, and then the MbMYBC1 gene was introduced into Colombian ecotype A. thaliana Co1-0 through inflorescence mediation. After screening by 1/2 MS medium containing 50 mg/L kanamycin, the successfully transformed T3 generation A. thaliana was used for subsequent research.



Stress treatment and physiological index determination of transgenic A. thaliana

All A. thaliana (WT, UL, L1, L4, L5) seeds were sowed on the culture medium, and were transferred to a flowerpot containing the same amount of vermiculite and nutrient soil 15 d later, with a tray at the bottom of the flowerpot. When A. thaliana had 8-12 new leaves, they were divided into 3 groups: one group grew normally, one group was treated at -4°C for 12 h, and the other group were stopped watering within 7 d. The growth of plants was resumed for 3 d under normal conditions after stress treatment. The surface changes of each line were observed and the changes of its survival rate and related physiological and biochemical indexes were measured. Three biological replicates and three technical replicates were performed for each sample.

The EL of the sample was determined according to the method of Campos et al. (2003), determination of chlorophyll content by grinding centrifugation with 95% ethanol (Wang et al., 2022). The content of proline in samples was determined by standard curve method according to the description of Ou et al. (2015). The activity of SOD, CAT and POD was determined with the kit of Nanjing Jiancheng Bioengineering Research Institute (Nanjing, China).



Analysis of MbMYBC1 downstream gene expression

The mRNA of A. thaliana grown under 3 conditions was extracted and reverse transcribed to obtain the first strand of cDNA which was used as a template. Using Actin as internal reference gene, several important downstream stress related genes of MYB were detected by qPCR. These genes were AtDREB1A (Lu et al., 2017), AtCOR15a (Steponkus et al., 1998), AtERD10B (Du and Li, 2019), AtCOR47 (Song et al., 2021), AtSnRK2.4 (Nakashima and Yamaguchi-Shinozaki, 2013), AtRD29A (Wu et al., 2022), AtSOD1 (Li J. et al., 2022) and AtP5CS1 (Chen et al., 2015). The reaction procedure and system of qPCR were the same as above methods.



Statistical analysis

SPSS 21.0 software (IBM, Chicago, Illinois, USA) was used for one-way analysis of variables. All test data were the average values obtained after 3 repetitions, and their standard errors (± SE) were calculated. The statistical difference was referred to as significant * p ≤ 0.05 and **p ≤ 0.01.




Results


Bioinformatics analysis of MbMYBC1 gene

The results obtained by ExPASy analysis (Supplementary Figure S1) showed that the open reading frame (ORF) of MbMYBC1 was 948 bp, 315 amino acids (aa) were encoded by MbMYBC1, and the largest proportion of these 18 aa was Pro (13.6%), Ala (10.5%), Ser (8.3%), the theoretical molecular weight (MW) was 34.048 kDa. The aliphatic index of MbMYBC1 protein was 64.22, the theoretical isoelectric point (pI) was 6.34, and the instability index was 62.46. Therefore, it was hydrophilic and unstable.

As shown in Figure 1A, after sequence alignment with 10 other MYBC1 proteins with high homology, it was found that MbMYBC1 protein contained a unique conservative domain of MYB-TF, indicating that it was a MYB protein. The evolutionary tree showed that MbMYBC1 and MsMYBC1 were clustered in the first cluster of the tree, with the closest genetic relationship and the highest homology (Figure 1B). Figure 2A showed the analysis results of the secondary structure of MbMYBC1 protein. It can be seen that it contained 33.9% α-Helix, 6.35% β-coil, 7.3% extended strand and 52.38% random coil (Figure 2B). Its tertiary structure conformed to the predicted secondary structure, which contained HTH region (Figure 2C). These results indicated that MbMYBC1 was a member of 3R-MYB subgroup.




Figure 1 | Similarity analysis of amino acid sequences between MbMYBC1 and 10 other MYBs (A) and comparison of genetic relationships (B). The red underline is the target protein, and the part in the box is the MYB structural domain.






Figure 2 | Prediction of Secondary and Tertiary Structure of MbMYBC1 Protein. (A) Predicted protein secondary structure; (B) predicted protein domains; (C) predicted tertiary structure.





Subcellular localization of MbMYBC1 proteins

Figure 3 showed the distribution of 35s::MbMYBC1::GFP under the confocal microscope. The green fluorescence of 35s::GFP protein was distributed in the whole cell (Figure 3B), while the green fluorescence of 35s::MbMYBC1::GFP fusion protein was only distributed in the nucleus (Figure 3D). The nuclear position was finally determined after staining with 4 ‘, 6-diamino-2-phenylindole (DAPI) (Figure 3E). That was to say, it can be preliminarily determined that MbMYBC1 was a nuclear protein.




Figure 3 | Subcellular localization of MbMYBC1 protein. (A, D) Bright-field images, (B, E) GFP fluorescence, (C, F) the effects after DAPI dyeing. Bar = 50 μm.





Expression level of MbMYBC1 gene

Figure 4 showed the expression of MbMYBC1 in various tissues and the change of expression level in different time periods under various stresses. The results in Figure 4A showed that although MbMYBC1 can be expressed in these organs (root, stem and leaves), there were significant differences in the amount of expression. The expression of MbMYBC1 decreased in turn in young leaves, roots, stems and mature leaves. The expression of MbMYBC1 in new leaves was 6.78 fold higher than that in mature leaves.




Figure 4 | Results of qPCR analysis of MbMYBC1. (A) The expression of MbMYBC1 in different parts of in M. baccata; The expression of MbMYBC1 in new leaves (B) and roots (C) under different stresses. Compared with the Control, the asterisks above the column indicate significant difference and extremely significant difference (*, p ≤0.05; **, p ≤ 0.01).



The expression of MbMYBC1 in young leaves and roots increased first and then decreased with the stress time. Figure 4B showed this result, in young leaves, the stress that made the expression of MbMYBC1 gene reached the peak first was the low and high temperature conditions (3h), and the expression levels under these two conditions were 8.41, 5.89 fold higher than those under normal conditions respectively. Under salt and drought stress, the expression level at 9 and 6 hours was the highest, respectively, which was 4.79 and 6.82 fold of those of the control. But in the root, the peak of expression was reached first under drought (3h), 7.88 times of that of untreated. Under high salt and high temperature conditions, the expression level was the highest at 6 h, 6.22 and 5.34 fold higher than that of untreated ones respectively, and reached the peak at 9 h under low temperature, 7.03 fold higher than that of the control. In addition, from qRT-PCR results, MbMYBC1 was more sensitive to cold and drought stimuli.



Increased tolerance of transgenic A. thaliana to low temperature stress

After cold and drought stress treatment on Arabidopsis, the qRT-PCR results of MbMYBC1 in each line were shown in Figure 5A, in which WT and UL lines were the controls. In the identified 6 T2 generation transformation lines (L1, L2, L3, L4, L5, L6), MbMYBC1 gene had a higher expression level in L1, L4, L5. Therefore, these 3 lines were used to cultivate T3 generation A. thaliana.




Figure 5 | Phenotype and survival rate of A. thaliana under low temperature stress. (A) The relative expression of MbMYBC1 in WT, UL and transgenic A. thaliana. (B) The phenotypes of WT, UL, L1/4/5 lines after treatment at -4°C for 0 h, 12 h and recovery growth. (C) The survival rate of A. thaliana under control and low temperature stress. Bar = 5 cm. (**, p ≤ 0.01).



Figures 5B, C showed the phenotypic changes and survival of A. thaliana after low temperature stress. Without treatment, all Arabidopsis grew well, showing a healthy state. The temperature of its growth environment was set at -4°C. After 12 h of growth, the leaves of WT and UL lines became soft and shrunk, and the plants were short. The transgenic lines suffered less damage, and the changes were not very obvious. After the normal growth temperature was restored, WT and UL almost all dead, and the survival rate was only 29.3, 37.2. However, some transgenic lines still survived, with the survival rates of 87.5, 89.1 and 88.8 respectively. These results indicated that MbMYBC1 played a significant role in improving the cold resistance of A. thaliana.

Without treatment, the related physiological and biochemical indexes of all plants were roughly in the same level. After low temperature stress, there were obvious changes, which can be seen from Figure 6. The EL, content of proline and the activities of SOD, CAT and POD were increased in all Arabidopsis, but the increase was greater in L1/4/5, indicating that the degree of cytoplasmic membrane peroxidation in transgenic lines was relatively low. Chlorophyll content of all lines decreased, but the decrease was greater in WT and UL lines, indicating that they suffered more severe stress and chloroplast structure was severely damaged. It can be inferred that MbMYBC1 can effectively improve the cold tolerance of plants.




Figure 6 | Physiological and biochemical indicatorsin MbMYBC1-OE A. thaliana. (A) EL, (B) Chlorophyll content, (C) proline content, (D) SOD activities, (E) CAT activities, and (F) POD activities. (**, P ≤0.01).The control was the index in the WT. All data were the average of 3 measurements.





Expression analysis of cold resistant downstream genes in MbMYBC1-OE A. thaliana

The expression of four cold stress related target genes downstream of MbMYBC1 was detected by qRT-PCR. The results showed that in Figure 7, these 4 genes were AtDREB1A, AtCOR15a, AtERD10B and AtCOR47. Without -4°C treatment, the expression levels of these genes in all Arabidopsis were close and very low. After cold stress, their expression increased significantly, especially in MbMYBC1-OE A. thaliana, which was much higher than that in UL and WT lines. Therefore, MbMYBC1 may improve the adaptability of plants to low temperature through positive regulation of downstream related target genes.




Figure 7 | Expression of 4 cold stress related genes in A. thaliana. The expression leave of (A) AtDREB1A, (B) AtCOR15a, (C) AtERD10B and (D) AtCOR47. (**, P ≤0.01). The control was the index in the WT. All data were the average of 3 measurements.





Increased tolerance of transgenic A. thaliana to drought stress

Figure 8 showed the phenotype changes and survival rate of Arabidopsis after drought stress. When growing in a good environment, the appearance of all plants was basically the same, and the leaves were plump. After 7 days of stopping watering, the phenotypes of WT and UL lines had changed significantly, the leaves became smaller and curly, while the changes of transgenic plants were not very obvious. After 3 days of normal watering, only 34.5% and 30.2% of WT and UL survived, while the survival rates of L1, L4 and L5 were 90.7%, 86.4% and 87.4% respectively.




Figure 8 | Phenotype and survival rate of A. thaliana. (A) The phenotypes of WT, UL, L1/4/5 lines were observed after 0 and 7 d of stopping watering and recovering growth. (B) The survival rate of A. thaliana under control and drought stress. Bar= 5 cm. (**, p ≤ 0.01).



Under the control condition, the determination results of relevant physiological and biochemical indexes of WT, UL and L1/4/5 lines were basically the same (Figure 9). After drought stress, except for the reduction of chlorophyll content, EL, proline content, SOD, CAT and POD activities were higher than those in the control group, and these indicators were significantly higher in transgenic lines than in WT and UL lines. As for chlorophyll content, it was also higher in transgenic plants, it can be preliminarily inferred that overexpression of MbMYBC1 is helpful to improve the survival rate of plants in arid environments.




Figure 9 | Physiological and biochemical indicatorsin MbMYBC1-OE A. thaliana under drought stress. (A) EL, (B) Chlorophyll content, (C) proline content, (D) SOD activities, (E) CAT activities, and (F) POD activities. (**, P ≤0.01). The control was the index in the WT. All data were the average of 3 measurements.





Expression analysis of drought resistant downstream genes in MbMYBC1-OE A. thaliana

In order to further explore the molecular mechanism of plant drought resistance, the expression levels of several related downstream target genes were detected by qPCR in this study. The results were shown in Figure 10. These 4 genes were AtSnRK2.4, AtRD29A, AtSOD1 and AtP5CS1, respectively. Before watering was stopped, the expression levels of these 4 genes in all plants were at the same low level. After water shortage treatment, their expression levels in all lines were improved to varying degrees, especially in transgenic lines (L1, L4, L5), although they were also increased in WT and UL lines, but the expression level was much lower than that in L1, L4 and L5.




Figure 10 | Expression of 4drought stress related genes in A. thaliana. The expression leave of (A) AtSnRK2.4, (B) AtRD29A, (C) AtSOD1 and (D) AtP5CS1. (**, P ≤0.01). The control was the index in the WT. All data were the average of 3 measurements.






Discussion

Because of the adverse changes in the environment, the fixed plants will inevitably suffer from various abiotic stresses, which will restrict the yield and geographical distribution of horticultural crops, as well as economic development (Zhu, 2016; Han et al., 2018c; Tripathi et al., 2022). In order to cope with these environmental factors threatening survival, plants have evolved a variety of adaptive mechanisms, including morphological, physiological and molecular aspects (Yan et al., 2014; Xiong et al., 2020; Liang et al., 2022a). TFs can play a regulatory role at the transcriptional level, enabling plants to adapt to external environmental stress by changing their own structure or metabolic process (Serrano et al., 2014; Qin et al., 2015; Zhang et al., 2018). It can also increase or inhibit the expression of downstream genes by combining with cis acting elements of target genes, so as to improve plant stress resistance (Liu et al., 2019; Liang et al., 2022b).

As one of the largest TF families, MYB has been proved to be involved in the response of plants to cold and drought stress. Dossa et al. (2019) found that the overexpression of SiMYB75 can promote the accumulation of ABA in Arabidopsis, and promote the up regulation of drought stress related genes in its downstream through ABA dependent pathway, so as to improve the tolerance of Arabidopsis to drought stress. Studies have shown that GmMYB118 can up regulate the expression of genes related to drought stress through ABA signal pathway to enhance the viability of transgenic Arabidopsis under drought conditions (Du et al., 2018). Overexpression of GmMYBJ1 can change some physiological traits of plants to adapt to low temperature environment, and can activate the expression of downstream AtRD29B, AtCOR47, AtCOR78, AtP5CS and AtCOR15a, which further enhanced the ability of plants to respond to chill environment (Su et al., 2014).

In our experiment, we cloned and separated MbMYBC1 from M. baccata and characterized it. Sequence analysis and cluster analysis of MbMYBC1 and other MYB proteins showed that they may have similar functions and properties, and the highest homology between MbMYBC1 and MsMYBC1 (Figure 1). The predicted domain and tertiary structure of MbMYBC1 protein also conformed to the function of the proposed transcription factor (Figure 2). The subcellular localization results confirmed that it was a nuclear protein, which was the same as other known MYB proteins (Figure 3).

After qPCR detection of MbMYBC1, it was found that it could be expressed in young leaves, mature leaves, root and stem, but the expression amount was different (Figure 4). Its expression level in young leaves and roots was higher, indicating that the expression of MbMYBC1 was tissue specific. After detecting the expression of MbMYBC1 in young leaves and roots under different conditions, it was found that the expression of this gene could be subjected to cold, drought, salt and high temperature stresses, and the expression level changed with time, showing a trend of first rising and then declining. According to this result, we can know that its expression was also stage specific. In addition, we also found that the expression of MbMYBC1 was more susceptible to the induction of low temperature and drought. In view of this phenomenon, we speculated that MbMYBC1 may play a key role in regulating the response of plants to low temperature and drought stress.

In order to explore the role of MbMYBC1 in plant cold and drought resistance, we detected the changes of phenotypic, physiological and biochemical indicators of transgenic Arabidopsis after cold and drought stress. Plant phenotype is closely related to damage degree (Singh et al., 2021). Cell membrane is the protective barrier of cells, and the MDA content can reflect the permeability of cell membrane under stress (Jungklang et al., 2017). The harsh environment will make plant cells produce excessive ROS, which will cause serious damage to the structural and functional integrity of chloroplasts, affect the synthesis of chlorophyll, and change the activity of antioxidant enzymes (Kavian et al., 2022; Han et al., 2023). An obvious fact was that WT and UL plants grew weaker after stress treatment. However, transgenic lines still had a high survival rate (Figures 5, Figure 8). Moreover, EL, content of chlorophyll and proline, activities of SOD, POD and CAT have changed correspondingly in response to stimuli to adapt to cold and drought (Figures 6, Figure 9). This showed that overexpression of MbMYBC1 can reduce plant damage under low temperature and drought stress.

Overexpression of MbMYBC1 also activated the expression of downstream related target genes (Figures 7, 10). Therefore, based on this result and the proven conclusion, we predicted the possible pathway of this gene in response to cold and drought stress, as show in Figure 11. When subjected to low temperature stress, MbMYBC1 first perceives cold signals and activates the expression of downstream cold response genes DREB1A, CCA1, ERD10B and COR47 through CBF pathway, thus endowing plants with cold tolerance. After receiving drought stimulation, MbMYBC1 transmits signals to downstream SnRK2.4, RD29A, SOD1 containing ABA response elements through ABA dependent pathway to promote their expression, and can also directly activate the expression of P5CS1, giving plants drought tolerance.




Figure 11 | A potential model of MbMYBC1 regulating plant responses to low temperature and drought stress.





Conclusion

We isolated and characterized a new MYB gene, MbMYBC1, which encodes a protein localized in the nucleus. Overexpression of MbMYBC1 can change the relevant physiological and biochemical indicators and also regulate the expression of stress-related genes so as to improve the survival ability of plants under cold and drought conditions. This provides a theoretical basis and candidate genes for improving apple quality.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Author contributions

WL contributed to the conception of the study, TW, YW, and XL performed the experiment, contributed significantly to analysis and manuscript preparation, JH and DH and performed the data analyses and wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This project was supported by the National Natural Science Foundation of China (32172521), the Natural Science Fund Joint Guidance Project of Heilongjiang Province (LH2022C097), the Collaborative Innovation System of Agricultural Bioeconomy in Heilongjiang Province and Heilongjiang Province Research Institute Research Expenses Project (CZKYF2023-1-B021).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1141446/full#supplementary-material

Supplementary Figure 1 | Gene sequence and amino acid sequence of MbMYBC1. The underscore marked the conservative sequence of MYB.



References

 Assal, N., and Lin, M. (2021). PCR procedures to amplify GC-rich DNA sequences of mycobacterium bovis. J. Microbiol. Meth. 181, 106121. doi: 10.1016/j.mimet.2020.106121

 Blum, A. (1983). Genetic and physiological relationships in plant breeding for drought resistance. Agric. Water Manag. 7 (1–3), 195–205. doi: 10.1016/0378-3774(83)90083-5

 Campos, P. S., Quartin, V., Ramalho, J. C., and Nunes, M. A. (2003). Electrolyte leakage and lipid degradation account for cold sensitivity in leaves of coffea sp plants. J. Plant Physiol. 160, 283–292. doi: 10.1078/0176-1617-00833

 Cao, Z. H., Zhang, S. Z., Wang, R. K., Zhang, R. F., and Hao, Y. J. (2013). Genome wide analysis of the apple MYB transcription factor family allows the identification of MdoMYB121 gene confering abiotic stress tolerance in plants. PloS One 8, e69955. doi: 10.1371/journal.pone.0069955

 Chen, Y., Li, L. L., Zong, J. Q., Chen, J. B., Guo, H., Guo, A. G., et al. (2015). Heterologous expression of the halophyte zoysia matrella h+-pyrophosphatase gene improved salt tolerance in Arabidopsis thaliana. Plant Physiol. Bioch. 91, 49–55. doi: 10.1016/j.plaphy.2015.04.004

 Chinnusamy, V., Zhu, J., and Zhu, J. (2006). Salt stress signaling and mechanisms of plant salt tolerance. Genet. Eng. (N. Y.) 27, 141–177. doi: 10.1007/0-387-25856-6_9

 Dogru, A., and Çakirlar, H. (2020). Effects of leaf age on chlorophyll fluorescence and antioxidant enzymes activity in winter rapeseed leaves under cold acclimation conditions. Braz. J. Bot. 43, 11–20. doi: 10.1007/s40415-020-00577-9

 Dossa, K., Mmadi, M. A., Zhou, R., Liu, A. L., Yang, Y. X., Diouf, D., et al. (2019). Ectopic expression of the sesame MYB transcription factor SiMYB305 promotes root growth and modulates ABA-mediated tolerance to drought and salt stresses in Arabidopsis. AoB Plants 12, plz081. doi: 10.1093/aobpla/plz081

 Du, H., Feng, B. R., Yang, S. S., Huang, Y. B., and Tang, Y. X. (2012). The R2R3-MYB transcription factor gene family in maize. PloS One 7, e37463. doi: 10.1371/journal.pone.0037463

 Du, Z., and Li, J. (2019). Expression, purification and molecular characterization of a novel transcription factor KcCBF3 from kandelia candel. Protein Expres. Purif. 153, 26–34. doi: 10.1016/j.pep.2018.08.006

 Du, Y., Zhao, M., Wang, C., Gao, Y., Wang, Y., Liu, Y., et al. (2018). Identification and characterization of GmMYB118 responses to drought and salt stress. BMC Plant Biol. 18, 320. doi: 10.1186/s12870-018-1551-7

 Furlan, A. L., Bianucci, E., Giordano, W., Castro, S., and Becker, D. F. (2020). Proline metabolic dynamics and implications in drought tolerance of peanut plants. Plant Physiol. Bioch. 151, 566–578. doi: 10.1016/j.plaphy.2020.04.010

 Gerona, M. E. B., Deocampo, M. P., Egdane, J. A., Ismail, A. M., and Dionisio-Sese, M. L. (2019). Physiological responses of contrasting rice genotypes to salt stress at reproductive stage. Rice Sci. 26, 207–219. doi: 10.1016/j.rsci.2019.05.001

 Han, D., Ding, H., Chai, L., Liu, W., Zhang, Z., Hou, Y., et al. (2018a). Isolation and characterization of MbWRKY1, a WRKY transcription factor gene from Malus baccata (L.) borkh involved in drought tol chinnusamy erance. Can. J. Plant Sci. 98, 1023–1034. doi: 10.1139/cjps-2017-0355

 Han, D., Du, M., Zhou, Z., Wang, S., Li, T., Han, J., et al. (2020a). An NAC transcription factor gene from Malus baccata, MbNAC29, increases cold and high salinity tolerance in Arabidopsis. In Vitro Cell. Dev-Pl. 56, 588–599. doi: 10.1007/s11627-020-10105-9

 Han, D., Han, J., Yang, G., Wang, S., Xu, T., and Li, W. (2020b). An ERF transcription factor gene from Malus baccata (L.) borkh, MbERF11, affects cold and salt stress tolerance in Arabidopsis. Forests 11, 514. doi: 10.3390/f11050514

 Han, J., Li, X., Li, W., Yang, Q., Li, Z., Cheng, Z., et al. (2023). Isolation and preliminary functional analysis of FvICE1, involved in cold and drought tolerance in fragaria vesca through overexpression and CRISPR/Cas9 technologies. Plant Physiol. Bioch 196, 270–280. doi: 10.1016/j.plaphy.2023.01.048

 Han, D., Shi, Y., Yu, Z., Liu, W., Lv, B., Wang, B., et al. (2015). Isolation and functional analysis of MdCS1: A gene encoding a citrate synthase in Malus domestica (L.) borkh. Plant Growth Regul. 75, 209–218. doi: 10.1007/s10725-014-9945-5

 Han, D., Yang, G., Xu, K., Shao, Q., Yu, Z., Wang, B., et al. (2013). Overexpression of a Malus xiaojinensis Nas1 gene influences flower development and tolerance to iron stress in transgenic tobacco. Plant Mol. Biol. Rep. 31, 802–809. doi: 10.1007/s11105-012-0551-2

 Han, D., Zhang, Z., Ding, H., Wang, Y., Liu, W., Li, H., et al. (2018c). Molecular cloning and functional analysis of MbWRKY3 involved in improved drought tolerance in transformed tobacco. J. Plant Interact. 13, 329–337. doi: 10.1080/17429145.2018.1478994

 Han, D., Zhang, Z., Ni, B., Ding, H., Liu, W., Li, W., et al. (2018b). Isolation and functional analysis of MxNAS3 involved in enhanced iron stress tolerance and abnormal flower in transgenic Arabidopsis. J. Plant Interact. 13, 433–441. doi: 10.1080/17429145.2018.1499145

 Jiang, Y., and Deyholos, M. K. (2009). Functional characterization of Arabidopsis NaCl-inducible WRKY25 and WRKY33 transcription factors in abiotic stresses. Plant Mol. Biol. 69, 91–105. doi: 10.1007/s11103-008-9408-3

 Jungklang, J., Saengnil, K., and Uthaibutra, J. (2017). Effects of water-deficit stress and paclobutrazol on growth, relative water content, electrolyte leakage, proline content and some antioxidant changes in curcuma alismatifolia gagnep. cv. Chiang mai pink. Saudi J. Biol. Sci. 24, 1505–1512. doi: 10.1016/j.sjbs.2015.09.017

 Kavian, S., Safarzadeh, S., and Yasrebi, J. (2022). Zinc improves growth and antioxidant enzyme activity in aloe vera plant under salt stress. S. Afr. J. Bot. 147, 1221–1229. doi: 10.1016/j.sajb.2022.04.011

 Kazuko, Y. S., and Kazuo, S. (1993). Characterization of the expression of a desiccation-responsive rd29 gene of Arabidopsis thaliana and analysis of its promoter in transgenic plants. Mol. Genet. Genomics 236, 331–340. doi: 10.1007/bf00277130

 Latchman, D. S. (1997). Transcription factors: An overview. Int. J. Biochem. Cell B. 29(12), 1305–1312. doi: 10.1016/S1357-2725(97)00085-X

 Li, X., Cheng, X., Li, J., Qiao, X., Li, L., Yu, L., et al. (2016). Genome-wide identification,evolution and functional divergence of MYB transcription factors in Chinese white pear (Pyrus bretschneideri). Plant Cell Physiol. 57, 824–847. doi: 10.1093/pcp/pcw029

 Li, X., Liang, X., Li, W., Yao, A., Liu, W., Wang, Y., et al. (2022). Isolation and functional analysis of MbCBF2, a Malus baccata (L.) borkh CBF transcription factor gene, with functions in tolerance to cold and salt stress in transgenic Arabidopsis thaliana. Int. J. Mol. Sci. 23, 9827. doi: 10.3390/ijms23179827

 Li, C., Ng, C. K. Y., and Fan, L. M. (2015). MYB transcription factors,active players in abiotic stress signaling. Environ. Exp. Bot. 114, 80–91. doi: 10.1016/j.envexpbot.2014.06.014

 Li, Y., Zhong, J., Huang, P., Shao, B., Li, W., Liu, W., et al. (2022). Overexpression of MxFRO6, a FRO gene from Malus xiaojinensis, increases iron and salt tolerance in Arabidopsis thaliana. In Vitro Cell. Dev-Pl. 58, 189–199. doi: 10.1007/s11627-022-10256-x

 Li, W., Zhong, J., Zhang, L., Wang, Y., Song, P., Liu, W., et al. (2022). Overexpression of a Fragaria vesca MYB transcription factor gene (FvMYB82) increases salt and cold tolerance in Arabidopsis thaliana. Int. J. Mol. Sci. 23, 10538. doi: 10.3390/ijms231810538

 Li, J., Zhou, H., Xiong, C., Peng, Z., Du, W., Li, H., et al. (2022). Genome-wide analysis R2R3-MYB transcription factors in xanthoceras sorbifolium bunge and functional analysis of XsMYB30 in drought and salt stresses tolerance. Ind. Crop Prod. 178, 114597. doi: 10.1016/j.indcrop.2022.114597

 Liang, X., Li, Y., Yao, A., Liu, W., Yang, T., Zhao, M., et al. (2022a). Overexpression of MxbHLH18 increased iron and high salinity stress tolerance in arabidopsis thaliana. international. Int. J. Mol. Sci. 23, 8007. doi: 10.3390/ijms23148007

 Liang, X., Luo, G., Li, W., Yao, A., Liu, W., Xie, L., et al. (2022b). Overexpression of a Malus baccata CBF transcription factor gene, MbCBF1, increases cold and salinity tolerance in Arabidopsis thaliana. Plant Physiol. Bioch. 192, 230–242. doi: 10.1016/j.plaphy.2022.10.012

 Lin, S., Singh, R. K., Moehninsi,, and Navarre, D. A. (2021). R2R3-MYB transcription factors, StmiR858 and sucrose mediate potato flavonol biosynthesis. Hortic. Res. 8, 25. doi: 10.1038/s41438-021-00463-9

 Liu, Y., Yang, H., Wen, F., Bao, L., Zhao, Z., and Zhong, Z.,. M. (2023). Chitooligosaccharide-induced plant stress resistance. Carbohyd. Polym. 302, 120344. doi: 10.1016/j.carbpol.2022.120344

 Liu, W., Zhao, B., Chao, Q., Wang, B., Zhang, Q., Zhang, C., et al. (2019). Function analysis of ZmNAC33, a positive regulator in drought stress response in Arabidopsis. Plant Physiol. Bio. 145, 174–183. doi: 10.1016/j.plaphy.2019.10.038

 Lu, X., Yang, L., Yu, M., Lai, J., Wang, C., McNeil, D., et al. (2017). A novel zea mays ssp. mexicana l. MYC-type ICE-like transcription factor gene ZmmICE1, enhances freezing tolerance in transgenic Arabidopsis thaliana. Plant Physiol. Bioch. 113, 78–88. doi: 10.1016/j.plaphy.2017.02.002

 Matus, J. T., Aquea, F., and Arce-Johnson, P. (2008). Analysis of the grape MYB R2R3 subfamily reveals expanded wine quality-related clades and conserved gene structure organization across Vitis and Arabidopsis genomes. BMC Plant Bio. 8, 83. doi: 10.1186/1471-2229-8-83

 Modesto, P., Peletto, S., Pisoni, G., Cremonesi, P., Castiglioni, B., Colussi, S., et al. (2013). Evaluation of internal reference genes for quantitative expression analysis by real-time reverse transcription-PCR in somatic cells from goat milk. J. Dairy Sci. 96, 7932–7944. doi: 10.3168/jds.2012-6383

 Nakashima, K., and Yamaguchi-Shinozaki, K. (2013). ABA signaling in stress-response and seed development. Plant Cell Rep. 32, 959–970. doi: 10.1007/s00299-013-1418-1

 Nandhini, K., Saraswathi, R., and Premalatha, N. (2022). Identification of drought tolerant entries based on stress tolerant indices and physiological traits in RIL population of cotton (Gossypium hirsutum). Crop Design. 1, 100014. doi: 10.1016/j.cropd.2022.100014

 Ou, L., Wei, G., Zhang, Z., Dai, X., and Zou, X. (2015). Effects of low temperature and low irradiance on the physiological characteristics and related gene expression of different pepper species. Photosynthetica 53, 85–94. doi: 10.1007/s11099-015-0084-7

 Qin, Y., Tian, Y., and Liu, X. (2015). A wheat salinity-induced WRKY transcription factor TaWRKY93 confers multiple abiotic stress tolerance in Arabidopsis thaliana. Biochem. Biophys. Res. Commun. 464, 428–433. doi: 10.1016/j.bbrc.2015.06.128

 Ren, J., Li, X., Mao, J., Zuo, C., Zhao, X., and Chen, B. (2017). Physiological and quantitative phosphoproteome analyses of drought stress-induced mechanisms in Malus baccata (L.) borkh. Biochem. Syst. Ecol. 72, 47–55. doi: 10.1016/j.bse.2017.04.006

 Serrano, M., Coluccia, F., Torres, M., L'Haridon, F., and Métraux, J. P. (2014). The cuticle and plant defense to pathogens. Front. Plant Sci. 5, 274. doi: 10.3389/fpls.2014.00274

 Singh, A., Jones, S., Ganapathysubramanian, B., Sarkar, S., Mueller, D., Sandhu, K., et al. (2021). Challenges and opportunities in machine-augmented plant stress phenotyping. Trends Plant Sci. 26, 53–69. doi: 10.1016/j.tplants.2020.07.010

 Song, Q., Wang, X., Li, J., Chen, T., Liu, Y., and Yang, X. (2021). CBF1 and CBF4 in solanum tuberosum l. differ in their effect on low-temperature tolerance and development. Environ. Exp. Bot. 185, 104416.

 Steponkus, P. L., Uemura, M., Joseph, R. A., Gilmour, S. J., and Thomashow, M. F. (1998). Mode of action of the COR15a gene on the freezing tolerance of Arabidopsis thaliana. Proc. Natl. Acad. Sci. U. S. A. 95, 14570–14575. doi: 10.1073/pnas.95.24.14570

 Su, L., Li, J., Liu, D., Ying, Z., Zhang, H., Li, X., et al. (2014). A novel MYB transcription factor, GmMYBJ1, from soybean confers drought and cold tolerance in Arabidopsis thaliana. Gene 538, 46–55. doi: 10.1016/j.gene.2014.01.024

 Su, Y., Wang, P., Lu, S., and Chen, B. (2022). Molecular cloning, bioinformatics analysis, and transient expression of MdAux/IAA28 in apple (Malus domestic). Gene Rep. 26, 101464. doi: 10.1016/j.genrep.2021.101464

 Tripathi, D., Singh, M., and Pandey-Rai, S. (2022). Crosstalk of nanoparticles and phytohormones regulate plant growth and metabolism under abiotic and biotic stress. Plant Stress 6, 100107. doi: 10.1016/j.stress.2022.100107

 Wang, M., Hao, J., Chen, X., and Zhang, X. (2020). SlMYB102 expression enhances low-temperature stress resistance in tomato plants. PeerJ 8, e10059. doi: 10.7717/peerj.10059

 Wang, G., Zeng, F., Song, P., Sun, B., Wang, Q., and Wang, J. (2022). Effects of reduced chlorophyll content on photosystem functions and photosynthetic electron transport rate in rice leaves. J. Plant Physiol. 272, 153669. doi: 10.1016/j.jplph.2022.153669

 Wassie, M., Song, S. R., Cao, L. W., and Chen, L. (2023). A medicago truncatula calcineurin b-like protein, MtCBL13 confers drought sensitivity in arabidopsis through ABA-dependent pathway. Environ. Exp. Bot. 206, 105141. doi: 10.1016/j.envexpbot.2022.105141

 Wu, F., Muvunyi, B. P., Yan, Q., Kanzana, G., Ma, T., Zhang, Z., et al. (2022). Comprehensive genome-wide analysis of polyamine and ethylene pathway genes in cleisto genes songorica and CsSAMDC2 function in response to abiotic stress. Environ. Exp. Bot. 202, 105029. doi: 10.1016/j.envexpbot.2022.105029

 Xiong, C., Zhao, S., Yu, X., Sun, Y., Li, H., Ruan, C., et al. (2020). Yellowhorn drought-induced transcription factor XsWRKY20 acts as a positive regulator in drought stress through ROS homeostasis and ABA signaling pathway. Plant Physiol. Bioch. 155, 187–195. doi: 10.1016/j.plaphy.2020.06.037

 Yamaguchi-Shinozaki, K., and Shinozaki, K. (1994). A novel cis-acting element in an Arabidopsis gene is involved in responsiveness to drought, low-temperature, or high-salt stress. Plant Cell. 6, 251–264.

 Yan, H., Jia, H., Chen, X., Hao, L., An, H., and Guo, X. (2014). The cotton WRKY transcription factor GhWRKY17 functions in drought and salt stress in transgenic nicotiana benthamiana through ABA signaling and the modulation of reactive oxygen species production. Plant Cell Physiol. 55, 2060–2076. doi: 10.1093/pcp/pcu133

 Yao, C., Li, X., Li, Y., Yang, G., Liu, W., Shao, B., et al. (2022b). Overexpression of a Malus baccata MYB transcription factor gene MbMYB4 increases cold and drought tolerance in arabidopsis thaliana. Int. J. Mol. Sci. 23, 1794. doi: 10.3390/ijms23031794

 Yao, C., Li, W., Liang, X., Ren, C., Liu, W., Yang, G., et al. (2022a). Molecular cloning and characterization of MbMYB108, a Malus baccata MYB transcription factor gene, with functions in tolerance to cold and drought stress in transgenic Arabidopsis thaliana. Int. J. Mol. Sci. 23, 4846. doi: 10.3390/ijms23094846

 Zhang, A., Wang, W., Tong, Y., Li, M., Grierson, D., Ferguson, I., et al. (2018). Transcriptome analysis identifies a zinc finger protein regulating starch degradation in kiwifruit. Plant Physiol. 178, 850–863. doi: 10.1104/pp.18.00427

 Zhu, J. K. (2016). Abiotic stress signaling and responses in plants. Cell 167, 313–324. doi: 10.1016/j.cell.2016.08.029



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Liu, Wang, Wang, Liang, Han and Han. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 07 March 2023

doi: 10.3389/fpls.2023.1119749

[image: image2]


Transcriptome analysis reveals the crucial function of hyperoside in inhibiting anthocyanin accumulation in grape (Vitis vinifera L.) fruits by inducing VvMYB62


Ling Su 1, Man Zhang 2,3, Yudie Zhang 2,3, Yingchun Chen 1, Liying Yang 1, Yongmei Wang 1, Yangbo Song 4 and Lei Gong 1*


1 Shandong Academy of Grape, Shandong Academy of Agricultural Sciences, Jinan, China, 2 College of Horticulture Science and Technology, Hebei Normal University of Science and Technology, Hebei, China, 3 Hebei Key Laboratory of Horticultural Germplasm Excavation and Innovative Utilization, Qinhuangdao, Hebei, China, 4 College of Agriculture and Animal Husbandry, Qinghai University, Xining, China




Edited by: 

Dong Meng, Cornell University, United States

Reviewed by: 

Yongjiang Sun, Beijing Forestry University, China

Qiuju Chen, Shandong Agricultural University, China

*Correspondence: 

Lei Gong
 glflysky@163.com

Specialty section: 
 This article was submitted to Plant Metabolism and Chemodiversity, a section of the journal Frontiers in Plant Science


Received: 09 December 2022

Accepted: 18 January 2023

Published: 07 March 2023

Citation:
Su L, Zhang M, Zhang Y, Chen Y, Yang L, Wang Y, Song Y and Gong L (2023) Transcriptome analysis reveals the crucial function of hyperoside in inhibiting anthocyanin accumulation in grape (Vitis vinifera L.) fruits by inducing VvMYB62. Front. Plant Sci. 14:1119749. doi: 10.3389/fpls.2023.1119749






Introduction

The formation of color in plants is significantly dependent on anthocyaninpigments. Grape species vary in color due to the differences in anthocyanin accumulation. It is widely recognized that both biotic and abiotic conditions may have an impact on anthocyanin synthesis in plants. The underlying molecular mechanisms by which external application of hyperoside impacts anthocyanin formation in grapes, however, have received little attention.





Methods

In the current study,the transcriptome of Gemstone seedless grape was examined using high-throughput RNA sequencing at various developmental stages reply to both control and hyperoside treatments.





Results

The results of this study suggested that the major genes controlling anthocyanin accumulation in response to the externalinjection of hyperoside could be VvMYB62, VvPAL, VvCHS, and VvF3’5’H.Quantitative reverse transcription PCR (RT-qPCR) results were used to confirm the changes in the expression levels of the genes encoding the anthocyanin biosynthesis pathway under the control and hyperoside treatments. Using a transient transformation system, it was discovered that VvMYB62 was shown to regulate the anthocyanin accumulation at both the transcriptional and posttranslational levels and could be influenced by the external administration of hyperoside. In grape embryogenic calli, hyperoside could specifically suppress theexpression of VvMYB62 and anthocyanin accumulation. In this instance, the VvMYB62 characterisation brought attention to the significance of exogenous hyperoside-induced anthocyanin accumulation. Therefore, the results demonstrated that VvMYB62 could be hindered in the process of grape during anthocyanin accumulation caused by hyperoside.





Discussion

These findings offer excellent candidate genes in the future breeding of novel grape varieties in addition to serving as a crucial reference for understanding the underlying molecular processes of hyperoside suppression of anthocyanin formation in plants.
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Introduction

One of the oldest fruit woody vine species in the world is the grape (Vitis vinifera L.), which is a member of the grape family or the Vitaceae (Galet, 1988). Color change is one of the most obvious indicators of fruit ripening and fruit color in table grapes is a critical indicator of the market value. Alternatively, poor fruit coloring in the mature stages has a major impact on the economic worth of grapes.

The Gemstone seedless grape is a popular variety that has crisp, seedless meat, and brilliant red-purple and thin skin. The purplish-red color of this fruit is closely linked to its anthocyanin accumulation. Anthocyanin is a water-soluble natural pigment that is prevalent in plants (Khoo et al., 2017). The amount of anthocyanin changes at the same time as the fruit matures. The process of accumulation of anthocyanin has been thoroughly investigated. Anthocyanin is part of the phenolic group (Wallace and Giusti, 2015), have powerful antioxidant effects, and have shown a unique role in health. Pelargonidin, cyanidin, delphinidin, peonidin, and malvidin are the anthocyanidins that are most often included (Tanaka et al., 2008).

Anthocyanin is produced through phenylpropanoid metabolic pathways and flavonoid biosynthesis and are also regulated by multiple enzymes including cinnamate-4-hydroxylase (C4H) and coumaric acid COA ligase (4CL) for 4-coumaryl COA formation (Kim et al., 2007). Next, 4-coumaryl COA is catalyzed by chalcone synthase (CHS) to produce yellow chalcone, which is subsequently catalyzed by chalcone isomerase (CHI) and flavanone 3-hydroxylase (F3H) to form dihydroflavanol. Dihydroflavanol is catalyzed with 3’-hydroxylase flavonoid (F3’H) and 3’flavonoid. Dihydroquercetin and dihydromyricetin, precursors of anthocyanin production, are formed under the catalysis of 5’-hydroxylase (F3’5’H). Colorless anthocyanin is formed by dihydroflavanol-4-redox (DFR) and catalysis dioxygenase/anthocyanin synthetase (LDOX/ANS) (Saito et al., 2013; Wang et al., 2017; Chen et al., 2018; Peng et al., 2019; ). Finally, anthocyanin form glycosidic bonds under the effect of glucosyltransferase and are subsequently converted into stable anthocyanin (Yang et al., 2018).

Hyperoside is a flavonol glycoside compound and a potent monomer extract of Abelmoschus sp. (mallow or the Malvaceae family) (Raza et al., 2017). Hyperoside is an organic compound that has certain antioxidant effects (Wang et al., 2022). For example, hyperoside isolated from methanol extract from nut leaves and tested for its antioxidant potential was found to have a peroxide-free radical recovery activity. According to studies, the flavonoid hyperoside may function as a signal to extend the time that okra plants are in flower (Yang et al., 2020). Additionally, hyperoside might extend the time needed for optimal okra pollination and encourage the development of pollen tubes in the style (Dong et al., 2021). Hyperoside administration could also speed up seed germination, enhance fruit size, and encourage the formation of flavonoids in okra seeds (Yang et al., 2021). We learned that the current mechanism is: hyperoside further affects flavonoid biosynthesis through CDPK6-MYB30-UFGT (Yang et al., 2020). However, the impact of hyperoside on plant anthocyanin is unknown at this time.

This study on the effect of hyperoside treatment on anthocyanin provides the groundwork for future research on the underlying mechanisms of grape fruit discoloration. In this study, we treated the Gemstone seedless grape with hyperoside, combined with transcriptome sequencing and RT-qPCR validation results, six candidate genes were screened out. In addition, the effects of the hyperoside treatment on the accumulation of anthocyanin were investigated via grape callus and fruit transformation.





Materials and methods




Plant species, experimental conditions, and treatment

Gemstone seedless viticulture at Shandong Academy of Grape, and each treatment selected 1 vine with the same growth potential, total 6 vines. Each vine was sprayed with 50mg/L hyperoside or treated with the buffer as a control. The process was sprayed twice, first on June 21st and second on July 9th. The spraying site was more than 2 lines of all leaves. Hyperoside reagent and the buffer was used to spray Gemstone seedless grapes from the early fruit stage to the ripening stage. The sample processing period was split into four stages (20 days at each stage for a total of 80 days) as follows: July 16 (B2, pre-color inversion stage), August 6 (B3, color reversal stage), August 26 (B4, early maturation stage), and September 16 (B5, complete ripening stage). Three copies of the experiment were carried out and the treated plants were immediately used for tissue sampling. Three fruits from the same plant were used as a treatment and each treatment sample was stored at -80°C until it was used.





Determination of anthocyanin

Anthocyanin was extracted using the previous report (Fang et al., 2019), with minor modifications. Each sample and each repeat of the different treatments and different periods were powdered in liquid nitrogen. Afterwards, 10 ml methanol: acetic acid (99:1) solution was added with the ground-up sample completely immersed in the solution (pump if needed), blocked, and the sample was extracted in darkness for 24 hours (shaking could be repeated). 1 ml of the supernatant from the combination was combined with 4 ml of KCl buffer (pH=1.0) after the mixture was centrifuged for 10 minutes at 8,228 g. The measurements of OD levels were taken at 530 and 700 nm. Afterwards, 1 ml of the aforementioned extract was then mixed with 4 ml of a NaAc buffer (pH=4.5) and the mixture was incubated for 15 minutes at ambient temperature. The anthocyanin content was calculated as follows: C=ΔA ×5×0.005×1000×449.2/(26900×0.5); ΔA = (A530-A700) (pH = 1.0) - (A530-A700) (pH = 4.5). Where C is the anthocyanin content and A530 and A700 are the optical density values of sample solutions. Triplicates of each biological sample were created.





Total RNA extraction, construction, and sequencing of the cDNA library

To assure the use of certified samples for transcription sequencing, the purity, concentration, and integrity of RNA samples are detected using cutting-edge molecular biology equipment. After the detection of qualified samples, the cDNA library was constructed as follows: (1) Oligo magnetic beads (dT) were added to eukaryotic mRNA; (2) mRNA was randomly aborted using the fragmentation buffer; (3) using mRNA as a model, the first and second strands of cDNA were then synthesized sequentially; and (4) the purified bacterial cDNA was repaired at the end, the A-tails were added, and the DNA was sequenced. (5) PCR enrichment was used to create the cDNA library. The library was built, and the RT-qPCR technique was utilized to precisely measure the real concentration of the library (> 2 nM) in order to ensure quality. Following a qualified inspection of the database, different libraries shall conduct pooling based on the target off-line data quantity. The sequencing was taken using the BMKCloud (https://www.biocloud.net).





GO and KEGG enrichment analysis

The Gene Ontology Consortium created the Gene Ontology(GO) database in 2000 as a structured, standardized biomonitoring system (Ashburner et al., 2000). It intends to generate a standardized knowledge vocabulary on genes and their products, which applies to various species. Based on the non-central hypergeometric distribution of Wallenius, GOseq R software packages carried out GO enrichment analysis of differentially expressed genes (DEGs).

Different genetic products work together to carry out biological processes in organisms, and pathway annotation study of DEGs may assist in better understanding the role of the genes. KEGG (Kyoto Encyclopedia of Genes and Genomes) (Kanehisa et al., 2004) is a database for systematically analyzing gene function and genomic information, making it easier to better understand genomes. The information about genes and expression is usually investigated as a complete network. An enrichment analysis of the significance of pathways was performed to determine those pathways that were significantly enriched in DEGs in relation to the overall genome background using a hypergeometric test based on Pathway in the KEGG database. The statistical enrichment of DEGs was evaluated using the KOBAS program in the paths of KEGG (Bao et al., 2019). Methods with a reliable enrichment value (p-value < 0.05) were chosen for the analysis.





RT-qPCR

For the RT-qPCR analysis, the total RNA of each sample was isolated from both treatments of the non-core gemstone. Each RNA sample’s residual DNA was extracted, and each cDNA sample was produced using Oligo dT in accordance with the manufacturer’s instructions (SuperScript III, Invitrogen, USA). The cDNA was diluted and used as a model. The gene-specific primers were made with Primer3 (https://primer3.org/). Supplementary Table S2 presents the primer sequences. Quantitative fluorescence experiments were conducted with SuperReal PreMix (Probe) (Tianroot Biology, Beijing, China) and CFX was used (Bio-Rad, West Berkeley, California, USA) to assist in the analysis (Du et al., 2021). The delta CT methodology was used for the computation of gene expression results. All samples were split into three biological replicates of RT-qPCR.





Putative gene selection

Flavonoid pathway-related DEGs were selected, such as VvPAL (phenylalanine lyase), VvCHS (Chalone synthase), VvF3’5’H (Flavonoid 3,5—hydroxylase), and VvMYB62 expressed during grape development. Using this website (http://www.bioinformatics.com.cn/), the heat map was produced.





Cloning and sequencing of putative VvMYB62

Particular primers were employed to isolate the presumed VvMYB62 gene. The PCR fragment was purified and cloned in the pROKII cloning vector (Song et al., 2022). The vector and the PCR-amplified product were mixed and ligated, and processed into Escherichia coli (E. coli) DH5α competent cells in accordance with the manufacturer’s instructions. DNAMAN software was used to compare gene sequences with the selected gene sequences with transcriptome sequences.





Analysis of transiently-transformed grape calli

The embryogenic callus of the grape was transformed in a transitory manner (Bao et al., 2017). The coding sequence (CDS) of the VvMYB62 gene was reconstituted into a pROKII vector with a GFP marker sequence to build the recombinant plasmid 35S:VvMYB62-GFP. The recombinant plasmid was converted into Agrobacterium tumefaciens EHA105 cells. After thawing, 200 ul of the bacterial solution was absorbed by the pipette and placed in 5 ml of Yep, Rif, and Kanamycin solution at 180 R/min on a shaker and 28°C for 20 hours, centrifuged at 5000 R/min for 10 minutes at room temperature. The supernatant was subsequently settled and the solution (4.44 g/L MS, 60 g/L sucrose, and 200 umol/L acetosyringone) was suspended again for two hours. The callus of a similar growth state (one month old) was chosen and the outer surface was transformed. The callus was submersed in the reassortment solution and sealed in a petri dish by means of using a vacuum pump for 20 minutes. The grape callus was cultured in the dark at 24°C for 48 hours on a solid medium (MS with 60 g/L sucrose, 7 g/L agar, and 200 umol/L acetosyringone). Grape callus transformed with an empty vector was used as control. In this experiment, the grape calli were pre-treated with a strain with overexpression VvMYB62 and empty vector, then vacuumed, and then placed into a growing dish containing 50mg/L hyperoside solution for subsequent operations. One biological replicate was created from the grape calli treated in the same petri dish, and the analysis required at least three biological replicates. Calli were then collected, instantly frozen in liquid nitrogen, and then kept at -80°C for subsequent use.





Instantaneous transformation of grape fruit

The fruits of Gemstone seedless grape were submerged in an Agrobacterium solution containing an empty vector and a vector for VvMYB62 overexpression in accordance with the rapid transformation of the grape fruit technique (Yao, 2021). Grape fruits were placed in a box containing MS and sucrose during a photoperiod of 16 hours of light and 8 hours of darkness after overnight incubation at 26°C in the dark. After temporary metamorphosis, the grape epidermis’ color was seen. Anthocyanin concentration and gene expression levels were assessed between treatments.





Statistical analysis

The error bars data were used to display the findings after each test was run in triplicate. Utilizing the GraphPad Prism 9 tool, the T-test approach was used to statistically analyze the data. P < 0.05 was represented by * and P < 0.001 by ***.






Results




Appearance and anthocyanin content of Gemstone seedless grape treated with hyperoside

To fully understand the effect of hyperoside treatment on anthocyanin content, we performed phenotypic analysis of grape fruits under two treatments.The changes in the color of grape fruit were observed at every stage.No obvious color differences were detected between the control and hyperoside-treated fruits at the color-turning and the early color-turning stages (stages B2 and B3). However, in the later stages of color alteration and fruit ripening (stages B4 and B5), the fruit color of hyperoside-treated samples was much paler than the control (Figure 1A). However, the fruit shape index did not significantly change from one period to the next (Figure 1D).




Figure 1 | Phenotypic map of Gemstone seedless grape during fruit development when it was treated with the control and hyperoside(HY) treatments. (A) A representation of grape fruits in their young, late, and mature phases after being treated with hyperoside and under control. (B) The amount of anthocyanin in grape fruits at various growth stages and after various treatments. (C) The chroma value of grape fruits at various growth stages when subjected to various treatments. (D) The grape fruit form index at various growth stages under different treatments. The statistics reflect the mean ± SD of three biological replicates. Statistical significance: *P < 0.05; ***P < 0.01. **0.01<P<0.05, ****P<0.001.



In view of the fact that treatment with hyperoside could significantly impact the antioxidant function of the fruit, the changes in anthocyanin content were further measured in both treatments. Phenotypic data showed that anthocyanin levels of both treatments increased substantilly at the B2-B5 stages with fruit development. Additionally, there were noticeable variations in anthocyanin content between both treatments at subsequent stages of color transfer and maturity (stages B4 and B5). Anthocyanin levels in hyperoside-treated fruit were significantly less than that of the control group (Figures 1B, C). These results suggest that the application of hyperoside could dramatically reduce the anthocyanin content in Gemstone seedless grapes. Transcriptome analysis was carried out on samples from the control and treatment groups at each of the five period groups in light of these phenotypic findings to identify the underlying molecular pathways of hyperoside-induced anthocyanin accumulation.





Transcriptome sequencing, de novo assembly, and quality control analysis

Gemstone seed-free grape cDNA samples were sequenced with the Illumina sequencing platform. The selected clean reads were mapped using the grape reference genome (ftp://ftp.ensemblgenomes.org/pub/plants/release25/fasta/vitis_vinifera/). After a thorough analysis of the quality control data analysis, a total of 6.58 GB of clean data were obtained for each sample with a baseline Q30 percentage of 92.64% or more. Clean reads of each sample were compared sequentially with the reference genome of the grape and the effectiveness of the comparison varied from 83.91 to 94.87% (Supplementary Table S1). Based on the comparison results, DEGs were identified based on their levels of expression in various samples and functional annotations and enrichment analyses were conducted.





Identification and screening of DEGs

The DEGs were screened between various treatments at the same developmental stage and explored the effects of hyperoside application on grape color transformation after the viability of the quality control data was confirmed. The following criteria were provided to see if the same gene is expressed differently in the two treatments: p-value<0.05 and the absolute value of Fold Change≥1.5. The DEGs were displayed using a Venn diagram (Figure 2A). Data revealed that there were 2,278 DEGs (two-fold up or down-regulated genes) in the B2CK_vs_B2HY group, of which 842 genes were up-regulated and 1,436 genes were down-regulated. There were 164 DEGs in the B3CK_vs_B3HY group, including 71 up-regulated and 93 down-regulated genes. In addition, 483 DEGs, including 134 up-regulated and 349 down-regulated genes, were found in the B4CK_vs_B4HY group. 513 up-regulated and 255 down-regulated genes showed differential expression at this stage compared to the previous phase (Figure 2B). Heat maps are used to depict DEG expression patterns in a more understandable way (Figure 2C).




Figure 2 | RNA sequence analysis was used to identify the number of differentially expressed genes (DEGs) in different treatment periods of Gemstone seedless grape. (A) Venn diagram representing the number of DEGs. (B) The overall total of DEGs used for each comparison. Yellow represents up-regulated and blue represents down-regulated. (C) The heat map analysis of DEGs.







GO annotation analysis

The three primary GO categories of “molecular function”, “biological processes”, and “cellular components” were applied to all DEGs (Figure 3). Four periods of GO enrichment analysis were completed. There were many terms in the categories “biological process,” “process,” “metabolism,” “the organization’s process,” “adjust,” “stimulus-response”, “the organization of cells or biological”, “localization”, “development”, as well as the “signal” and “process” of a multicellular organism. The term “extracellular area” was the most prevalent in the category “cell component”, which also included the terms “cell”, “cell part”, “organelle”, “membrane” and “organelle part”. The words “combination” and “catalytic activity”, “transport activity”, “nucleic acid combined with the activity of transcription factors”, “activists sensor”, “molecular sensor signal activity”, “cell”, “antioxidant activity” and “activity of transcription factors and protein activity” were some of the most frequently used ones in the category “molecular functions”.




Figure 3 | Comparison of hyperoside- and control-treated Gemstone seedless grapes at the B2, B3, B4, and B5 stages using GO enrichment analysis of differentially expressed genes (DEGs). The B2, B3, B4, and B5 stages stand for the early stage color transformation, the stage of color turning, the early maturity stage and the full maturity stage, respectively. Yellow represents up-regulated and blue represents down-regulated.







KEGG enrichment analysis

To further identify the biological functions of DEGs, a pathway analysis was performed using the KEGG database (Figure 4). The DEGs between B2_CK_vs_B2_HY groups were significantly enhanced in ten pathways. Both “ABC transporters” and “flavonoid biosynthesis” were closely linked to anthocyanin biosynthesis. DEGs between B3_CK_vs_B3_HY groups were significantly enhanced in four pathways, of which “anthocyanin biosynthesis” was the most relevant for this study. Four pathways in B4_CK_vs_B4_HY groups were linked to anthocyanin biosynthesis, including “phenylalanine metabolism”, “flavone and flavonol biosynthesis”, “flavonoid biosynthesis”, and “phenylpropanoid biosynthesis”.In the B5_CK_vs_B5_HY group, “flavone and flavonol biosynthesis”, “phenylalanine metabolism”, and “flavonoid biosynthesis” were correlated to anthocyaninbiosynthesis.




Figure 4 | KEGG enrichment analysis of differentially expressed genes (DEGs) in Gemstone seedless grape that was treated with hyperoside and control at the B2, B3, B4, and B5 stages. The number of genes enriched in the pathway is represented by the size of the circle, and the color corresponds to the size’s p-value. Red labels are enriched in the top 10 sites, P < 0.05, and are associated with anthocyanin synthesis.







Enzyme screening

The flavonoid biosynthesis pathway’s known genes were enumerated in the aforementioned four categories of comparison in order to better understand which genes are involved in the creation of color. Significantly more down-regulated genes were present than up-regulated ones. The B4 stage had the most DEGs that were down-regulated (Figure 5A). Statistics of the DEGs were presented in Figure 5B. The expression levels of the control and hyperoside treatments, as well as the B4 stage, were substantially different for a total of 22 DEGs involved in the synthesis of anthocyanin. The B5 stage has greater levels of gene expression than the B2 stage (Figure 5C).




Figure 5 | Screening and identification of enzymes. (A) Hyperoside-induced flavonoid metabolism pathway in Gemstone seedless grape fruit.Yellow represents up-regulated and blue represents down-regulated. (B) Data on the genes in the flavonoid biosynthesis pathway that were downregulated. (C) The pathway process in which the enzyme is located. Heat map illustrating changes in the anthocyanin metabolic pathways-related differentially expressed genes (DEGs) after treatment with hyperoside. (D) The gene expression levels of three enzymes (VvPAL, VvCHS, and VvF3’5’H) were determined by RT-qPCR. P< 0.05 and P< 0.01 are denoted, respectively, by the symbols * and ***.



In-depth explanations were provided for the metabolic pathway diagram used in this work. PAL catalyzes the formation of 4-coumaryl CoA from phenylalanine. Afterward, 4-coumaryl CoA is catalyzed by CHS to produce yellow chalcone, followed by CHI to form dihydroflavonol, and ultimately anthocyanin is synthesized. These three genes(VvPAL, VvCHS, and VvF3’5’H) with high expression were further examined using RT-qPCR verification. The outcomes demonstrated that the trend of fluorescence quantification-verified above gene expression was compatible with the transcriptome data, demonstrating the validity of the transcriptome data (Figure 5D).





Transcription factor identification and screening

An investigation of the co-expression patterns of all DEGs and the three aforementioned enzymes was carried out in order to learn more about how the treatment with hyperoside affects the biosynthesis of anthocyanin. The analysis of the fourth phase DEGs and the co-expression of all transcription factors revealed a separation into three clusters (Figure 6A). According to the rule of growth and development, heat map research revealed that several transcription factors had the same expression pattern as the enzymes (Figure 6B). The promoter sites of the aforementioned three enzymes were found to be largely localized in the family of MYB transcription factors using promoter homeogenic elements (Figure 6C). Three transcriptionfactors,VvMYB62,VvWRKY28,and VvTIFY9,were chosen for further verification(Figure 6D). VvMYB62 was chosen for overexpression investigation as a result.




Figure 6 | The screening and identification of transcription factors. (A) Co-expression trend analysis of transcription factors and enzymes. (B) Heat maps show the expression levels of selected transcription factors. (C) Analysis of promoter cis-acting elements. (D) RT-qPCR show the expression of transcription factors.  *P<0.05, **0.05<P< 0.01, ***P< 0.01.







The influence of VvMYB62 overexpression on grape callus

In plants, transient transformation is a reasonably quick method for detecting target gene expression (Sparkes et al., 2006). Grape calli were genetically altered using Agrobacterium tumefaciens to demonstrate that VvMYB62 may respond to hyperoside to control anthocyanin accumulation. Phenotypic alterations were seen once the VvMYB62 transcription factor was chosen for over-expression confirmation (Figure 7A). There were red callus lines where VvMYB62 was overexpressed. Calli overexpressing VvMYB62, however, displayed reduced redness in a hyperoside-induced media. The control’s calli were white. The measurement of anthocyanin content (Figure 7C) and RT-qPCR analysis (Figure 7B) corroborated the alterations in anthocyanin in the callus. According to the spectrophotometric measurement, VvMYB62-OE increased anthocyanin accumulation above the control. However, the capacity of VvMYB62-OE to promote anthocyanin accumulation was diminished after exogenous hyperoside therapy. RT-qPCR was used to assess the transcriptional levels of the genes involved in the anthocyanin biosynthesis pathway. According to these findings, VvMYB62, VvPAL, VvCHS, and VvF3’ 5’H were all up-regulated to varying degrees in VvMYB62-OE, while they were all down-regulated in VvMYB62-OE was hyperoside-mediated.




Figure 7 | Exogenous hyperoside prevented grape calli from expressing VvMYB62 and accumulating anthocyanin. (A) The appearance of the callus after four treatments. A 1 cm scale bar is used. (B) Levels of VvMYB62, VvPAL, VvCHS, and VvF3’5’H transcription. An internal control gene was VvActin. (C) The amount of anthocyanin in the CK and OE calli. The mean and standard deviation of three independent biological replicates are used to express values. Significant statistically: **0.05<P<0.01; ***P<0.01.







Influence of VvMYB62 overexpression on grape fruits

The VvMYB62 gene was transiently inserted into Gemstone seedless grape using Agrobacterium-mediated transfer in order to better investigate the function of the gene and its alterations after hyperoside treatment. Significant changes in fruit color between the treatment and control groups occurred after around 4 days of cultivation (Figure 8A). The trend difference of VvMYB62, VvPAL, VvCHS, and VvF3’5’H between the control and treatment groups was further established by RT-qPCR (Figures 8B, C). This study also showed that hyperoside treatment may minimize the coloring impact while VvMYB62 might increase the coloring of grape fruits.




Figure 8 | The instantaneous transformation of grape fruits. (A) The anthocyanin concentration and phenotypic diagram of grapes following transient overexpression. (B) RT-qPCR was used to identify the relative expression of VvMYB62 in the four treatments after transformation. (C) RT-qPCR was used to identify the relative expression levels of VvPAL, VvCHS, and VvF3’5’H in the four treatments after transformation. The mean and standard deviation of three independent biological replicates are used to express values. Significant statistically: **0.05<P<0.01; ***P< 0.01.








Discussion

The grape,a type of berry, is typically spherical or oval (Kupe, 2020). Grapes come in six different color varieties around the world: white, green, yellow, red, black, and purple (Walker et al., 2007). Because of their vibrant color, delectable flavor, and great nutritious content, customers adore grapes (Swami et al., 2014).

The underlying molecular mechanisms of anthocyanin biosynthesis induced by hyperoside in Gemstone seedless grapes were revealed in this study using transcriptome analysis, and several important transcription factors and enzyme genes were identified. Further investigation into the processes underlying grape coloration is made possible by the clarification of the effects of hyperoside treatment on anthocyanin biosynthesis.




Effects of hyperoside treatment on anthocyanin biosynthesis

It is generally recognized that both exogenous and internal variables, such as light, temperature, plant growth regulators, and nutritional status, have an impact on the production of flavonoids (Naik et al., 2022). This study showed a connection between endogenous anthocyanin accumulation and hyperoside administration externally. Hyperoside is a 3-O-galactoside of quercetin that encourages the flowering and seed formation of Abelmoschus esculentus (Naik et al., 2022). In order to monitor fruit growth, we sprayed each vine in this trial with 50mg/L hyperoside and buffer as a control. The findings show that Gemstone seedless grape anthocyanin content may be considerably reduced by exogenous hyperoside, delaying the stage of color change (Figure 1).






Enzyme changes during anthocyanin biosynthesis

The first significant enzyme in the process for the manufacture of anthocyanin is CHS. And it has been identified and cloned from numerous plants (Whang et al., 2011). Changes in the expression of the CHS gene may have an impact on plant color. White or spotted flowers could result from petunia CHS gene overexpression (Wang et al., 2006). The second important enzyme in the pathway that produces anthocyanin is called CHI (Sun et al., 2019). One of the important enzymes in the initial stage of anthocyanin biosynthesis is called F3H. According to earlier research, strawberry fruits infected with Agrobacterium GV3101 carrying the F3H-RNAi gene expressed the F3H gene at a lower level than the control (Jiang et al., 2013). Additionally, there was a considerable decrease in the content of anthocyanin and flavonol. In this research, exogenous hyperoside administration decreased the expression of key enzymes in the anthocyanin biosynthesis pathway, including VvPAL, VvAOMT3, VvCHS, VvCHI, VvF3H, and VvF3’5’H (Figure 5). Hyperoside may decrease anthocyanin production in grape grapes, as evidenced by the expression of associated enzymes throughout this process.





Changes in transcription factors during anthocyanin biosynthesis

The TIFY gene family is a significant transcription gene family in the plant world. It was formerly a member of the ZIM (zinc finger protein expressed in inflorescence meristem) gene family (Vanholme et al., 2007). The spatiotemporal expression pattern suggests a potential link between the PpTIFY gene and anthocyanin accumulation (Ma et al., 2018). And whereas most PpTIFY genes dramatically decreased in expression during fruit ripening, the amount of PpTIFY gene expression was highest in young leaves. Anthocyanin have been found to accumulate significantly in plants that overexpress the MYB62 gene (Devaiah et al., 2009).LOB domain (LBD) proteins are classified as conserved transverse organ boundary (LOB) proteins that are plant-specific transcription factors. They are mostly found in LBD proteins, which in general control the synthesis of anthocyanin and the nitrogen reaction. Previous research has discovered that WRKY28 and anthocyanin share a common ancestor (Zhang et al., 2020). In this investigation, we discovered that several transcription factors, including VvMYB62, VvTIFY9, VvTIFY5A, VvWRKY28, VvLOB41, and VvERF110, displayed a significant down-regulation trend during the B2-B5 stages after treatment with hyperoside (Figure 6). Therefore, it was proposed that hyperoside treatment would alter the down-regulation of these transcription factors, so reducing anthocyanin formation and delaying the stage of grape coloration.

Experiments on transient expression were done on the grape fruits and the embryogenic callus. Furthermore, it was discovered that following the overexpression of VvMYB62, the anthocyanin content and target gene expression greatly increased (Figures 7, 8). As a result, VvMYB62 could be able to favorably influence anthocyanin synthesis. In this study, hyperoside treatment in Gemstone seedless grape decreased anthocyanin concentration and downregulated target genes. These findings further indicated that grape hyperoside treatment-induced anthocyanin production could be adversely regulated by VvMYB62.

Based on the outcomes of this experiment, a biological model was created to clarify the part that hyperoside plays in the accumulation of anthocyanin (Figure 9). According to the research, the flavonol compound hyperoside prevents the accumulation of anthocyanin in grape fruits by lowering the level of transcription factor VvMYB62’s expression, which in turn affects the expression of related enzyme genes in the flavonoid pathway.These extensive data sets offer the groundwork for further research into the function of hyperoside therapy in anthocyanin formation as well as the underlying processes of grape hue.




Figure 9 | The metabolic routes for anthocyanin in grape fruits in response to hyperoside treatment are depicted in the working model. We put forth a molecular method that would prevent the production of anthocyanin by boosting VvMYB62 expression by spraying hyperoside on grape fruit. The expression level of VvMYB62 might be elevated and anthocyanin accumulation could be further encouraged in the absence of hyperoside. However, when grape fruits were given further hyperoside treatment, VvMYB62 expression was repressed and anthocyanin accumulation was constrained.







Conclusion

The fundamental molecular mechanism of hyperoside-inducing anthocyanin production in Gemstone seedless grape was clarified in this work using transcriptome sequencing. Seven transcription factors and 22 differentially expressed enzymes were found; they were then categorized into three groups. These findings suggested that hyperoside treatment could prevent anthocyanin from changing color. The impact of hyperoside on the biosynthesis of anthocyanin is now well-understood thanks to this work.
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Raspberries are highly nutritious and have powerful antioxidant properties, making them functional berries with positive effects on physiological functioning. However, there is limited information available on the diversity and variability of metabolites in raspberry and its parts, especially in plateau raspberries. To address this, commercial raspberries and their pulp and seeds from two plateaus in China were subjected to LC-MS/MS-based metabolomics analysis and evaluated for antioxidant activity using four assays. A metabolite-metabolite correlation network was established based on antioxidant activity and correlation analysis. The results showed that 1661 metabolites were identified and classified into 12 categories, with significant variations in composition between the whole berry and its parts from different plateaus. Flavonoids, amino acids and their derivatives, and phenolic acids were found to be up-regulated in Qinghai’s raspberry compared to Yunnan’s raspberry. The main differently regulated pathways were related to flavonoid, amino acid, and anthocyanin biosynthesis. The antioxidant activity of Qinghai’s raspberry was stronger than Yunnan’s raspberry, and the order of antioxidant capacity was seed > pulp > berry. The highest FRAP (420.31 µM TE/g DW) values was found in the seed of Qinghai’s raspberry. Overall, these findings suggest that the environment in which the berries grow can affect their chemical composition, and comprehensive exploitation and cultivation of whole raspberry and its parts from different plateaus can lead to new opportunities for phytochemical compositions and antioxidant activity.
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1 Introduction

Berries, including raspberries, are an excellent source of natural antioxidants and are an essential part of a healthy diet. Red raspberry (Rubus ideaus L.) is an aggregate fruit and is a genus of suspension berries (Rubus) in the Rosaceae family. Different cultivars and varieties of raspberries are grown worldwide, primarily in Europe, North America, China, Russia, and Japan (Sójka et al., 2016). It is grown for the fresh fruit market and primarily commercial processing into individually quick frozen fruit, juice (Jiang et al., 2022), pulp (Stüwe et al., 2022), dried fruit (Noratto et al., 2017), wine (Cao et al., 2022), and other products. Raspberries have been widely studied by the pharmaceutical, cosmetical, agricultural, and food industries (Kausar and Akhtar, 2016; Gomes et al., 2017; Kirina et al., 2020). Many in vitro and in vivo investigations on human health have demonstrated that raspberry has antibacterial (Goodman et al., 2020), anti-inflammatory, antioxidant (Wang et al., 2019), antiaging (Kobori et al., 2021), and anticancer (Seeram et al., 2006; Bader Ul Ain et al., 2022). Raspberries are known for their various biological activities, which can be primarily attributed to the presence of a diverse range of phytochemicals, such as flavonoids, phenolic acids, tannins, water-soluble vitamins, amino acids, and lignans (Seeram et al., 2006; Nile and Park, 2014; Huang et al., 2022).

Many studies analyzed the bioactivity and antioxidant capacity of different parts of plants. Afonso et al. (2020) studied bioactive substances and antioxidants in sweet cherry fruit stems and seed kernels. Lenucci et al. (2022) focused on the characterization of several bioactive molecule classes simultaneously performed in different fruit fractions of two mango cultivars. Xi et al. (2017) examined five fruit segments for phenolic chemicals and antioxidant capacity. Nevertheless, prior studies on raspberries has often focused on the whole berry or on specific tissues such as the pulp or seed. Additionally, some studies have only investigated a limited number of metabolites, rather than looking at the global profile of compounds present in raspberries and its parts. A whole raspberry comprises around 100 drupelets, each with a juicy pulp and a single central seed (Iannetta et al., 2000). Usually, red raspberries are eaten in whole fresh berries, and different parts of raspberry, such as pulp and seed, show various phytochemicals composition with distinctive antioxidant activities. Anthocyanins, flavanols, vitamins, superoxide dismutase, and phenolic acids are present in raspberry pulp, which may be advantageous to health (Badin et al., 2023), which are associated with different organoleptic attributes of color, aroma, and taste (Zhao et al., 2022). Although many research articles have been published on the valorization of byproducts from the agroindustry (Marcillo-Parra et al., 2021), the seed of some fruit remains under investigation. Raspberries’ seeds, unlike pulp, contain 10% oil with a unique chemical composition, making them a viable fatty raw material (Kosmala et al., 2015). Raspberry seeds are rich sources of polyunsaturated fatty acids and antioxidants, namely, polyphenols, flavonoids, and ellagitannins, that may improve the antioxidative status of a consumer (Gođevac et al., 2009; Kosmala et al., 2015). As far as we know, oxidative stress leads to various diseases (Gao et al., 2019). The health effects of raspberry, including its seeds, can prevent cancer by inhibiting cell proliferation, inducing autophagy, and inducing apoptosis (Bilawal et al., 2021).

Plant metabolomics can provide a comprehensive analysis of metabolites, a novel technology to analyze the quality and quantity of all metabolites in plants and organs (Li et al., 2021; Segla Koffi Dossou et al., 2022). To date, widely targeted metabolome, based on UPLC-ESI-triple quadrupole-linear ion trap (QTRAP)-MS/MS with a multiple reaction monitoring (MRM) mode, combines the merits of targeted and nontargeted metabolomics. With widely targeted metabolomics analysis, thousands of metabolites can be quickly detected and accurately quantified to assess the metabolome underlying the phenotype of organisms and investigate metabolite variability among different organs, varieties, and species (Scalbert et al., 2011). This approach has been widely used in fruit metabolite analysis, including peach (Gedük and Atsız, 2022), kiwifruit (Li et al., 2023), cherry (Yang et al., 2021), and blueberry (Zheng et al., 2020).

The antioxidant capabilities and bioactive chemicals composition of these berries, pulp, and seeds are not fully understood, despite the nutritional and commercial significance of raspberries. Moreover, studies have shown that raspberry polyphenols have antioxidant properties (Lebedev et al., 2022). Commercial raspberries, their pulp, and seeds from two plateaus (Yunnan and Qinghai, China) were used to confirm the diversity and variability of metabolites in whole raspberries and berry components and to reveal crucial metabolites and pathways causing variations in antioxidant activity. Several studies have documented that the raspberries’ composition and bioactivity are affected by some factors, such as the edaphoclimatic conditions of the growing sites, among others (Kafkas et al., 2008; de Souza et al., 2014; Vara et al., 2020). So, the purpose of this research was to investigate the antioxidant properties of different parts of red raspberries grown in the Qinghai-Xizang Plateau and Yunnan-Guizhou Plateau. We used UPLC-MS/MS-based widely targeted metabolome profiling to compare the metabolites present in the berry, pulp, and seeds of the raspberries and combined these findings with biochemical indicators to identify the key metabolites responsible for the antioxidant properties of red raspberries. This study provides new information on the phytochemical composition of different regions and parts of red raspberries, which could offer valuable insights for the wider cultivation and exploitation of red raspberries.




2 Materials and methods



2.1 Berry materials and sample preparation

Qinghai raspberries belong to species Autumn Bliss, which were harvested at commercial maturity from the red raspberry base of Datong County (36°80’ N, 101°63’ E, altitude: 2280 m), Qinghai, Qinghai-Xizang Plateau. For Yunnan raspberries belong to species Heritage, or the classical ‘Driscoll’s’, one of the finest fresh berry producers across the globe, which were collected from an orchard in Zhanyi Area (27°49’ N, 103°80’ E, altitude: 2000 m), Yunnan, Yunnan-Guizhou Plateau. The average annual temperature, annual sunshine hours, and rainfall of Datong County were 4.9°C, 2553 h, and 523 mm, respectively, and those of the Zhanyi Area were 17.4°C, 2098 h, and 1002 mm. The chosen berries were uniformly colored and free of mechanical damage. Fresh berries were transported to the lab in a –18°C cold chamber. For the preparation of pulp, the defrosted berry was extracted on a low-speed juicer (model number JYL-C93T, Joyoung Company Limited, China), and the seeds and pulp were collected separately. According to locations and tissues (berry, pulp, and seeds), the red raspberry’s sample from Qinghai-Xizang Plateau was marked as Q-R, Q-RP, and Q-RS, and the red raspberry’s sample from Yunnan-Guizhou Plateau was noted as Y-R, Y-RP, and Y-RS. Samples were stored at –80°C until analysis.

The samples are freeze-dried with a vacuum freeze-dryer (Scientz-100F). The freeze-dried sample was crushed using a mixer mill (MM 400, Retsch, Germany) with a zirconia bead for 1.5 min at 30 Hz. Dissolve 50 mg of lyophilized powder with 1.2 mL 70% methanol solution, vortex 30 sec per 30 min for 6 rounds. Following centrifugation at 12000 rpm for 3 min, the supernatant was collected and filtered by a microporous membrane filter (0.22 μm pore size) and stored in the sample injection bottle for UPLC-MS/MS analysis.




2.2 Chemicals

Methanol, acetonitrile, and ethanol were all chromatographic purity purchased from Merck (Darmstadt, Hesse, Germany). Formic acid was purchased from Aladdin (Shanghai, China). Standard compounds such as gallic acid and (+)-catechin were obtained from Yuanye company (Shanghai, China). The remaining chemical reagents were purchased from Sinopharm Co. Ltd. (Shanghai, China).




2.3 Widely-targeted metabolomics analysis

After sample preparation, the sample was performed at Metware (Wuhan, China) for widely-targeted metabolomics measurement. The operation process was strictly following the operation flow of the UPLC and MASS spectrometry. The column, Agilent SB-C18 (1.8 μm, 2.1 mm * 100 mm), was used, and the mobile phase consisted of solvent A (pure water with 0.1% formic acid) and solvent B (acetonitrile with 0.1% formic acid). Samples were measured using a gradient program with 95% A and 5% B as starting conditions. Within 9 min, a linear gradient to 5% A, 95% B was programmed, and a composition of 5% A, 95% B was held for 1 min. Subsequently, a composition of 95% A, 5% B was adjusted within 1.1 min and kept for 2.9 min. The flow rate was 0.35 mL/min, the column temperature was 40°C, and the injection volume was 4 μL. Data filtration, alignment, and calculation were carried out using Analyst 1.6.1 software (AB SCIEX Pet. Ltd, Framingham, Massachusetts, USA). The ESI source operation parameters were as follows: (1) source temperature 550°C; (2) ion spray voltage (IS) 5500 V (positive ion mode)/– 4500 V (negative ion mode); ion source gas I (GSI), gas II(GSII), and curtain gas (CUR) were set at 50, 60, and 25 psi, respectively; the collision-activated dissociation (CAD) was high. Triple quadrupole (QQQ) scans were acquired as multiple reaction monitoring (MRM) experiments with optimized declustering potential (DP) and collision energy (CE) for each individual MRM transition, and a specific set of the transitions were monitored during each period based on the eluted metabolites (Zhu et al., 2013).




2.4 Antioxidant activities



2.4.1 DPPH method

For DPPH assay, the procedure followed the method of Afonso et al. (2020) with some modifications. Briefly, 15 mL of the extract and 15 mL of 0.1 mM DPPH solution were added to a test tube and incubated for 30 min in dark. Two hundred microliters of the final mixture were added to a microplate for absorbance determination at 517 nm. Assays were performed after appropriate dilution for samples with high antioxidant activity. 80% methanol was used as control, and Trolox was used as standard. The results were expressed as μg Trolox equivalent per g of fresh weight (μg TE/g FW).




2.4.2 FRAP method

The ferric ion reducing antioxidant power (FRAP) assay was also performed according to the method reported by Li et al. (2012). with some modifications. Briefly, 40 μL of extraction solution diluted with distilled water (1:20, v/v) was mixed with 200 μL of freshly prepared ferric-tripyridyl-triazine agent (Fe3+-TPTZ) in a 96-well microplate. Fe3+-TPTZ was prepared by mixing 20 mM FeCl3·6H2O, 10 mM TPTZ in 40 mM HCl, and 300 mM acetate buffer in a 1:1:10 (v/v/v) ratio. The plates were maintained in the dark at 25°C for 30 min, and their absorbances at 593 nm were measured., and the results were expressed as µM Trolox equivalent per g of dry weight (μM TE/g DW) as the mean ± standard deviation (SD) of three replicates.




2.4.3 ABTS method

The ABTS radical scavenging activity was evaluated in a 96-well microplate using the method of Re et al. (1999). An ABTS radical solution was prepared by mixing 7 mM of ABTS at pH 7.4 (5 mM NaH2PO4, 5 mM Na2HPO4, and 154 mM NaCl) with 2.5 mM potassium persulfate and storing the mixture in the dark at room temperature for 16 h. The mixture was then diluted with ethanol to give an absorbance of 0.70 ± 0.02 units at 734 nm. In each microplate well, 15 µL of the extract was mixed with 285 µL of the freshly prepared ABTS solution and incubated at room temperature in the dark for 10 min. A standard calibration curve was constructed for Trolox at 0, 80, 160, 240, 320, and 400 μmol/L concentrations. Absorbance values were measured at 734 nm, and the results were expressed as µM Trolox equivalent per g of dry weight (μM TE/g DW) as the mean ± standard deviation (SD) of three replicates.




2.4.4 ORAC

ORAC is based on a hydrogen atom transfer (HAT) process, with the oxidation of a fluorescent probe by peroxyl radicals. The procedure for the ORAC assay was performed on plasma according to the instructions supplied with the Oxygen Radical Antioxidant Capacity (ORAC) assay kit from CELL BIOLABS, INC (San Diego, USA). The kit included a 96-well microtiter plate with clean bottom black plate, fluorescein probe 100 ×, free radical initiator, antioxidant standard (Trolox™), and assay diluent (4 ×). The samples were dissolved in a ratio of 1:100 (Rolnik et al., 2021).





2.5 Data analysis

The antioxidant ability’s results were expressed as the mean ± standard deviation (SD) using SPSS 17.0 (Chicago, IL, USA). One-way analysis of variance (ANOVA) and Tukey’s test were applied to establish the significance of the differences among samples (p < 0.05). Origin Pro software (2021b, OriginLab Inc.) was used for image processing. The metabolomic data were processed by multivariate statistical analysis methods, including principal component analysis (PCA), hierarchical cluster analysis (HCA), and orthogonal partial least squares discriminant analysis (OPLS-DA). PCA was first performed on all samples (including QC samples) to determine the overall metabolite differences as well as the variation degree among the red raspberries samples. The HCA (Hierarchical Cluster Analysis) results for samples and metabolites are presented as heat maps and are performed by the R package Complex Heatmap. Orthogonal partial least squares-discriminant analysis (OPLS-DA) was generated using the Metabo Analyst R package. Identified metabolites were annotated using Kyoto Encyclopedia of Genes and Genomes (KEGG) compound databases (http://www.kegg.jp/kegg/compound/ ) and Metware database, which were then mapped to KEGG Pathway database (http://www.kegg.jp/kegg/pathway.html ), followed by enrichment and topological analysis of the pathways where differential metabolites were present. Key pathways were further screened based on the number of differential metabolites (Xiao et al., 2021).





3 Results



3.1 Widely targeted metabolomics analysis

In order to get a complete picture of the differences in the phytochemical composition of red raspberries, widely targeted metabolomics of raspberries and different parts (berry, pulp, and seeds) was performed using UPLC-ESI-MS/MS. Totally 1661 metabolites were identified in Supplementary Table S1. These metabolites were classified into 12 categories, among which 283 phenolic acids, 135 lipids, 337 flavonoids, 89 organic acids, 171 amino acids and derivatives, 70 nucleotides and derivatives, 166 terpenoids, 85 lignans and coumarins, 79 alkaloids, 61 tannins, 161 other, and 24 quinones. Other classes mainly contain sugars, vitamins, aldehydes, ketones, lactones, and others. We found the highest relative content of flavonoids and phenolic acids, with 20.29% and 17.04%, respectively (Figure 1A). Analyst 1.6.3 processed mass spectrum data. Supplemental Figures S1, S2 showed the mixed sample’s TIC and MRM metabolite detection multi-peak plots.




Figure 1 | Overview analysis of widely-targeted metabolomics of different plateau raspberries. Classifications of these metabolites identified based on the mass-to-charge ratio of the compounds in Metware database (A); PCA analysis (B); hierarchical cluster analysis (C).






3.2 Metabolite variations between Qinghai raspberry and Yunnan raspberry

Principal component analysis (PCA) is a multivariate method commonly used to summarize data variances, reveal group differences, and measure sample variability within a group (Wang et al., 2018). PC1 contributed 47.49% and PC2 25.38%. Two primary components contributed 72.87% (Figure 1B). Separation of samples from other plateau occurred in the second principal component, and PCA classified Qinghai and Yunnan raspberry samples differently. There were significant differences between seed and pulp or berry in Qinghai raspberry metabolites, indicating that the relative quantification of the metabolites was significantly different among different plateaus and parts. The clustering heatmap of the metabolites also clearly showed the similarity between the biological replicates and the differences among the red raspberry from two plateaus (Figure 1C). Furthermore, the OPLS-DA model validation Q2 indicates the predictive power, R2Y and R2X indicate the explanation rate of the Y matrix and the X matrix, respectively. And R2Y and Q2 scores were above 0.9, which means the model was appropriate, p < 0.005 model was excellent. We observed high predictability (Q2) and strong goodness of fit (R2X and R2Y). For instance, the Q2 values between Y-R vs Q-R, Y-RP vs Q-RP, Y-RS vs Q-RS, Q-R vs Q-RP, Q-R vs Q-RS, Q-RP vs Q-RS, Y-R vs Y-RP, Y-R vs Y-RS, and Y-RP vs Y-RS was 0.989, 0.996, 0.997, 0.95, 0.999, 1, 0.964, 0.929, and 0.954 indicating the metabolite profiles of parts and plateaus were distinctly different (Figure 2). OPLS-DA score plots showed that the same parts of red raspberries in different plateaus and different parts of raspberries were well-separated in pairs, suggesting significant differences in metabolic phenotypes of the two kinds of raspberries (Figure 3). Respectively, according to VIP ≥ 1 screened from OPLS-DA results and a fold change ≥ 2 or ≤ 0.5. The screening results are presented in volcano plots (Figure 4).




Figure 2 | OPLS-DA Validation Chart, Y-R vs Q-R, Y-RP vs Q-RP, Y-RS vs Q-RS, Q-R vs Q-RP, Q-R vs Q-RS, Q-RP vs Q-RS, Y-R vs Y-RP, Y-R vs Y-RS, and Y-RP vs Y-RS (A-I). The horizontal coordinate indicates the model R2Y, Q2 values, and the vertical coordinate is the frequency of the model classification effect in 200 random permutation experiments.






Figure 3 | The OPLS-DA score plots of. OPLS-DA model plots for the comparison groups, Y-R vs Q-R, Y-RP vs Q-RP, Y-RS vs Q-RS, Q-R vs Q-RP, Q-R vs Q-RS, Q-RP vs Q-RS, Y-R vs Y-RP, Y-R vs Y-RS, and Y-RP vs Y-RS (A–I).






Figure 4 | Volcano plots showing the differences in the expression levels of metabolites in red raspberry, red spots indicate up-regulated differentially expressed metabolites; blue spots indicate down-regulated differentially expressed metabolites, and grey spots indicate detected metabolites, the differences were not significant at p < 0.05, Y-R vs Q-R, Y-RP vs Q-RP, Y-RS vs Q-RS, Q-R vs Q-RP, Q-R vs Q-RS, Q-RP vs Q-RS, Y-R vs Y-RP, Y-R vs Y-RS, and Y-RP vs Y-RS (A–I).



For raspberry from two plateaus, Y-R vs Q-R contained 586 significantly different metabolites (452 up-regulated, 134 down-regulated). Of these, 27.21% of flavonoids, 16.15% of phenolic acids, 11.28% of terpenoids, and 7.74% of amino acids and their derivatives were up-regulated in Q-R. The key differentially regulated metabolites included 49.78% of polyphenols, up-regulated in Qinghai raspberry (Figures 4A, 5A). Y-RP vs Q-RP showed 760 substantially different metabolites (618 up-regulated and 142 down-regulated). Of these, 24.27% of flavonoids, 16.50% of phenolic acids, 11.49% of terpenoids, and 10.52% of lipids were up-regulated in Q-RP (Figures 4B, 5B). Between Y-RS and Q-RS, 1028 substantially different metabolites (395 up-regulated and 633 down-regulated) were found. Among these, the Q-RS showed an up-regulation of 26.58% flavonoids, 18.98% phenolic acids, 13.92% terpenoids, and 9.62% amino acids and their derivatives (Figures 4C, 5C).




Figure 5 | Number of different types of differential metabolites for the comparison group, Y-R vs Q-R, Y-RP vs Q-RP, Y-RS vs Q-RS, Q-R vs Q-RP, Q-R vs Q-RS, Q-RP vs Q-RS, Y-R vs Y-RP, Y-R vs Y-RS, and Y-RP vs Y-RS (A-I). Yellow column indicates metabolites that were significantly up-regulated, blue column indicates metabolites that were significantly down-regulated. Significantly regulated metabolites between groups were determined by VIP ≥ 1 and FC ≥ 2 or ≤ 0.5.



The analysis of different parts of raspberry showed significant differences in metabolites between various comparisons. For instance, Q-R vs Q-RP showed 119 differential metabolites, out of which 107 were up-regulated, and 12 were down-regulated. Similarly, Q-R vs Q-RS, Q-RP vs Q-RS, Y-R vs Y-RP, Y-R vs Y-RS, and Y-RP vs Y-RS showed 1251, 1250, 331, 320, and 420 differential metabolites, respectively (Figures 4D–I). Flavonoids, phenolic acids, amino acids and derivatives, and terpenoids were the major categories of differential metabolites observed in these comparisons, comprising over 50% of the total differential metabolites (Figure 5D–I).

Differential accumulated metabolite (DAM) mainly consisted of phenolic acids, flavonoids, and amino acids and their derivatives, and about half of the DAMs was phenolic acids and flavonoids. These metabolites are important secondary metabolites in many plants. They contribute to the antioxidant activity of plants (Ramalingam et al., 2021). Thus, the difference in DAMs in pairwise comparisons suggests that the functional activity of the raspberries from the two plateaus may differ.




3.3 KEGG annotation and enrichment analysis of differential metabolites

To further conduct the major pathways of DAMs in samples, the KEGG enrichment analysis of each cluster to obtain detailed information about the metabolic pathways was shown in bubble plots (Figure 6). The DAMs were enriched into 88, 88, and 97 pathways in Y-R vs Q-R, Y-RP vs Q-RP, and Y-RS vs Q-RS, respectively (Supplementary Table S2). Y-R and Q-R occurred in flavonoid biosynthesis, flavone, and flavonol biosynthesis. The primary enrichment of differential metabolites between Y-RP and Q-RP occurred in purine metabolism and flavonoid biosynthesis. In addition, tthe differential metabolites between the Y-RS and Q-RS were involved in anthocyanin biosynthesis, biosynthesis of amino acids. These results indicate that environmental and climate factors have great changes in metabolites in the anthocyanin, flavonoid, flavone, and flavonol biosynthesis pathways.




Figure 6 | KEGG enrichment of differential metabolites between the comparison groups, Y-R vs Q-R, Y-RP vs Q-RP, Y-RS vs Q-RS, Q-R vs Q-RP, Q-R vs Q-RS, Q-RP vs Q-RS, Y-R vs Y-RP, Y-R vs Y-RS, and Y-RP vs Y-RS (A–I). Each bubble in the plot represents a metabolic pathway whose abscissa and bubble size jointly indicate the magnitude of the impact factors of the pathway. A larger bubble size indicates a larger impact factor. The bubble colors represent the p-values of the enrichment analysis, with darker colors showing a higher degree of enrichment. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).



The DAMs for part’s groups (Q-R vs Q-RP, Q-R vs Q-RS, Q-RP vs Q-RS, Y-R vs Y-RP, Y-R vs Y-RS, and Y-RP vs Y-RS) were involved in 38, 100, 100, 52, 77, and 80 pathways (Supplementary Table S2). Figures 6D-I displayed the top 20 enriched pathways for the DAMs. Multiple primary metabolism pathways and secondary metabolic pathways (purine metabolism, phenylpropanoid biosynthesis, biosynthesis of various plant secondary metabolites, cysteine and methionine metabolism, flavonoid biosynthesis, anthocyanin biosynthesis, biosynthesis of unsaturated fatty acids, alpha-linolenic acid metabolism, linoleic acid metabolism, valine, leucine, and isoleucine biosynthesis) enriched by these DAMs. In these comparison groups, it is worth noting that these pathways are related to the biosynthesis of flavonoids, phenolic acids, fatty acids, and amino acids and their derivatives. The flavonoid and anthocyanin biosynthesis pathways, for example, are located downstream of the phenylpropanoid biosynthetic pathway (Qiu et al., 2020). In these comparison groups, some metabolic pathways overlapped, such as purine metabolism. The process of purine metabolism serves as a fundamental stage in the synthesis of nucleic acids and is intricately linked to the primary and secondary metabolic pathways of plants, which are also closely associated with the polyphenol metabolic pathway. The metabolic pathways appear to be significantly linked to the potent antioxidant properties observed in raspberry seeds.




3.4 Key significantly differential metabolites

In order to identify the crucial metabolites present in raspberries grown on various plateaus, a Venn diagram was created to compare the differential metabolites between Y-R and Q-R, Y-RP and Q-RP, and Y-RS and Q-RS (Figure 7A). We discovered that the majority of these metabolites, which were among the 264 that overlapped between Y-R and Q-R, Y-RP and Q-RP, and Y-RS and Q-RS, were up-regulated in Qinghai raspberries. (Supplementary Table S3). There were 43.56% and 7.58% respectively of polyphenolic compounds and amino acids and their derivatives. Also, the data were merged into the appropriate maps based on the KEGG annotation, and the metabolic pathways of the most pertinent overlapping differential metabolites (Figure 8). We took the up-regulated metabolites in metabolic pathways related to antioxidant properties as the standard and screened out three differential metabolites related to antioxidant quality in the overlapping substances. The anthocyanin biosynthesis, flavonoid biosynthesis, flavone and flavonol biosynthesis, and biosynthesis of amino acids were enriched among the different comparison groups. Some metabolites of raspberries grown in QZP, including Chlorogenic acid (3-O-Caffeoylquinic acid)*, 5-O-p-Coumaroylquinic acid*, Luteolin-7-O-glucuronide-5-O-rhamnoside, Quercetin-3-O-sambubioside*, Isosalipurposide (Phlorizin Chalcone), Hesperetin-7-O-glucoside*, Quercetin-3-O-rhamnoside(Quercitrin), Dihydromyricetin (Ampelopsin), 3,5,7-Trihydroxyflavanone (Pinobanksin), 3-O-Acetylpinobanksin, Apigenin-6-C-glucoside (Isovitexin), Naringenin chalcone; 2’,4,4’,6’-Tetrahydroxychalcone, Butin; 7,3’,4’-Trihydroxyflavanone, Cyanidin-3-O-glucoside (Kuromanin), Naringenin (5,7,4’-Trihydroxyflavanone), L-Glutamine, and L-Lysine were up-regulated (Figures 9, 10). In addition, we identified distinct metabolites in amino acids and their derivatives, polyphenols, and fatty acids in berry, pulp, and seed. Using Venn diagrams to compare each group, we found only 41 metabolites were common among Q-R vs Q-RP, Q-R vs Q-RS, and Q-RP vs Q-RS, while only 20 metabolites were shared among Y-R vs Y-RP, Y-R vs Y-RS, and Y-RP vs Y-RS (Figures 7B, C). These findings suggest that the metabolites responsible for the variations between berry, pulp, and seed were significantly distinct. (Supplementary Table S3).




Figure 7 | Plotted Venn diagram of the different metabolites in the above comparison groups from raspberries, Y-R vs Q-R, Y-RP vs Q-RP, and Y-RS vs Q-RS Venn diagram, (A); Q-R vs Q-RP, Q-R vs Q-RS, and Q-RP vs Q-RS, (B); Y-R vs Y-RP, Y-R vs Y-RS, and Y-RP vs Y-RS, (C), were plotted using Venn diagram package.






Figure 8 | Overview of the probable regulation of some key metabolites mapped to metabolic pathways in pairwise comparisons of the raspberry from different plateaus. The red color small rectangle indicates that the metabolite content is significantly up-regulated; the blue rectangle indicates that the metabolite content is significantly down-regulated.






Figure 9 | Variation of two selected bioactive phenolic acid in two plateaus. 5-O-p-Coumaroylquinic acid* (A); Chlorogenic acid (3-O-Caffeoylquinic acid)* (B). Bars indicate the s.d. of three replicates. “ns” means not significant, *** p < 0.005.






Figure 10 | Difference in the relative content of thirteen selected bioactive flavonoids and two amino acids and their derivatives in two plateaus. 3,5,7-Trihydroxyflavanone (Pinobanksin) (A), 3-O-Acetylpinobanksin (B), Quercetin-3-O-rhamnoside(Quercitrin) (C), Apigenin-6-C-glucoside (Isovitexin) (D), Butin; 7,3',4'-Trihydroxyflavanone (E), Quercetin-3-O-sambubioside* (F), Cyanidin-3-O-glucoside (Kuromanin) (G), Dihydromyricetin (Ampelopsin) (H), Hesperetin-7-O-glucoside* (I), Isosalipurposide (Phlorizin Chalcone) (J), L-Glutamine (K), L-Lysine (L), Naringenin (5,7,4'-Trihydroxyflavanone) (M), Luteolin-7-O-glucuronide-5-O-rhamnoside (N), Naringenin chalcone; 2',4,4',6'-Tetrahydroxychalcone (O). Bars indicate the s.d. of three replicates.  “ns” means not significant, * p < 0.05, ** p < 0.01, *** p < 0.005.






3.5 Antioxidant activity analysis of the raspberry from two plateaus

The most frequently employed techniques to evaluate the antioxidant capacity of foods include FRAP (ferric reducing activity of plasma), ABTS (2,2-azinobis(3-ethylbenzthiazoline-6-sulfonic acid)), DPPH (1,1-diphenyl-2-picrylhydrazyl), and ORAC (oxygen radical absorbance capacity). Furthermore, they carved two groups: a hydrogen atom transfer-based assay and an electron transfer-based assay (Burton-Freeman et al., 2016). Compared to common fruits like grapes, apples, and citrus, raspberries exhibit higher levels of antioxidant activity (Fu et al., 2011). As shown in Table 1, the antioxidant capacity of red raspberries in different plateaus was significantly different. For the DPPH scavenging performance test and FRAP total antioxidant test, Q-RS and Q-R showed higher antioxidant capacity than Y-RS and Y-R. For the ABTS radical scavenging test, Q-R and Q-RP showed higher antioxidant capacity than Y-R and Y-RP, which exhibited a higher ABTS radical scavenging capacity for Q-R (49.57 ± 1.26 μM TE/g DW), which was 10-fold higher than Y-R (4.68 ± 0.45 μM TE/g DW). The ORAC values of Q-RP and Q-RS were higher than those of Y-RP and Y-RS. In addition, the average ORAC values raised in the direction: seed < pulp < berry, the rise of DPPH, ABTS, and FRAP values were berry < pulp < seed, and the DPPH average values of berry, pulp, and seed were above 10-fold compared to ABTS values. These results may be due to the different reaction mechanisms in ABTS, DPPH, FRAP, and ORAC assays. These results indicated that there were significant differences in antioxidant activity between the same parts in red raspberries from different plateaus, with berry, pulp, and seeds of Qinghai red raspberries having higher antioxidant capacity compared to Yunnan red raspberries. In addition, the antioxidant capacity of the seed of Qinghai raspberry was the maximum (420.31 µM TE/g DW, respectively) of all, over 20 times higher than the least value (Yunnan berry). The order of the antioxidant capacity was seed > pulp > berry.


Table 1 | Analysis of the antioxidant properties of Yunnan and Qinghai red raspberries.






3.6 Antioxidants and related metabolites correlation analysis

To reveal potential correlations between the metabolite profiles of red raspberries and their parts and antioxidant activities (Table 1), we compared the relative content of each class of metabolites. As shown in Figure 11, Y-R, Y-RP, Y-RS, Q-R, Q-RP, and Q-RS significantly differed in the relative contents of flavonoids, phenolic acids, amino acids and derivatives, lipids, and terpenoids. Unlike Y-R, Y-RP, and Y-RS, the accumulation of phenolic acids and flavonoids was higher in Q-R, Q-RP, and Q-RS. Additionally, in comparison to Y-RS, Q-RS has larger concentrations of flavonoids, amino acids and their derivatives.




Figure 11 | The relative content of each class of metabolites of the raspberry from different plateaus and parts. Comparison of the relative content of each category of metabolites in Y-RS, Y-RP, Y-R, Q-RS, Q-RP, and Q-R.






3.7 Phenolic compounds composition in raspberry from two plateaus and their relation to antioxidant activity

In the current study, phenolic compound composition and concentration were evaluated in order to identify possible metabolites responsible for variations in antioxidant activity in raspberries and their parts from distinct plateaus.



3.7.1 Flavonoids

A total of flavonoid metabolites were identified (28 flavanols, 13 flavanonols, 75 flavones, 28 anthocyanidins, 125 flavonols, 34 flavanones, 15 chalcones, 1 dihydroisoflavones, 7 isoflavones, 11 other flavonoids, of which 8 chalcones (4,4'-dihydroxy-2'-methoxychalcone, sieboldin, Phloretin-4'-O-glucoside (Trilobatin), Isosalipurposide (Phlorizin Chalcone), 3,4,2',4',6'-Pentahydroxychalcone-4'-O-glucoside, Phloretin-4'-O-(6''-Caffeoyl)glucoside, Phloretin-4'-O-(6''-p-Coumaroyl)glucoside, 2,4,2',4'-tetrahydroxy-3'-prenylchalcone), a dihydroflavone (Pinocembrin-7-O-(2''-O-arabinosyl)glucoside), (Diosmetin (5,7,3'-Trihydroxy-4'-methoxyflavone), Kaempferol-3-O-glucoside-7-O-rhamnoside*) were the most abundant flavonoids. Compared to the Y-R, Kaempferol-3-O-sambubioside and 6,7,8-tetrahydroxy-5-methoxyflavone were found to be specific to Q-R. Compared to the Q-R, 3,5,4'-Trihydroxy-7-methoxyflavone (Rhamnocitrin) was found to be specific to Y-R. Compared with Y-RP, there are flavonoids (Kaempferol-3-O-sambubioside, Kaempferol-3-O-(6''-Malonyl)glucoside-7-O-Glucoside) that are specific to Q-RP, 3,5,4’-trihydroxy-7-(rhamnocitrin) and 3,5,4'-Trihydroxy-7-methoxyflavone (Rhamnocitrin) that are specific to Y-RP. 3,5,4’-Trihydroxy-7-methoxyflavone (Rhamnocitrin) and Eriodictyol-7-O-glucoside* are specific to Y-RP, and 82 flavonoids are specific to Q-RS compared to Y-RS.

Notably, the present study focused on the berry, pulp, and seeds of raspberries from two plateaus. Among them, compared to Y-R, flavonoids in core difference metabolites. For instance, Luteolin-7-O-glucuronide-5-O-rhamnoside, Quercetin-3-O-sambubioside*, Isosalipurposide (Phlorizin Chalcone), Quercetin-3-O-rhamnoside(Quercitrin), Dihydromyricetin (Ampelopsin), 3,5,7-Trihydroxyflavanone (Pinobanksin), 3-O-Acetylpinobanksin, Apigenin-6-C-glucoside (Isovitexin), Naringenin chalcone; 2’,4,4’,6’-Tetrahydroxychalcone, Butin; 7,3’,4’-Trihydroxyflavanone, Naringenin (5,7,4’-Trihydroxyflavanone) (log2FC = 6.37, 3.53, 3.31, 1.43, 1.77, 1.45, 4.32, 2.77, 1.52, 1.51, 1.46) were found at higher levels in Q-R (Figure 12A). Compared to Y-RP, the relative contents of Isosalipurposide (Phlorizin Chalcone), Hesperetin-7-O-glucoside*, Dihydromyricetin (Ampelopsin), 3,5,7-Trihydroxyflavanone (Pinobanksin), and Naringenin chalcone; 2’,4,4’,6’-Tetrahydroxychalcone (log2FC = 3.45, 2.22, 1.11, 1.49, 1.34) were significantly higher in Q-RP (Figure 12B). Compared to Q-RS, the Cyanidin-3-O-glucoside (Kuromanin) (log2FC = 6.22) contents were higher than that in Y-RS (Figure 12C). Based on these findings, it can be inferred that certain substances in the pathway of flavonoid biosynthesis may be influenced by environmental factors. As a result, the variations in the types and quantities of flavonoids present in the raspberries from the two plateaus could potentially result in varying levels of antioxidant activity.




Figure 12 | Variance multiplier bar chart, the horizontal coordinate is the value of the difference multiplier of the difference metabolite taken as logarithm with a base of 2. The vertical coordinate is the difference metabolite. Red represents up-regulation of metabolite content, blue represents down-regulation of metabolite content. Y-R vs Q-R, Y-RP vs Q-RP, Y-RS vs Q-RS, Q-R vs Q-RP, Q-R vs Q-RS, Q-RP vs Q-RS, Y-R vs Y-RP, Y-R vs Y-RS, and Y-RP vs Y-RS (A–I).






3.7.2 Phenolic acids

Phenolic acids possess antioxidant properties and are typically found in plant cell walls, where they are closely associated with polysaccharides (Río Segade et al., 2019). Phenolic acids in core difference metabolites, levels of chlorogenic acid (3-O-caffeoylquinic acid)* (log2FC = 2.78) and 5-O-p-coumaroylquinic acid* (log2FC = 1.85) were significantly higher in Q-RP than those in Y-RP. Therefore, the composition and amount of phenolic acids in raspberries from different regions may influence their antioxidant capacity. This could be due to variations in growing conditions, such as climate, soil type, and altitude, which can affect the plant’s ability to produce and accumulate phenolic compounds.





3.8 Amino acids and their derivatives compounds composition in raspberry from two plateaus and their relation to antioxidant activity

Plants are the only organisms capable of synthesizing the essential amino acids (leucine, isoleucine, methionine, phenylalanine, arginine, histidine, tryptophan, valine, threonine, and lysine) (Kumar et al., 2017). The amino acid and derivative compositions in Y-RS, Y-RP, Y-R, Q-RP, and Q-R detected were very comparable, only with Q-RS containing 24 unique amino acids and derivatives. Notably, among the top 20 differential up-regulated or down-regulated metabolites (Y-RS and Q-RS), 7 compounds were amino acids and their derivatives (Figure 12C). In Qinghai berries, L-Lysine and L-Glutamine were mainly present in the seeds, and the more antioxidant properties of the seeds might be related to the amino acid content. To gain a better understanding of the antioxidative metabolite composition, antioxidant activity was measured. Therefore, Spearman’s rank correlation tests were used to test for correlation analysis of the amino acids and their derivatives DAMs with ORAC, DPPH, FRAP, and ABTS. We can find from Figure 13 that different amino acids and their derivatives have different correlations with antioxidant capacity, with L-Lysine and L-Glutamine showing the most significant correlation with antioxidant properties. DPPH, FRAP, and ABTS were clustered, indicating that these three antioxidant assays had positive correlations and showed the lowest correlation with ORAC assay.




Figure 13 | Heat map of the correlation between amino acids and their derivatives in core metabolites and antioxidants. Different letters above columns and the color of the column indicate the correlation, with the larger and the redder the color and the greater the correlation coefficient.






3.9 Metabolite-metabolite correlation

289 pairwise correlation values were obtained for 17 different metabolites in red raspberry from two plateaus, of which flavonoids and phenolic acids were determined to be significant (r > 0.80, p < 0.05) (Figure 14). Furthermore, two amino acids (L-Glutamine and L-Lysine) and Cyanidin-3-O-glucoside (Kuromanin) were found to be significantly correlated. In antioxidant assays, they demonstrated synergism. The presence of amino acid metabolites in significant metabolite-metabolite correlations suggested that amino acids positively effect the antioxidant activity.




Figure 14 | Map of significant seed metabolite-metabolite correlations. Metabolites are represented by circles, and the same color indicates metabolites in the same metabolic function group. Correlations are indicated by connected lines. Positive correlations are red and negative correlations are blue. The thickness of the line represents the magnitude of the absolute value of Pearson’s correlation coefficient r. The thicker the line, the larger the |r|.







4 Discussion

Because of their highly functional ingredients content and antioxidant activities, raspberries are becoming increasingly popular. However, differences exist in the metabolites of raspberries grown in different environments. Therefore, the present study was designed to provide a widely targeted metabolomic analysis of the relationship between metabolites and antioxidants in raspberries and parts.



4.1 Differential metabolites between raspberries from two plateaus

Flavonoids, phenolic acids, amino acids and derivatives, and lipids were the most significant differential metabolites between the two plateaus. About half of the 264 key significantly differential metabolites were flavonoids and phenolic acids. The analysis of metabolic pathways for the different metabolites in Y-R vs Q-R, Y-RP vs Q-RP, and Y-RS vs Q-RS groups showed a significant involvement of flavonoid biosynthesis, anthocyanin biosynthesis, biosynthesis of amino acids, and flavone and flavonol biosynthesis metabolic pathways. This suggests that there are notable differences between the two plateaus in terms of weather, rainfall, altitude, and temperature. Previous studies found during red raspberry development, in stage 2 with stage 3 (25 DAFB) d after full bloom (DAFB), which mainly involves KEGG pathways related to flavonoid biosynthesis and phenylpropanoid biosynthesis (Huang et al., 2022). This previous study is consistent with the main pathway in the present study and suggests that antioxidant-related substances in raspberries are produced during the second stage of raspberry growth. Interestingly, linoleic acid metabolism was significantly up-regulated (p < 0.05) in the comparison of in Y-RP vs Q-RP group, indicating that the γ-Linolenic Acid* is the main differential metabolite. The study showed that the two plateaus growing environment causes drastic changes in polyphenols metabolites. Recent research by Grand View Research, Inc. has suggested that the worldwide polyphenols market is arriving at USD 2.9 billion by 2030 (Sarv et al., 2021). Polyphenols, as antioxidants from many berries and particularly raspberries. The mechanism of their antioxidant activity can be characterized by the direct scavenging or quenching of oxygen radicals or excited oxygen species and the inhibition of oxidative enzymes that produce these reactive oxygen species (Baby et al., 2018). As food supplements can enhance our body’s antioxidant defense system, reduce life-threatening diseases caused by oxidative stress, and greatly reduce the risk of cancer (Alarcón-Flores et al., 2013; Yang et al., 2018). The main determinants of the total antioxidant capacity of fruits such as berries are particularly rich in flavonoids (Panche et al., 2016). The flavonoid synthesis pathway involves the condensation of phenylpropanoid derivatives with malonyl-CoA, as reported by Ono et al. (2006). In addition, transcription factors play a role in regulating certain aspects of this pathway. According to Mudge et al. (2016), berries are known to have elevated concentrations of Quercetin-4’-O-glucoside, Quercetin-3, 4’-O-diglucoside, and Quercetin-3-O-rutinoside. Our study supports these previous findings, as we found a substantial amount of Quercetin-4’-O-glucoside in raspberries.

In order to investigate the key metabolites related to antioxidant capacity in raspberries from two different plateaus, a total of 264 overlapping differential metabolites were identified. Out of these, three differential metabolites associated with antioxidant activity were selected by using the up-regulated metabolites between different groups (Y-R vs Q-R, Y-RP vs Q-RP, and Y-RS vs Q-RS) as a criterion for screening. We found the main up-regulated flavonoids in Qinghai raspberry’s berry, pulp, and seed included Quercetin-3-O-rhamnoside (Quercitrin), Cyanidin-3-O-glucoside (Kuromanin), Naringenin (5,7,4’-Trihydroxyflavanone) (Figures 10C, G, and M). According to the research, Cyanidin-3-O-glucoside is responsible for the antioxidant properties of blackberries (Huang et al., 2022). Quercetin-3-O-rhamnoside could be a major contributor to antioxidant activity (Nie et al., 2020). Naringenin (5,7,4'-trihydroxyflavanone) is a naturally occurring bioactive flavanone, which is documented to have bioactive effects on human health, such as antidiabetic, immunomodulatory, anticancer, anti-inflammatory (Stec et al., 2020). These molecules responded particularly to increased antioxidant activity and, hence, can serve as indicators for selecting Qinghai berries.

The molecules known as α-amino acids consist of an α-carbon atom attached to an amino group (NH2), a carboxyl group (COOH), a hydrogen atom (H), and a side chain (R), where the NH2 group is connected to the  α-carbon. Due to structural differences in the side chains, these amino acids’ antioxidation mechanisms and capacities vary (Xu et al., 2017). Other studies have reported that lysine with strong antioxidative capacity in 20 amino acids. Researchers found that tolerant citrus germplasm possesses a large number of amino acids with high antioxidant potential, such as lysine, tyrosine, phenylalanine, tryptophan, and asparagine (Killiny and Hijaz, 2016). The reported case illustrates that amino acids are associated with plant resistance to several abiotic and biotic stresses. In this study, one of the reasons for the higher antioxidant capacity of Qinghai raspberry may be due to the synthesis of a large number of amino acids with antioxidant capacity under biotic stress. Y-RS compared to Q-RS, we found the highest relative content of L-Lysine and L-Glutamine among amino acids and their derivatives in Qinghai raspberry seeds. L-Lysine is known to have a positive impact on antioxidant status by primarily boosting the effectiveness of the GSH and peroxidase systems, which are crucial components of the body’s antioxidant defense mechanism. By doing so, L-Lysine acts to eliminate free radicals and guard against the harmful effects of oxidative damage caused by these radicals (Al-Malki, 2015). In addition, oxidative stress and neuronal apoptosis were decreased by L-Glutamine (Luo et al., 2019), and It is a precursor for the generation of a variety of secondary defensive metabolites. Finally, amino acid metabolic pathways stimulated plant defense to increase resistance. Transgenic rice overexpressing M. oryzae Systemic Defense Trigger 1 showed this pattern. (Duan et al., 2021).

The correlation between amino acids and their derivatives in the core metabolites and antioxidants was analyzed, and L-Lysine and L-Glutamine showed a significant positive correlation with antioxidants. The strongest correlations were found between DPPH, ABTS, and FRAP assays, especially ABTS and FRAP. Then, ORAC had the lowest correlations. Unlike the others, the ORAC assay determined the kinetic action of antioxidants, which might explain the discrepancy. The DPPH, ABTS, FRAP, and ORAC assays gave comparable results for the antioxidant activity tested in extracts from guava fruit. The highest correlations were found between DPPH, ABTS, and FRAP assays, especially between ABTS and FRAP assays, a result previously reported by Thaipong et al. (2006). Another study by Dudonné et al. (2009) that evaluated the antioxidant properties of 30 industrial plant extracts using DPPH, ABTS, FRAP, SOD, and ORAC assays also obtained consistent results.

Correlation analysis of different metabolites is helpful to find the relationship between metabolites and discover potential key metabolic regulatory (Fukushima et al., 2011). The red raspberry metabolic network displayed a highly concerted interplay of amino acids, providing evidence for the essential conserved roles of amino acids in plant’s metabolism. These are highly positive correlations because the correlated metabolites were either participating in the same metabolic biosynthesis of amino acids reaction as a substrate-product or were controlled by the same regulatory enzymes’ activities. Also, L-Lysine and L-Glutamine were found to be highly positively correlated in our study. The information on these significant metabolite correlations could help better understand red raspberry’s metabolic regulatory network and potentially discover novel metabolic pathways.

Furthermore, the synergistic effect among natural antioxidants is one of the mechanisms by which amino acids exert their antioxidant activity, also known as the synergistic antioxidant effect with other antioxidants (Zhang et al., 2022). Due to the increase in the content of amino acids and phenolic compounds and their derivatives. Their derivative content induces the activity of enzymes related to amino acids and phenolic compounds, and the expression of genes related to amino acid and phenolic metabolism contributes to the improvement of antioxidant capacity (Wang et al., 2021). The above research indicated that amino acids and polyphenols have synergistic effects in terms of antioxidant activity. In our correlation analysis, L-Lysine, L-Glutamine, and Cyanidin-3-O-glucoside (Kuromanin) were found to have strong correlations demonstrating their potential to be used as a potential to increase antioxidant capacity. Taken together, besides some specific flavonoids and phenolic acids, the reason for the strong antioxidant capacity of raspberry seeds and Qinghai raspberry may be related to the fact that L-Lysine and L-Glutamine content and synergistic effect with polyphenols.

Plant antioxidant defense mechanism has attracted many researchers’ attention (Mazur et al., 2014; Bhattacharjee, 2019). Some metabolites as metabolic antioxidant defense systems are key components of plant growth during adaptation to biotic and abiotic stress conditions, such as fatty acids, amino acids, phenolic acids, flavonoids, and anthocyanins (colored pigments) (Wink, 2008). For most plants, external factors (light, temperature, precipitation) can significantly affect their ability to synthesize secondary metabolites (Yang et al., 2018). Other studies have found that cultivar, climate, and growing conditions all have an impact on the quality and chemical composition of ten red raspberry genotypes (Mazur et al., 2014). Yang et al. (2020) also found that the most of the berries harvested from the dried temperate continental climate plateaus present higher antioxidant activity than the ones harvested from the continental climate (Georgescu et al., 2022). Recent research on blueberry and chokeberry revealed that the metabolite composition also depends on geo-climatic conditions, especially latitude. Berries harvested in geo-climatic zones of different latitudes have relatively high amino acid contents (Sim et al., 2017). In many cases, UV irradiation induces the processing of secondary metabolites, such as UV irradiation significantly increases flavonoid content (Chaves et al., 1997; Umek et al., 1999; Afshar et al., 2022), enhancing the total accumulation of anthocyanins (Gläßgen et al., 1998; Araguirang and Richter, 2022). This phenomenon, known as the defensive effect, is attributed to the ability of ROS scavenging as well as defending plants from excessive sunlight to growth enhancement (Dehghanian et al., 2022). These studies suggest that the environment induces the metabolites of raspberries grown in different environments. Climatic conditions are a major influencing factor. In our study, we found that the antioxidant properties of Qinghai raspberries were higher than those of Yunnan raspberries, which may be due to Qinghai being located in QZP with low temperature, high altitude, and long hours of sunlight of climatic conditions. These lead to increased production of ROS in plant cells to achieve antioxidant defense and increased content of metabolites with antioxidant properties. Primarily, flavonoid, phenolic acids, and amino acids and their derivatives were responses to abiotic stresses such as ultraviolet radiation, drought resistant, and cold resistance. Considering that Qinghai raspberry has strong antioxidant properties and the seeds are rich in secondary metabolites, the transcriptome and metabolite profile can be jointly analyzed to find how related genes regulate metabolites to have different expressions in Qinghai raspberry, thus promoting the diversity and variability of nutrients and bioactive compounds in Qinghai raspberry.




4.2 Differential metabolites among raspberries in different parts

The current study found that working with Qinghai red raspberry and Yunnan raspberry, the major part of the weight of fresh raspberries included pulp, therefore, it is expected that the berry and pulp could have comparable composition. In recent years, researchers investigated the correlation analysis and observed positive correlations between the antioxidant assays and polyphenolic groups of raspberries (Basu and Maier, 2016; Carmichael et al., 2021). In this study, the antioxidant activity was found in berry and pulp samples and may be related to the high concentration of 4 anthocyanidins (Pelargonidin-3-O-glucoside, Peonidin-3-O-glucoside, Cyanidin-3-O-sambubioside [Cyanidin-3-O-(2’’-O-xylosyl) glucoside], Cyanidin-3-O-(6’’-O-p-Coumaroyl) glucoside).

The KEGG pathway enrichment analysis revealed that the differential metabolites between Q-R and Q-RP were mostly involved in phenylpropanoid biosynthesis, linoleic acid metabolism, biosynthesis of various plant secondary metabolites, and purine metabolism. By clustering all the differential metabolites in these pathways, in the Q-RP, phenolic acids (p-Coumaryl alcohol, Coniferaldehyde, p-Coumaraldehyde, Coniferyl alcohol), and amino acids and derivatives (L-Phenylalanine) are overrepresented in the phenylpropanoid biosynthesiss (Supplementary Figure S3A). Such as lignans and Coumarins (3,4-Dihydrocoumarin, Pinoresinol), phenolic acids (Gallic acid, Coniferyl alcohol) and amino acids and derivatives (L-Phenylalanine, L-Methionine) were clustered in the biosynthesis of various plant secondary metabolites as well as their derivatives were detected at a high level (Supplementary Figure S3B). Free fatty acids (13-KODE; (9Z,11E)-13-Oxooctadeca-9,11-dienoic acid, 12,13-Epoxy-9-Octadecenoic Acid, 7S,8S-DiHODE; (9Z,12Z)-(7S,8S)-Dihydroxyoctadeca-9,12-dienoic acid, 9(10)-EpOME;(9R,10S)-(12Z)-9,10-Epoxyoctadecenoic acid) which were highly detected in the Q-RP might attribute the antioxidant activity. In this study, linoleic acid metabolism and phenylpropanoid biosynthesis were significantly enriched in Y-R and Y-RP (P < 0.05). Caffeic acid, cinnamic acid, ferulic acid, and sinapic acid were up-regulated in Y-RP (Supplementary Figure S3D). 12 free fatty acids were significantly up-regulated in Y-R (Supplementary Figure S3C, E). This also showed that the antioxidant activity in berry and pulp causes differences in flavonoid and unsaturated fatty acids metabolites.

Compared to the berry and pulp, seeds hold higher concentrations of flavones (Hispidulin-7-O-glucoside (Homoplantaginin)), free fatty acids (9(10)-EpOME;(9R,10S)-(12Z)-9,10-Epoxyoctadecenoic acid, 9,10,13-Trihydroxy-11-Octadecenoic Acid), phenolic acids (Raspberry ketone glucoside, Ethyl ferulate, 4’-Hydroxypropiophenone, Vanillin acetate), flavanones (hesperetin-7-O-rutinoside (hesperidin)*, hesperetin-7-O-neohesperidoside(Neohesperidin)*), tannin (pterocaryaninB), amino acids and derivatives (L-Lysine, L-Glutamine), making the seed fraction a considerable source of natural antioxidants. These findings prove that the seed part obtained from raspberry can supply a valuable source of functional ingredients with antioxidant properties for functional food and pharmaceutical purposes. Polyunsaturated fatty acids (PUFAs), including γ-Linolenic Acid* play multiple key roles in host defense and immunity, including anti-inflammation and antioxidative activity (Michalak et al., 2016). In addition, fatty acids in Q-RS mainly include Elaidic Acid, LysoPC 18:3*, LysoPC 18:3(2n isomer)*, α-Linolenic Acid*, and LysoPC 18:1*. In another study, Caidan et al. (2013) also reported different profiles consisting of palmitic, linolenic, linoleic, and stearic acids. Compared with the seeds, berry, and pulp of Qinghai raspberry, 325 metabolites are unique to Q-RS, including 67 phenolic acids, 52 terpenoids, 14 lipids (8 free fatty acids), 24 amino acids and their derivatives, 82 flavonoids, and 4 tannins (Supplementary Table S4). More than half of the total metabolites are relatively higher in the pulp. Therefore, the higher antioxidant capacity of Qinghai raspberry seeds is inseparable from their unique metabolites. As shown in Figure 12, the results of the top 20 metabolites in terms of the fold of difference in each group comparison. As presented in Figure 12E and F, Comparison of Q-RP and Q-RS, Q-R and Q-RS, Cyanidin-3-O-(6’’-O-p-coumaroyl) glucoside-5-O-glucoside, Cyanidin-3,5-O-diglucoside (Cyanin), Quercetin3-O-galactoside (log2FC = 21.99, 21.13, 20.45) are specific to Q-R and Q-RP. Tannins, as metabolic antioxidants, allows plants to respond to adverse environmental conditions (Casacchia et al., 2019). Procyanidin B2 and Butyl isobutyl phthalate (log2FC = 20.68, 20.73) were only detected in Qinghai raspberries’ seed. Besides, Procyanidin B2 is described as an important and unique anthocyanin in the red raspberry seed. Notably, in the present study, among the top 20 differential up-regulated or down-regulated metabolites (Q-RP and Q-RS, Q-R and Q-RS). Trans-4-Hydroxy-L-proline, DL-Leucine, and DL-Methionine (log2FC = 21.43, 21.06, 20.44) were unique amino acids and their derivatives to seeds in Qinghai raspberries. The difference in composition and content of flavonoids, phenolic acid, amino acids and their derivatives, and fatty acids might lead to strong antioxidant activities in the seeds from Qinghai raspberry.

The FAO reported that the world population is projected to grow by 34%, from 6.8 billion today to 9.1 billion in 2050. The total production of fruits (650,684 tons) was adequate for the year 2017 (Mishra et al., 2022). However, it is not easy to evaluate the availability and cost of fruits on account of these variable population estimates. Therefore, greater production will be needed, particularly raspberries with a high antioxidant capacity, by the years 2025 and 2050, as the consumer trust that an appropriate diet reduces illness with decreased costs of pharmaceuticals is also considered to promote the demand for raspberries. Atkinson et al. (2013) proved that an inadequate winter chill induced the declining yield of perennial fruit species in Europe and the Americas. Moreover, the surveys of the FAO in 2017 have reported that raspberry productivity was 2.19 tons per ha in Serbia (Europe, an annual average temperature: 5-15°C), while this was only 0.64 tons per ha in Mexico (Americas, an annual average temperature: 16-28°C). Therefore, although Qinghai is located in Qinghai-Xizang plateau, its climate and geographical conditions are appropriate for planting raspberries, and the quality of raspberry grown in this area are better than in Yunnan. In addition, to meet the demand for functional substances and prevent human diseases in the context of global population growth. Therefore, we suggest that Qinghai raspberries with high antioxidant substances contents are widely grown in Qinghai. As a significant part of phytochemicals remain in the raspberry seed fraction, particularly Qinghai raspberry, it can be a potential source of functional ingredients to increase the utilization of raspberry.





5 Conclusions

In this study, LC-MS-based metabolomics and biochemical indicators were used to investigate the antioxidant properties of raspberries and their parts from two different plateaus. The results showed that there were metabolic differences between Qinghai raspberry and Yunnan raspberry, with different pathways being affected in each. The antioxidant capacity of the raspberry was found to be primarily related to the content and types of flavonoids, free fatty acids, and phenolic acids in the berry and pulp. In addition, the unique composition and content of flavonoids [Cyanidin-3-O-(6’’-O-p-coumaroyl) glucoside-5-O-glucoside, Cyanidin-3,5-O-diglucoside (Cyanin), and Quercetin3-O-galactoside], tannin (Procyanidin B2), phenolic acids (Butyl isobutyl phthalate), amino acids (L-Lysine and L-Glutamine) and fatty acids found in the seeds of Qinghai raspberry were shown to contribute to their strong antioxidant activities. The study suggests that the red raspberry seeds fraction could be a valuable source of functional ingredients for increasing the utilization of red raspberry. Overall, the research provides new insights into the chemical composition of red raspberry and its parts, and highlights the potential health benefits associated with its consumption.
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Microtubules are essential for regulating cell morphogenesis, plant growth, and the response of plants to abiotic stresses. TPX2 proteins are the main players determining the spatiotemporally dynamic nature of the MTs. However, how TPX2 members respond to abiotic stresses in poplar remains largely unknown. Herein, 19 TPX2 family members were identified from the poplar genome and analyzed the structural characteristics as well as gene expression patterns. All TPX2 members had the conserved structural characteristics, but exhibited different expression profiles in different tissues, indicating their varying roles during plant growth. Additionally, several light, hormone, and abiotic stress responsive cis-acting regulatory elements were detected on the promoters of PtTPX2 genes. Furthermore, expression analysis in various tissues of Populus trichocarpa showed that the PtTPX2 genes responded differently to heat, drought and salt stress. In summary, these results provide a comprehensive analysis for the TPX2 gene family in poplar and an effective contribution to revealing the mechanisms of PtTPX2 in the regulatory network of abiotic stress.




Keywords: Populus, gene expression pattern, gene structure, phase separation, stress treatment, PtTPX2 gene family



1 Introduction

Microtubules (MTs) are hollow tubular structures polymerized by the α-tubulin and β-tubulin heterodimers that play critical roles in cell division, cell expansion and morphogenesis during plant growth and cell morphogenesis (Fletcher and Mullins, 2010; Ren et al., 2017). The functions and dynamics of MTs depend on multiple microtubule-associated proteins (MAPs) and other regulators, such as γ-tubulin complex (γ-TuC), microtubule bundling proteins and microtubule destabilizing proteins (Lloyd, 2011; Hamada, 2014). It has been reported that MTs can rapidly alter their organization in response to various environmental signals, such as light, low temperatures and salt stress (Chen et al., 2016; Lian et al., 2021). For instance, salt stress induces the rapid depolymerization of MTs, followed by the reassembly of new microtubule networks, which is vital for plant survival under high‐salinity environment (Wang et al., 2011; Wang and Mao, 2019). Furthermore, several MAPs have been implicated in these processes. For example, the degradation of SPIRAL1, a microtubule-stabilizing protein, is required for the salinity-induced rapid depolymerization of MTs and for plant salt-stress tolerance (Wang et al., 2011).

Targeting Protein for Xklp2 (TPX2) contains a highly conserved TPX2 domain (Pfam: PF06886) and acts as a microtubule-binding protein to regulate the stability and organization of cortical MTs in animals and plants (Wittmann et al., 2000; Brunet et al., 2004; Vos et al., 2008). TPX2 family proteins contain TPX2, TPX2-importin, TPX2-CKLEEK and WAVE-DAMPENED2-like New Domain (WAND). TPX2_importin domain mediates the localization of Xklp2 to the mitotic spindle. The TPX2-C domain, a highly conserved and kinesin-interacting domain, is located on the very C-terminus. Plant TPXL binds and activates Aurora 1 through the conserved Aurora-binding domain on the N-terminus, and Aurora 1 phosphorylates TPX2 independently of the binding domain (Smertenko et al., 2021). In addition, WAND, a class of conservative domain, is also discovered. Furthermore, the Xenopus TPX2 protein undergoes phase separation to form droplets with tubulin, which is essential for microtubule nucleation. The disordered N-terminal region of TPX2 enhances the phase separation and efficiency of MTs nucleation (King and Petry, 2020; Safari et al., 2021).

In the past two decades, several TPX2 proteins have been reported in various plants during growth and development, such as TPX2, MAP20, WVD2 and WDL (Perrin et al., 2007; Rajangam et al., 2008; Liu et al., 2013; Sun et al., 2015; Lian et al., 2017; Smertenko et al., 2020). The Arabidopsis thaliana WVD2 (AtWVD2) promotes MTs bundling to improve their stability, which plays a critical role in polar cell elongation (Perrin et al., 2007). AtWDL3 stabilizes MTs and functions in hypocotyl cell elongation in response to light, while the protein is degraded under dark conditions (Liu et al., 2013; Lian et al., 2017). AtWDL5 stabilizes MTs to promote ethylene-associated MTs reassembly (Sun et al., 2015). Populus tremula × tremuloides MAP20 (PttMAP20) stabilizes MTs and acts as a target of the cell wall synthesis herbicide 2,6-dichlorobenzonitrile, playing an important role in cell wall biosynthesis (Rajangam et al., 2008). The Brachypodium distachyon MAP20 (BdMAP20) suppresses MTs depolymerization and functions in metaxylem pit development (Smertenko et al., 2020). Furthermore, TPX2 proteins are also involved in various abiotic stress responses in plants (Dou et al., 2018; Smertenko et al., 2020). AtWDL5 is involved in ethylene‐mediated MTs reassembly in response to salt stress (Dou et al., 2018). BdMAP20 is involved in the regulation of vascular bundle development and contributes to drought recovery (Smertenko et al., 2020).

Poplar is an economically and ecologically important perennial woody plant that is widely cultivated. It is seriously affected by various environmental stresses such as soil salinization, heat and drought (Zhang et al., 2019). Poplar also serves as a model for elucidating physiological and molecular mechanisms of development and stress tolerance in tree species based on its rapid growth characteristics (Wu et al., 2021). Research has shown that MAPs are key regulatory molecules participating in plant growth and responses to environmental signals. At present, most studies on TPX2 proteins in abiotic stress still focus on model plants, such as Arabidopsis. In poplars, the family members of TPX2 and their regulatory mechanisms in response to abiotic stress are largely unknown. In this study, Populus trichocarpa TPX2 (PtTPX2) genes were systematically and comprehensively analyzed. Specifically, analyses of phylogenetic relationships, protein physicochemical properties, gene structures, protein domain, chromosome distributions, intrinsically disordered protein regions, promoter cis-acting elements of PtTPX2 genes and collinearity analysis of species were performed. RT-qPCR showed that PtTPX2 genes have different expression patterns in poplar. By analyzing the results of RT-qPCR, it was found that PtWDL6 was up-regulated in response to salt, heat and drought treatments. These findings indicate that PtWDL6 plays an important role in the resistance to abiotic stresses. Therefore, we cloned the PtWDL6 gene and found that PtWDL6 can bind MTs through subcellular localization analysis. These results suggest that PtWDL6 may be involved in poplar response to abiotic stress by regulating MTs. Collectively, this study performs an initial characterization of the structures and functions of the PtTPX2 family, extends the relationship between the plant TPX2 family and abiotic stress tolerance and establishes a foundation for future studies on the role of TPX2 genes in stress tolerance.



2 Materials and methods



2.1 Plant materials and treatments

One-month-old Populus alba × Populus glandulosa (84K) seedlings were cultivated on sterile WPM at 25°C with 16 h of light of 5,000 lx and 8 h of dark. For salt stress, one-month-old seedlings were transferred from initial solid WPM medium (without NaCl) to liquid WPM media supplemented with 200 mM NaCl for 24 hours (Xu et al., 2018). For heat stress, one-month-old seedlings were transferred to 42 °C for 24 h. For drought stress, one-month-old seedlings were transferred to a medium containing 200 mM mannitol (simulated drought) for 24 h. Controls for the above treatments were incubated without any treatment. After treatment, various tissues were harvested from three plants of each treatment in different times. All samples obtained were frozen in liquid nitrogen and rapidly stored at - 80°C for subsequent experiments.



2.2 Identification and phylogenetic analysis of TPX2 genes in Poplus trichocarpa

To identify putative TPX2 genes in Populus trichocarpa, the protein sequence of Arabidopsis thaliana TPX2 genes were obtained from TAIR (https://www.arabidopsis.org/, accessed on 20 October 2022) and used as the query sequences to screen all the candidate proteins in Populus trichocarpa with the BLASTp search (https://phytozome-next.jgi.doe.gov/, accessed on 20 October 2022) (Luo et al., 2022). In order to ensure the accuracy and comprehensiveness of the sequences, the Pfam number (PF06886) and HMM model files of the TPX2 conserved domain were searched through the PFAM database (http://pfam.xfam.org/, accessed on 20 October 2022), and the TPX2 family genes were screened by the HMM model file on the HMMER website (http://hmmer.org/, accessed on 20 October 2022) (Cao et al., 2020).

The amino acid sequences of TPX2 proteins from Arabidopsis thaliana, Populus trichocarpa, Gossypium hirsutum and Eucalyptus grandis were obtained from TAIR (https://www.arabidopsis.org/, accessed on 25 December 2022) and Phytozome (https://phytozome-next.jgi.doe.gov/, accessed on 25 December 2022). These TPX2 sequences were aligned using the ClustalW program (Chenna et al., 2003). The parameters were set by default. A neighbor-joining (NJ) phylogenetic tree was constructed using the MEGA7.0.26 program with 1000 bootstrap replicates (Lei et al., 2019).



2.3 Characteristic analysis of PtTPX2

The length of the coding sequences and number of amino acids were calculated by using the TBtools software (Chen et al., 2020). The molecular weight and isoelectric point of PtTPX2 proteins were analyzed by using the ExPASy ProtParam tool (https://web.expasy.Org/protparam/, accessed on 20 October 2022) (Tuskan et al., 2006). The conserved motifs of PtTPX2 proteins were predicted by the online website MEME (http://meme-suite.org/index.html/, accessed on 20 October 2022) (Bailey and Gribskov, 1998). To further visualize the motifs’ compositions and protein structures, integration analysis was conducted using TBtools software. Based on the General Feature Format (GFF) information from the Phytozome database, the chromosomal distribution of the PtTPX2 genes was con-firmed and visualized by using Mapchart software (Voorrips, 2002). The promoter sequences 2000 bp upstream of the Populus trichocarpa TPX2 genes were extracted from the Phytozome database. The prediction of cis-acting elements of the promoter region was identified using the PlantCare database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on 20 October 2022) (Lescot et al., 2002).



2.4 Chromosomal distribution and collinear analysis of PtTPX2

The chromosomal positions of genes were mapped using the TBtools software (Chen et al., 2020) based on annotated files of genomic structural information of Arabidopsis thaliana, Populus trichocarpa, Gossypium hirsutum and Eucalyptus grandis. These genomic data were obtained from Phytozome (https://phytozome-next.jgi.doe.gov/, accessed on 25 January 2023). TBtools software was used to visualize intraspecific and interspecific collinearity of Populus trichocarpa. Advanced Circos function from TBtools software was used for visualization within Populus trichocarpa species. Multiple Synteny Plot function from TBtools software was used to visualize collinearity of Populus trichocarpa and Arabidopsis thaliana, Populus trichocarpa and Gossypium hirsutum, Populus trichocarpa and Eucalyptus grandis.



2.5 Prediction of PtTPX2 proteins’ intrinsically disordered regions

Intrinsically disordered regions (IDRs) are protein regions characterized by lack of definite structures. IDRs of all PtTPX2 proteins were predicted by using the online PONDR program (http://www.pondr.com/, accessed on 25 January 2023) (Xue et al., 2010). The presence of IDRs makes it easier for proteins to form droplet shape, inducing phase transition generation and regulation.



2.6 Total RNA extraction and cDNA reverse transcription synthesis

Total RNA was extracted using the Eastep Super Total RNA Extraction Kit (LS1040, Shanghai Promega, Shanghai, China). The quality of RNA samples were determined by the NanoDrop 8000 (Thermo Fisher Scientific, Waltham, Massachusetts, USA) (Desjardins and Conklin, 2010; Lei et al., 2019). Then, using 1 µg RNA as the template, the RNA was reverse transcribed into cDNA using the rapid quantitative RT Supermix Kit (M-MLV Reverse Transcriptase, Mi Si Century Biotechnology company, Shanghai, China) (Qi et al., 2022). The cDNA was stored at - 20 °C for subsequent RT-qPCR experiments.



2.7 PCR primer design and real-time quantitative PCR analysis

Specific RT-qPCR primers were designed using Primer 3 plus software (https://www.primer3plus.com/index.html/, accessed on 1 August 2022), and then the best primers for specificity were selected (Supplementary Table S1). The number of primer bases was between 18 and 20 bp, and the sequence length was between 80 and 120 bp. Poplar 18S rRNA was used as a reference gene to normalize the expression data. RT-qPCR was detected by CFX connect in a 10 µl per well system. Calculations were performed using the 2-△△Ct method with a t-test to analyze significant differences (Meng et al., 2016). Three biological replicates were set up for each sample and three technical replicates for each biological replicate. Microsoft Excel software was used for data analysis, Graphpad prism9 and TBtools software was used for drawing.



2.8 Subcellular localization of PtWDL6 protein

The amplified CDS of PtWDL6 and the sequence of expressing green fluorescent protein (GFP) were inserted into the plasmid vector (pCAMBIA1390) by homologous recombination. Subcellular localization of PtWDL6 and cortical MTs was visualized using transiently expressed UBQ : PtWDL6-GFP and UBQ : MBD-mCherry constructs expressed in tobacco leaf epidermal cells (Liu et al., 2013; Dou et al., 2021). The plasmid was transformed into Agrobacterium tumefaciens GV3101, and the two vectors were transiently co-expressed in tobacco epidermal cells. All fluorescence signals of the samples were detected using a confocal laser scanning microscope system (Zeiss LSM 810).




3 Results



3.1 Characterization and phylogenetic analysis of PtTPX2 genes

In this study, we screened the TPX2 genes from the Populus trichocarpa v4.1 (https://phytozome-next.jgi.doe.gov, accessed on 21 October 2022), named as PtMAP20, PtMAP20L, PtTPX2 and PtWDL. Detailed characteristics and information of these genes were analyzed and summarized in Table 1, including the molecular weight (Mw), the isoelectric point (PI) and the number of amino acids (AAs). In this family, the proteins ranged from 177 (PtMAP20) to 817 (PtTPX2-1) amino acids in length. The predicted molecular weight varied from 20.79 kDa (PtMAP20) to 92.33 kDa (PtTPX2-1). Except for PtWDL10, the number of predicted isoelectric points was more than seven, indicating that PtTPX2 proteins are rich in basic amino acids. Amino acid composition analysis showed that the proportion of amino acid composition of PtTPX2 proteins were similar. The proportion of the charged amino acids was 36.01% to 45.63%. The proportion of the acidic amino acids was between 12.57% and 17.48%, and the proportion of basic amino acids was between 18.79% and 23.07%. The proportion of polar amino acids ranged from 22.72% to 32.61%, and the proportion of hydrophobic amino acids ranged from 20.6% to 26.83%.


Table 1 | Information of PtTPX2 protein structures and amino acid ratios.



To investigate the evolutionary relationships and potential functional characteristics of the PtTPX2 family members, a phylogenetic tree was constructed using all the TPX2 full-length protein sequences from Populus trichocarpa, Eucalyptus grandis, Gossypium hirsutum and Arabidopsis thaliana (Supplementary Table S2). Based on the homology, the PtTPX2 genes, together with other TPX2 genes, were assigned to six different subclasses (Subclass I-VI) (Figure 1). Subclass VI contained the largest numbers of TPX2 genes. Subclass I contained the smallest numbers of TPX2 genes, including AtMAP20, PtMAP20, EgMAP20 and two GhMAP20 genes. In addition, we examined other evidence to support the reliability of this classification, such as gene structures, conserved motifs (Supplementary Figure S1).




Figure 1 | Phylogenetic tree of the PtTPX2 family with AtTPX2, GhTPX2 and EgTPX2 as internal reference. All the proteins were divided into six subclasses (I-VI), with PtTPX2 family members highlighted by bright green diamonds and other species distinguished by different colors and shapes.





3.2 Structural analysis of PtTPX2 genes and proteins

To further understand the structural diversity and similarity of PtTPX2 genes and PtTPX2 proteins, we analyzed the exon-intron structures, conserved motifs, and protein domains. Among 19 PtTPX2 genes, genes grouped in the same subclass had similar gene structures (Supplementary Figure S1). The gene with the shortest length, PtMAP20, contained an extremely short first exon, and the six PtWDL (PtWDL9-PtWDL14) members also contained a short first exon. However, the subclass II members PtMAP20L1 and PtMAP20L2 contained a relatively long first exon among all PtTPX2 genes. The two genes with the longest lengths, PtTPX2-1 and PtTPX2-2, were comprised of a total of 20/19 exons and 19/18 introns, respectively. The remaining genes generally contained six to nine exons. All 19 TPX2 proteins contain the TPX2 domains (Figure 2). In addition, several members have a plant-specific WAND. Among them, PtMAP20, PtMAP20L1, PtMAP20L2, PtTPX2-1 and PtTPX2-2 have the TPX2 domain. All PtWDL proteins have TPX2-CKLEEK domain, except PtWDL7, PtWDL11 and PtWDL13. Only PtTPX2-1 and PtTPX2-2 proteins have TPX2_importin domain and Aurora-binding. PtWDL10, PtWDL11, PtWDL13 and PtWDL14 proteins have WAND domain.




Figure 2 | Domain organization of Populus trichocarpa TPX2-family proteins.



To further analyze the functional regions of PtTPX2 proteins, the conserved motifs were predicted using the MEME program (Supplementary Figure S1). After MEME analysis, fifteen conserved motifs were predicted and named as Motif 1 ~ Motif 15. By analyzing the motif distribution of PtTPX2 proteins, the C-terminus of all members contained a well-conserved Motif 1. Most subclass members exhibited a common motif composition. Each subclass had different conserved motifs in the N-terminus regions, such as Motif 12 in subclass II, Motif 10 in subclass III, Motif 6 in subclass IV and Motif 3 in subclass VI, indicating that the specific motif was related to specific biological functions.



3.3 Analysis of PtTPX2 proteins’ intrinsically disordered regions

The phase separation of proteins is ubiquitous in cell biology. Multiple MAPs contain a substantial percentage of intrinsically disordered regions (IDRs), which can contribute to protein coacervation and phase separation (Pak et al., 2016). Previous studies have shown that the Xenopus TPX2 protein undergoes phase separation to form droplets with tubulin, which is essential for microtubule nucleation (King and Petry, 2020; Safari et al., 2021). Since phase separation often occurs in proteins that have intrinsically disordered regions, we analyzed all PtTPX2 proteins using PONDR program (designed to predict the protein disordered regions) (Figure 3). All 19 PtTPX2 proteins were predicted to have disordered regions (average prediction score were greater than 0.5). The PtMAP20L1, PtMAP20L2, PtWDL1, PtWDL5, PtWDL6 and PtWDL7 proteins were highly disordered among all regions. Particularly, the average prediction score of PtWDL5 and PtWDL7 were greater than 0.9. PtTPX2-1 and PtTPX2-2 were both highly disordered in the N- and C-termini. The disordered regions of each protein exhibited high diversity. Based on the above results and the functional reports from previous studies, PtTPX2 proteins may play different biological functions through phase separation under different conditions.




Figure 3 | Intrinsically disordered regions prediction of 19 PtTPX2 proteins.





3.4 Promoter analysis of PtTPX2 genes

To elucidate the possible regulatory mechanisms of the PtTPX2 genes in abiotic stress responses, we extracted the 2000 bp sequences upstream of the transcription start site to analyze the cis-acting elements (Supplementary Table S3). We listed the cis-acting elements which are related to development-related, hormone responsive, light responsive and stress responsive in Figure 4. Most promoter regions of PtTPX2 genes contained the Myeloblastosis (MYB) and Myelocytomatosis (MYC) binding sites, which are associated with salt and drought stress responses. In addition, we counted the number of developmental, hormonal, light, and stress-related cis-acting elements (Figure 4). CAT-box, ABA-responsive element (ABRE), GT1, and AU-rich element (ARE) were the most abundance cis-acting elements for development, hormone, light, and stress response, respectively. These results indicated that PtTPX2 genes is capable of responding to a wide range of abiotic stresses to perform biological functions.




Figure 4 | Analysis of cis-acting elements in the promoter regions of PtTPX2 genes. (A) Types and distribution locations of cis-acting elements in the promoter region of PtTPX2 gene. (B) The number of cis-acting elements in the promoter regions of PtTPX2 genes.





3.5 Chromosome distribution and collinear analysis

The chromosome distribution of the PtTPX2 genes was mapped using the TBtools software based on annotated information on the genome structure of Populus trichocarpa, Arabidopsis thaliana, Gossypium hirsutum and Eucalyptus grandis. The 19 PtTPX2 genes were unevenly distributed on 11 chromosomes of Populus trichocarpa (Figure 5), indicating the diversification and complexity of the TPX2 family. Chr10 contained four TPX2 genes, three of which belonged to Subclass VI. Chr08 and Chr17 both contained three TPX2 genes. Chr06 contained two TPX2 genes, both of which belonged to Subclass V. Chr01, Chr04, Chr05, Chr07, Chr13, Chr16 and Chr18 each contained one TPX2 gene. Gene duplication events were detected by MCScanX, and tandem duplicated genes were not detected. Collinearity analysis showed that all PtTPX2 had at least one collinear gene, except PtWDL9 and PtMAP20 (Figure 5). In order to further analyze the homology and collinearity of TPX2 genes in different species, we also performed an interspecies collinearity analysis using the Multiple Synteny Plot function of TBtools software. A comparison of the collinear genomic blocks of Populus trichocarpa with Arabidopsis thaliana, Gossypium hirsutum and Eucalyptus grandis, showed that several PtTPX2 genes were homologous (Figure 6) owing to chromosomal segmental duplication. Populus trichocarpa and Gossypium hirsutum were more collinear gene pairs. This conclusion suggests that Populus trichocarpa was more closely related to Gossypium hirsutum. This maybe attributable to that Populus trichocarpa and Gossypium hirsutum grow in similar environments. These results suggested that segmental duplication was essential in generating of the PtTPX2 genes family in Populus trichocarpa.




Figure 5 | Relationship between different PtTPX2 genes in different chromosomes. Grey lines indicate all homologous blocks in the Populus trichocarpa genome, and the red lines indicate duplicated PtTPX2 gene pairs.






Figure 6 | Collinearity analysis between different genomes. (A) Collinear analysis of Populus trichocarpa and Arabidopsis thaliana. (B) Collinear analysis of Populus trichocarpa and Eucalyptus grandis. (C) Collinear analysis of Populus trichocarpa and Gossypium hirsutum. Grey lines indicate the collinear blocks within Populus trichocarpa and different genomes, the blue line indicates collinear gene pairs.





3.6 Expression profiles of PtTPX2 genes in different plant tissues

Tissue-specific expression analysis showed that PtTPX2 gene expression levels were significantly different in different tissues, but almost all PtTPX2 genes had low expression levels in mature leaves, stems and roots (Figure 7; Supplementary Table S4). There was obvious clustering among different subclass members of PtTPX2, and PtMAP20, belonging to the Subclass I, was significantly different from other genes. The expression levels and trends of PtMAP20L1 and PtMAP20L2 in different tissues were basically consistent, they belong to Subclass II. The expression of all PtWDL genes in young leaves was significantly higher than that in other tissues. The expression of PtMAP20 gene showed the highest trend in mature stems, but it was low expressed in young leaves. PtWDL11 also showed high expression in mature leaves, but the expression level was still lower than the young leaves. In addition, PtWDL1 and PtWDL10 were also highly expressed in young stems, but significantly lower than their expression in young leaves. Notably, the expression of PtWDL6 is highly expressed in both young leaves and young stems and the expression level in young stems is higher than that in other tissues, whereas PtWDL5, PtWDL7 and PtWDL8, its closest homolog, were highly expressed only in the young leaves.




Figure 7 | Heatmap of PtTPX2 gene expression patterns in different growing periods, young and mature. Green represents lower gene expression levels and red represents higher gene expression levels. The color represents the level of expression of each gene in each sample. The gene expression levels were calculated based on 2− ΔΔCt.





3.7 Analysis of PtTPX2 genes based on RT-qPCR under salt stress

Under salt stress, PtWDL genes in stems showed an up-regulation phenomenon with the increase of treatment time, except for PtWDL1 and PtWDL12. The expression of PtWDL11, PtWDL12 and PtWDL14 genes showed a decreasing trend in leaves. Notably, PtWDL11, PtWDL12 and PtWDL14 genes all belong to Subclass VI. Moreover, these genes were all expressed without salt stress, suggesting that they may be involved in the regulation of poplar growth. The expressions of PtMAP20 and PtMAP20L1 showed an increasing trend in leaves and reached the highest level in 18 h. Additionally, the expressions of PtMAP20L2, PtTPX2-1 and PtTPX2-2 all increased first and then decreased, the expression levels of them peaked after 12 h of salt stress (Figure 8) (Supplementary Table S4), suggesting that they might have similar functions throughout the salt stress period. The results showed that the expression levels of all PtWDL genes increased significantly in the late stage of salt stress, suggesting that they may be more involved in the regulation activities in the late stage of salt stress.




Figure 8 | Heatmap of PtTPX2 gene expression patterns in different tissues and processing time under salt stress. The graphic size and color represent the level of expression of each gene in each sample. The gene expression levels were calculated based on 2− ΔΔCt.





3.8 Analysis of PtTPX2 genes based on RT-qPCR under heat stress

The present study results showed that the expression profiles of PtTPX2 showed genes different responses to artificially simulated temperature (42°C) stress for different durations. Moreover, the expression profiles of PtTPX2 also showed significant differences among different tissues. Under heat stress, all PtTPX2 genes have the most obvious changes in leaves and stems, which indicates that PtTPX2 genes directly respond to heat stress and play biological functions in the above-ground parts of the plant. The present study results showed that most of the PtTPX2 genes had the highest expression at 18 h after heat stress in the stems. However, several genes are different. PtMAP20, belong to Subclass I, was peaked in 12 h after heat stress in the stems. PtTPX2-1 and PtWDL1 were peaked in 24 h after heat stress in the stems. PtTPX2-2, PtWDL3 and PtWDL10 were peaked in 24 h after heat stress in the leaves. These results indicate that these genes play a regulatory role in the late stage of heat stress. PtWDL4, belong to Subclass IV, was peaked in 6 h after heat stress in the leaves, suggesting that it can play a regulatory role in the early stage of heat stress, which also proves that the leaf organs of plants are crucial for the perception of heat stress. In addition, the expression of PtWDL8 and PtWDL12 did not change significantly in stems. PtWDL8 and PtWDL12 was highly expressed in roots and leaves without heat stress, but could not be detected after heat stress (Figure 9). These results indicate that PtTPX2 genes mostly respond to heat stress in the stems.




Figure 9 | Heatmap of PtTPX2 gene expression patterns in different tissues and processing time under heat stress. The graphic size and color represent the level of expression of each gene in each sample. The gene expression levels were calculated based on 2− ΔΔCt.





3.9 Analysis of PtTPX2 genes based on RT-qPCR under drought stress

PtWDL4, PtWDL5 and PtWDL6, belong to Subclass IV and V, were up-regulated in leaves, roots and stems tissues over time under drought stress, suggesting that these genes may play a key role in poplar’s specific response to drought stress. Furthermore, PtMAP20, PtMAP20L1 and PtMAP20L2 were only significantly expressed in stems. The expression of PtMAP20 and PtMAP20L1 reached a peak at the 6 h of drought treatment, and then decreased. These results suggest that these genes may play a role in the early stages of drought stress. However, PtMAP20L2, belong to Subclass II with PtMAP20L1, was a high expression level without drought stress, suggesting that the growth of poplar itself is regulated by PtMAP20L2. Notably, PtWDL1 and PtWDL7 may have similar biological functions to PtMAP20L2. In addition, the expressions of PtWDL11, PtWDL12, PtWDL13 and PtWDL14 were only significantly down-regulated in leaves. Moreover, these genes peaked without drought stress, suggesting that these genes might not be regulated by drought stress (Figure 10). These results suggest that PtTPX2 genes differently respond to drought stress, however, these genes in the same subclass mostly have similar biological functions.




Figure 10 | Heatmap of PtTPX2 gene expression patterns in different tissues and processing time under drought stress. The graphic size and color represent the level of expression of each gene in each sample. The gene expression levels were calculated based on 2− ΔΔCt.





3.10 Subcellular localization analysis of PtWDL6

Based on the above results, PtWDL6 is significantly respond to salt, drought and heat stresses. Therefore, PtWDL6 was cloned and studied in the following work. PtWDL6-GFP and MBD-mCherry (labeled MTs) were temporarily expressed in tobacco leaf epidermal cells and visualized by a confocal laser-scanning microscope (Figure 11). As shown in Figure 11, the PtWDL6-GFP fluorescence overlapped with the red fluorescent signal of cortical MTs. Colocalization was analyzed by plotting the signal intensities of PtWDL6-GFP and MTs using ImageJ software (Figure 11). As demonstrated, PtWDL6 localized to MTs in the tobacco cells.




Figure 11 | Subcellular localization of PtWDL6 proteins. (A) PtWDL6 colocalizes with cortical MTs detected in tobacco cells. (B) Plot of a line scan drawn showing a strong correlation between the spatial localization of PtWDL6 and cortical MTs.






4 Discussion

The microtubule is a dynamic and adaptive structure, and its functions and dynamics depend on regulation by microtubule-associated proteins (Dixit and Cyr, 2004; Ehrhardt and Shaw, 2006; Akhmanova and Steinmetz, 2010; Hamant et al., 2019). TPX2 is a class of conserved microtubule-associated proteins which regulate microtubule dynamics in response to diverse developmental and environmental cues (Wittmann et al., 2000; Neumayer et al., 2014; Wadsworth, 2015). Poplar has a high economic value and serves as a model for elucidating molecular mechanisms of development and stress tolerance in tree species. However, genome-wide analyses of the TPX2 genes of Populus trichocarpa have not been performed, and the regulatory functions of PtTPX2 genes involved in abiotic stress responses remain unclear. In the present study, 19 PtTPX2 genes were screened and systematically analyzed. The phylogenetic analysis was conducted with four plants species: Populus trichocarpa, Eucalyptus grandis, Gossypium hirsutum and Arabidopsis thaliana. The TPX2 protein family in Populus trichocarpa was divided into six subclasses to further identifying the protein conservation. The similar arrangements of gene structures and conserved motifs in the same subclass further prove the correctness of the TPX2 classifications. All TPX2 members contained well-conserved motif 1 in the C-terminus regions, and subclass members had different conserved motifs in the N-terminus regions, suggesting that TPX2 genes may have different biological functions.

Under abiotic stresses, plants usually activate various mechanisms to resist the adverse environment (Chai et al., 2016). Soil salinization is one of the main factors affecting the productivity of forestry (Yang et al., 2018; Litalien and Zeeb, 2020; Van Zelm et al., 2020). Under high-salinity conditions, excessive cytosolic Na+ breaks the dynamic balance of basic mineral nutrients that limit the growth and development of trees. In addition, multiple studies have demonstrated that many other regulatory factors and molecular mechanisms are involved in the process by which plants resist salt stress (Osakabe et al., 2014; Zhao et al., 2018; Wei et al., 2022; Deng et al., 2023). Heat stress is one of the important ecological factors affecting plant physiological processes. In recent years, with the impact of climate change such as the increase in global average temperature, the phenomenon of plants suffering from heat stress has become more and more frequent (Hassan et al., 2021). Plants respond to heat stress mainly through the activation of subsequent molecular cascades associated with heat shock factors and their main targets (heat shock proteins), to cellular responses and then to the plant’s own phenotypic response against heat stress (Kang et al., 2022). Drought stress seriously affects plant growth, development, reproduction and other life activities. It also affects plant morphology, structure and physiological function. Changes in plant biomass, water use efficiency, photosynthetic system, osmotic regulation ability, cell membrane stability, antioxidant system defense ability and hormone levels are often used to judge the ability of plants to resist drought stress (Kuromori et al., 2022). In this study, PtTPX2 gene was differentially expressed in response to salt, heat and drought stresses. In addition, TPX2 genes in different plant tissues were also responsive to cold and osmotic stresses (Kumar et al., 2016).

The microtubule cytoskeleton controls plant growth and cell morphogenesis, as well as participates in the adaptation of plants to stress. Cortical MTs reorganized new microtubule networks to aid plant survival under stress. Several MAPs have been implicated in these processes (Wang et al., 2011; Zhang et al., 2012; Li et al., 2017). Previous studies have shown that some upstream transcription factors regulate the expression of the AtTPX2 gene (Sun et al., 2015; Dou et al., 2018). Therefore, analyzing the promoter region of genes is conducive to screening candidate upstream regulatory factors. In this study, numerous cis-acting elements were found in promoters, and they are closely associated with various abiotic stresses. The promoter region of PtTPX2 contained a large number of binding elements, which are also related to the stress response (Major et al., 2017; Guo et al., 2022). The results of RT-qPCR showed that salt stress, heat stress and drought stress can significantly change the PtTPX2 gene in different tissues or treatment times. This indicated that PtTPX2 gene had a positive response to stress treatment (Figure 8–10). In addition, subcellular localization showed that PtWDL6 was co-localized with MTs in plant cells (Figure 11). That is, PtWDL6 may respond to abiotic stress by regulating MTs. Therefore, TPX2 gene may be involved in the regulation of MTs to help plants resist abiotic stresses and adapt to the environment.



5 Conclusions

Collectively, 19 Populus trichocarpa TPX2 genes were comprehensively analyzed, including gene structures, phylogenetic characteristics, intrinsically disordered regions, cis-regulatory elements, expression patterns and functional characterizations. Through RT-qPCR data mining, we found that PtTPX2 gene was significantly differentially expressed under various abiotic stresses. Meanwhile, PtWDL6 was cloned and co-localized with cortical MTs in tobacco cells. Taken together, these findings provide important information for the elucidation of the function of PtTPX2 genes and establish a foundation for future studies on the role of TPX2 genes in stress tolerance.
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Introduction

Chestnut (Castanea mollissima BL.) is an important woody grain, and its flower formation has a significant impact on fruit yield and quality. Some chestnut species in northern China re-flower in the late summer. On the one hand, the second flowering consumes a lot of nutrients in the tree, weakening the tree and thus affecting flowering in the following year. On the other hand, the number of female flowers on a single bearing branch during the second flowering is significantly higher than that of the first flowering, which can bear fruit in bunches. Therefore, these can be used to study the sex differentiation of chestnut.



Methods

In this study, the transcriptomes, metabolomes, and phytohormones of male and female chestnut flowers were determined during spring and late summer. We aimed to understand the developmental differences between the first and secondary flowering stages in chestnuts. We analysed the reasons why the number of female flowers is higher in the secondary flowering than in the first flowering and found ways to increase the number of female flowers or decrease the number of male flowers in chestnuts.



Results

Transcriptome analysis of male and female flowers in different developmental seasons revealed that EREBP-like mainly affected the development of secondary female flowers and HSP20 mainly affected the development of secondary male flowers. KEGG enrichment analysis showed that 147 common differentially-regulated genes were mainly enriched from circadian rhythm-plant, carotenoid biosynthesis, phenylpropanoid biosynthesis, and plant hormone signal transduction pathways. Metabolome analysis showed that the main differentially accumulated metabolites in female flowers were flavonoids and phenolic acids, whereas the main differentially accumulated metabolites in male flowers were lipids, flavonoids, and phenolic acids. These genes and their metabolites are positively correlated with secondary flower formation. Phytohormone analysis showed that abscisic and salicylic acids were negatively correlated with secondary flower formation. MYB305, a candidate gene for sex differentiation in chestnuts, promoted the synthesis of flavonoid substances and thus increased the number of female flowers.



Discussion

We constructed a regulatory network for secondary flower development in chestnuts, which provides a theoretical basis for the reproductive development mechanism of chestnuts. This study has important practical implications for improving chestnut yield and quality.
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Introduction

Secondary flowering is the phenomenon in which a tree blooms more than twice a year. Most plants, such as the apple (Malus spp.) (Chitu and Paltineanu, 2020), sweet cherry (P. avium) (Fadón et al., 2021), plum (P. domestica) (Głowacka et al., 2021), peach (P. persica) (Kurokura et al., 2013; Romeu et al., 2014) and other fruit trees of the Rosaceae family, usually bloom once a year in spring. The fruits gradually increase in size and colour and ripen in the summer and autumn. Some plants, such as pear trees (Wei et al., 2022) and magnolias (Xuan et al., 2022), exhibit an anomaly in flowering twice a year under certain conditions. For ornamental plants, the second flowering is due to its extended flowering period and popularity (Iwata et al., 2012; Xuan et al., 2022; Xue et al., 2022); however, for perennial fruit trees, the second flowering and fruiting consume large amounts of nutrients, weakening the tree. The cold resistance of plants during winter is weakened, resulting in a reduced number of flowers and fruit production in the following year (Qiu et al., 2019).

Chestnuts are important non-wood products, and their fruit is edible and rich in nutrients (Carocho et al., 2014; Zhang et al., 2015; Chen et al., 2019; Cheng et al., 2022). However, chestnuts have fewer female flowers than male flowers, and the low yield per unit is a serious constraint to economic development (Chen et al., 2019; Cheng et al., 2022). According to the normal phenological period, the flowering period of chestnuts in northern China is from April to June, whereas some chestnut varieties have abnormal flowering from July to September. For example, ‘Zunhuaduanci’ flowers twice a year and produces two fruits. The formation factors of secondary flowering are complex and uncertain. Current research is only at the physiological level for secondary flowering in chestnut. Thus, due to the lack of relevant genetic information and limited research on the mechanisms of secondary flowering in chestnut, the intrinsic mechanism and root cause of secondary flowering remains unknown.

Once-flowering temperate fruit trees usually bloom in spring (Kurokura et al., 2013). Flower bud differentiation and flowering in fruit trees are complex processes of organ morphogenesis. These processes are the result of joint participation and coordination of various factors within the plant body and the regulation of the tree which is caused by the influence of external environmental factors. Under normal conditions, most flowering plants grow nutritionally in spring, and flower primordia appear in the meristematic tissues of branch tips or lateral buds in summer and autumn. As winter approaches, plants are forced into dormancy due to low temperature stress. Most flowering organs complete differentiation before dormancy and then resume growth and flowering when flower buds develop more rapidly in conjunction with a slow rise in temperature in spring (Amasino, 2010). This cyclic flowering in plants is mainly caused by light and temperature. With the seasonal rotation of external environmental signals, the growth and development of the plant changes in small increments on a daily basis. This variation arises from daily calibration of the endogenous biological clock, a life strategy of plants to cope with the 24-hour circadian rhythm of the Earth, which can enhance environmental adaptation (Ni, 2005; Hotta et al., 2007; Chen et al., 2019). In a photoperiod-dependent flowering induction pathway, changes in day length induce the expression of the flowering integrator FLOWERING LOCUS T (FT) gene in leaves, and FT proteins are transported to the apical meristem tissue to induce plant flowering (Turck et al., 2008). The abundance of FT gene expression depends mainly on the function of the CONSTANS (CO) protein, which acts as a transcriptional activator of the FT gene. Biological regulation of CO transcription and the multiple effects of various photoreceptors on changes in CO protein stability are critical for CO protein accumulation under favourable conditions. Expression of CO genes is controlled by the biological clock, causing their mRNA abundance to oscillate throughout the day. The CYCLING DOF FACTOR (CDF) gene, driven by the biological clock, acts as a repressor of flowers and can strongly inhibit CO transcription. In the morning, CDF expression may be induced by two morning components, CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY), which are related MYB transcription factors. In contrast, in the afternoon, their expression appears to be repressed by the action of the PSEUDO RESPONSE REGULATOR (PRR) transcriptional repressor proteins PRR5, PRR7 and PRR9 (Luo et al., 2021; Oravec and Greenham, 2022). In Arabidopsis, long daylight stabilizes the CO protein, which induces FT gene expression and promotes flowering. However, under short daylight conditions, FT gene expression levels are very low, resulting in a delayed flowering time (Niwa et al., 2007; Yeang, 2013). The light environment and temperature are the two main inputs that control the biological clock. The ambient temperature can also induce the circadian rhythm to calibrate flowering time. Low temperatures can induce dormancy. Global warming leads to a significant increase in temperatures from autumn to spring and insufficient cooling in winter, which affects plant dormancy, resulting in flowering disorders in the Japanese pear (Pyrus pyrifolia) (Tominaga et al., 2021). In soybean, high temperatures induce the expression of GmFT2a and GmFT5a as well as a group of GmCOL genes to promote flowering (No et al., 2021). In conclusion, flower bud differentiation in different plants is responsive to environmental requirements, and reasonable regulation of the flower bud differentiation range can change the flowering time.

Plants have diverse types of flowering and complex flowering mechanisms, and various endogenous substances and exogenous signals can affect and regulate flowering timing (Srikanth and Schmid, 2011). In addition to the external environment, the metabolite content, hormone levels, and gene expression of trees also affect the flowering processes of plants (Endo et al., 2018). The biological clock and photosynthesis are mutually regulated to protect plants from damage caused by photoinhibition through the regulation of carotenoid biosynthesis. Carotenoids are precursors of abscisic acid (ABA) synthesis, and ABA signalling is regulated by the biological clock (Yari Kamrani et al., 2022). As an inhibitor of flowering in Arabidopsis, it may also be involved in the induction of flowering under certain conditions (Riboni et al., 2016; Endo et al., 2018). Ethylene-responsive element-binding protein (ERF) is involved in the regulation of flowering in chrysanthemums, and overexpression of ERF110 can promote floral transition by tuning the circadian clock (Huang et al., 2022). In addition to hormones, lipids can be used as signalling metabolites for flowering time in Arabidopsis and oilseed rape. Phenolics and phenylpropanoids are also involved in the regulation of plant flowering (Chakraborty et al., 2022). The expression of genes related to the anthocyanin synthesis pathway, such as Chalcone synthase (CHS), Chalcone isomerase (CHI), and Dihydroflavonol-4-reductase (DFR), under a light/dark cycle exhibits a circadian rhythm (Nguyen and Lee, 2016; Hildreth et al., 2022). In addition, phenylalanine is converted to t-cinnamic acid, and cinnamic acid is converted to cinnamic acid. To induce stress, phenylalanine ammonia lyase (PAL) gene expression, PAL enzyme activity, and salicylic acid (SA) content were increased to activate flowering regulation mechanisms (Wada et al., 2014).

The external environment also affects sex differentiation in plants (Talamali et al., 2003). Because the sex of plants is plastic, the external environment can regulate it by affecting gene expression, endogenous hormones, and metabolite content (Endo et al., 2018; Santiago and Sharkey, 2019). High temperatures and long daylight exposure inhibit the formation of female flowers in cucumbers (Lai et al., 2018). However, other studies have shown that male reproductive development is usually more susceptible to high temperatures than pistils and ovules (Santiago and Sharkey, 2019). Sustained heat stress causes cytoplasmic male sterility in soybean, and HSP20 can act as a protective gene to improve heat tolerance during flowering (Ding et al., 2020). Low temperatures hinder the anther developmental stage in chickpea, causing flowers to abort; however, at room temperature, normal reproductive patterns can subsequently resume (Kiran et al., 2019). Differences in light amount caused sexual instability in G. sylvaticum (Varga and Kytöviita, 2016). The higher percentage of blue light in the R2B1 treatment significantly induced the formation and accelerated flowering time of female flowers in cucumber (Song et al., 2018). Therefore, the expression of plant sex is complex and the mechanisms of sex determination are diverse (Stehlik et al., 2008).

In this study, we combined transcriptome sequencing and metabolome analysis to analyse the differences between first and secondary flower development in chestnut, and also identified and evaluated the phytohormone content of male and female chestnut flowers during spring and late summer flowering. The expression patterns of regulatory genes and related metabolites involved in Circadian rhythms-plant, Phytohormone signalling, Flavonoid pathways, and Carotenoid biosynthesis during the development of male and female flowers in different seasons were investigated. Regulatory networks for the key genes and metabolites were constructed. Based on these findings and mechanistic studies, the causes of secondary flower formation in chestnuts were explored for the first time, as well as the key factors for the higher female-to-male ratio of secondary flowers than that of first flowers. The results of this study are expected to provide new ideas for preventing chestnut secondary flowering and regulating the ratio of female to male flowers and provide theoretical support for increasing female production and reducing male production.



Materials and methods



Plant materials

The study site is on the Weijinhe Forestry Farm, Zunhua City, Hebei Province, China, between 117°34′–118°14′ E and 39°55′–40°20′ N at 60 m asl. The Chinese chestnut cultivar selected is ‘Zunhuaduanci’, which blooms twice a year after flower bud differentiation in the spring and summer. The trees were 12 years old and full bearing, with robust growth, uniform size, an average height of 3 m, a crown width of 3 m, and a planting density of 3 × 5 m, with normal cultivation management.

In spring, two to three male flower clusters were collected from the base of the male inflorescence when they began to appear on 30 April (FMaM). One to two female flower clusters were collected from the base of the mixed inflorescence (FMiF) when catkins started to appear on 16 May. Samples were taken at 5–7-day intervals until 1 June when sampling ended when the male and female flowers opened. Female and male flowers were mixed separately. Summer flowering began in early July, and male flowers at the base of the male inflorescence in the lower part of the fruiting branches (SMaM) and female flowers at the base of the mixed inflorescence (SMiF) were sampled every 2–3 days. All samples from the four trees were taken as one replicate, and three replicates were used for the RNA-seq, metabolomic, and plant hormone analyses.



Transcriptome sequencing and analysis

Collected samples were used to extract total RNA from female and male chestnut flowers using the Plant Total RNA Extraction Kit (Promega Biotech Co., Ltd., Beijing, China). Agarose gel electrophoresis was used to analyse RNA integrity, and a Qubit 2.0 fluorometer was used to measure the RNA concentration. Illumina sequencing was performed according to the manufacturer’s protocol at MetWare Biotechnology Company (Wuhan, China). The reference genome is available at http://gigadb.org/dataset/view/id/100643. The data were filtered to obtain clean data, which were compared to a specified reference genome for sequence alignment. Mapped data were then used for structural-level analysis. High-quality clean data were used for all downstream analyses. Expression level analyses, such as differential expression analysis, functional annotation of differentially expressed genes, and functional enrichment, were performed based on the expression of genes in different samples or different sample sets. Fragments per kilobase of transcript per million mapped fragments (FPKM) were used as a measure of transcript or gene expression levels. Differentially expressed genes (DEGs) were screened for |log2FoldChange (FC)|≥1 and false discovery rate (FDR) < 0.05. The R package ‘Phyper’ (www.r-project.org) was used and the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis was performed with a cut-off value of P < 0.05.



Extensive targeted metabolomic estimation and analysis

Metabolome analysis was performed by the MetWare Biotechnology Company. A total of 100 mg of freeze-dried powder of male and female flowers was dissolved in 1.2 ml 70% methanol solution, vortexed six times for 30 s every 30 min, and kept in a refrigerator at 4°C overnight. Before UPLC-MS/MS analysis, the extracts were centrifuged at 12,000 rpm for 10 min and filtered (SCAA-104, 0.22 µm pore size; ANPEL, Shanghai). A UPLC-ESI-MS/MS system was used to evaluate the sample extracts (UPLC, SHIMADZU Nexera X2, www.shimadzu.com.cn/; MS, Applied Biosystems 4500 Q TRAP, www.appliedbiosystems.com.cn/). The measurements were performed according to the method described by Song et al. (2022). The variable importance in projection (VIP) value was used to assess the effect of the expression pattern of each compound on the classification of each group. A VIP ≥ 1 and a fold-change ≥ 2 or ≤ 0.5 between pairwise comparisons, as well as a P-value < 0.05, were used to identify differentially accumulated metabolites (DAMs).



Detection and analysis of plant hormones

The above samples (50 mg) were weighed, an appropriate amount of internal standard was added, and hormones were extracted using 1 ml of methanol/water/formic acid (15:4:1, v/v/v). The hormones detected were Auxins, Cytokinins (CKs), Abscisic Acid (ABA), Jasmonates (JAs), Salicylic Acid (SA), Gibberellins (GAs), Ethylene (ETH), Strigolactones (SLs), Brassinolide (BR), and other hormone precursor substances and derivatives. The instrumentation system for endogenous hormone data acquisition consisted of the UPLC-ESI-MS/MS system (ExionLC™ AD, UPLC) and LC-MS/MS (QTRAP® 6500+, MS/MS). Based on the standards and the quantitative analysis of the data detected by mass spectrometry, the amount of hormone in the sample (ng/g) was calculated using the formula C*V/1000/m, where C represents the concentration value (ng/mL) obtained by substituting the ratio of the product peak area in the sample into the standard curve, V represents the volume of the solution (μL), and m represents the mass of the sample weighed (g).



Statistical analysis

Statistically significant differences were analysed using a one-way analysis of variance (ANOVA) followed by Duncan’s multiple comparison test. All calculations were performed using SPSS software (version 21; IBM, Armonk, NY, USA) and all results are expressed as the mean ± standard deviation (SD) of at least three independent biological replicates. Treatment means were separated by Duncan’s multiple range test at p-values <0.05.




Results



Characteristics of secondary flower development in chestnut

In northern China, chestnut trees are dormant in late autumn and November and start to sprout in late April. The normal flowering period is June (Figure 1A), and chestnut fruits ripen from late August to early October (Figure 1B). ‘Zunhuaduanci’ is a chestnut variety with secondary fruiting characteristics. It blooms and fruits again from August to October of the same year (Figures 1C, D), and the flowering and fruiting periods are shorter. In addition to the seasonal variation in chestnut flowering, we found that although the number of male flower clusters in secondary flowers was much higher than that of female flower clusters, the proportion of mixed inflorescences in secondary flowers was significantly higher, and the number of fruits was also significantly higher than that of the first fruit. In this study, we investigated the number of male and female flowers and the final number of fruit set during the two flowerings of ‘Zunhuaduanci’ from April to October. The results showed that, compared with the first flowering, the number of female flowers per fruiting branch increased significantly by 7-fold in the secondary flowering, reaching 15 (Figure 1E). The number of bisexual inflorescences increased significantly by 5-fold, reaching 9–10 (Figure 1F), and the number of male inflorescences per fruiting branch decreased significantly by five (Figure 1G). Further, the number of fruits on a single fruiting branch was approximately 14 after the second flowering, while the primary flowering had approximately two fruits per fruiting branch (Figure 1H). This phenomenon is beneficial for the development of a method to increase female flowers and reduce male flowers in chestnuts by exploring the formation of secondary flowers and analysing the reasons for the increase in the number of female flowers. This is of great significance for chestnut production.




Figure 1 | Differences in the number of male and female flowers between first and secondary flowering of chestnut. (A) Chestnut first flower morphology. The upper part of the branch bears a bisexual catkin, and the base of the bisexual catkin is a cluster of female flowers. (B) 1–2 fruits growing in the upper part of the first branch. (C) Secondary flowering form of chestnut. Bisexual catkin can be borne from the base to the top of the branch. (D) Secondary branches can bear fruit in bunches on the branches. (E) The number of female secondary flowers per fruiting branch is significantly higher than the number of female first flowers. (F) The number of bisexual inflorescences per fruiting branch is significantly higher than that of first flowers. (G) The number of first flowering staminate catkins per fruiting branch was significantly higher than that of secondary flowering. (H) The number of secondary fruits on each fruiting branch was significantly higher than that of first fruits. Letters show significant differences at P < 0.05 based on a t-test; error bars represent sd.





Transcriptome analysis between female flowers and male flowers in spring and late summer

To investigate the cause of secondary flower formation in chestnuts, four cDNA libraries were constructed: first flowering mixed inflorescence basal female flower (FMiF), first flowering male inflorescence basal male flower (FMaM), secondary flowering mixed inflorescence basal female flower (SMiF) and secondary flowering male inflorescence basal male flower (SMaM), with three biological replicates for each sample (data unpublished). Pairwise comparisons of the four cDNA libraries (FMiF vs. SMiF and FMaM vs. SMaM) were used to identify DEGs between samples from different periods. Upregulated DEGs between female flowers were mainly EREBP-like transcription factors and others genes, including cycling dof factors (CDF1) and abscisic acid 8’-hydroxylase (ABA8ox3). Downregulated DEGs included several EREBP-like transcription factors such as salicylate 1-O-methyltransferase (SAMT), gibberellin 2beta-dioxygenase (GA2ox) and fatty acyl-ACP thioesterase B (FATB) (Figure 2A). KEGG pathway enrichment analysis of genes between female flowers showed that these genes were mainly enriched in Plant-pathogen interactions, the RAS signalling pathway, Flavonoid biosynthesis, Phenylpropanoid biosynthesis, and Carotenoid biosynthesis (Figure 2B). The upregulated genes in male flowers included HSP20 and some EREBP-like transcription factors, and their downregulated genes included EREBP-like, GA2ox, and FATB (Figure 2C). KEGG enrichment analysis showed that the DEGs between male flowers were mainly enriched in the pathways for Alpha-linolenic acid metabolism, Photosynthesis-antenna proteins, Phenylpropanoid biosynthesis, Glucosinolate biosynthesis, Carotenoid biosynthesis, and Flavonoid biosynthesis (Figure 2D).




Figure 2 | Transcriptome analysis of female and male flowers in different seasons. (A) Top 10 upregulated and downregulated DEGs between first and secondary female flowers. (B) KEGG enrichment of DEGs of FMiF_vs_SMiF. (C) Top 10 upregulated DEGs and downregulated DEGs between first and secondary male flowers. (D) KEGG enrichment of DEGs of FMaM_vs_SMaM. CDF1, cycling dof factors; ABA8, abscisic acid 8’-hydroxylase; ROMT, trans-resveratrol di-O-methyltransferase; SAMT, salicylate 1-O-methyltransferase; UGT73C, UDP-glucosyl transferase; PIGQ, phosphatidylinositol N-acetylglucosaminyltransferase subunit Q; FATB, fatty acyl-ACP thioesterase B; CYP714D1, gibberellin 16alpha,17-epoxidase; SWEET, solute carrier family 50 (sugar transporter); CTR1, solute carrier family 31; HIBADH, 3-hydroxyisobutyrate dehydrogenase; GA2ox, gibberellin 2beta-dioxygenase; PQLC2, solute carrier family 66; FATB, fatty acyl-ACP thioesterase B.



KEGG network diagrams are often used to represent interactions between enriched pathways, discover upstream and downstream signalling pathways, and find core pathways. We performed a correlation analysis of KEGG enrichment pathways in the comparison between FMiF vs. SMiF and FMaM vs. SMaM groups. The KEGG pathways between female flowers were divided into three clusters, with the core pathways being Phenylpropanoid biosynthesis, the RAS signalling pathway, and Carotenoid biosynthesis. Phenylpropanoid biosynthesis was linked to Flavonoid biosynthesis, whereas Carotenoid biosynthesis was correlated with Plant hormone signal transduction (Figure 3A). The KEGG pathways between male flowers were also divided into three clusters, with the core pathways being Glycerophospholipid metabolism, Phenylpropanoid biosynthesis, and Photosynthesis-antenna proteins, which are directly related to Fatty acid biosynthesis, Flavonoid biosynthesis, and Circadian rhythm-plant and Photosynthesis-antenna proteins, respectively (Figure 3B). In summary, we suggest that secondary flower development mainly involves the Circadian rhythm-plant, Photosynthesis-antenna proteins, Phenylpropanoid biosynthesis, Carotenoid biosynthesis, and Plant hormone signal transduction. Among these, EREBP-like and HSP20 were the main regulatory genes.




Figure 3 | KEGG core pathway relationships. (A) KEGG network diagram between FMiF_vs_SMiF. (B) KEGG network diagram between FMaM_vs_SMaM. Different nodes indicate the KEGG pathway, and the colour and size of the nodes indicate the degree of KEGG enrichment. The section in bold represents the core KEGG pathway.



To determine which DEGs had the same expression patterns between FMiF vs. SMiF and FMaM vs. SMaM. A total of 885 upregulated and 1635 downregulated DEGs were detected in FMiF vs. SMiF, and 908 upregulated and 787 downregulated DEGs were detected in FMaM vs. SMaM (Figure 4A). A total of 147 upregulated genes (Table S1) and 176 downregulated genes (Table S2) were identified in the two sets of comparisons (Figure 4B). We further performed KEGG enrichment analysis on the co-upregulated and downregulated genes and found that the co-upregulated genes were mainly concentrated in Circadian rhythm-plant, Carotenoid synthesis, Phenylpropanoid biosynthesis, Flavonoid biosynthesis, and Plant hormone signal transduction (Figure 4C), while the downregulated genes were mainly concentrated in Zeatin biosynthesis, Plant-pathogen interaction, and other pathways (Figure 4D). Genes with the same expression are more indicative of the causes of secondary flower formation in plants.




Figure 4 | Transcriptome co-upregulation and co-downregulation analysis of secondary flowers compared with first flowers. (A) The statistical analysis of total, upregulated and downregulated DEGs in different comparison groups. (B) Venn diagram of DEGs obtained from FMiF _vs_SMiF and FMaM_vs_SMaM. (C) KEGG enrichment analysis 147 co-upregulated DEGs. (D) KEGG enrichment analysis of 176 co-downregulated DEGs.





Metabolome analysis between male and female flowers in the spring and late summer

In total, 888 metabolites were analysed in chestnut flowers using UPLC-MS (unpublished data). The most differentially accumulated metabolites in FMiF vs. SMiF were flavonoids (22%) and phenolic acids (18%) (Figure 5A), whereas the differential metabolites in male flowers at different time points were mainly lipids (20%), followed by phenolic acids (19%) and flavonoids (19%) (Figure 5B and Table S3). We also analysed metabolite upregulation versus downregulation. The phenolic acid 6-O-acetylarbutin was upregulated in secondary flowering female flowers compared to first flowering female flowers, while upregulated flavonoids included cyanidin-3-O-(2’’-O-glucosyl) glucoside, Pelargonidin-3,5-O-diglucoside, and quercetin-3-O-(4’’-O-galloyl) arabinoside. Phenolic acids downregulated in secondary flowers included p-hydroxybenzoyltartaric acid, phenethyl caffeate, 3-O-p-coumaroyl shikimic acid-O-glucoside, 1,2-O-diferuloylglycerol, and picein (4-acetylphenyl-glucoside); the downregulated flavonoids were luteolin-7-O-(6’’-malonyl) glucoside (Figure 5C). Compared to first-flowering male flowers, secondary-flowering male flowers accumulated more tannin and phenolic acids, and peonidin-3-O-(6’’-O-malonyl) glucoside was a downregulated flavonoid (Figure 5D and Table S4).




Figure 5 | Analysis of metabolite differences between first and secondary flowers. (A) Metabolite species in FMiF_vs_SMiF. (B) Metabolite species in FMaM_vs_SMaM. (C) Differential metabolite upregulation and downregulation of the top 10 metabolites in FMiF_vs_SMiF. (D) Differential metabolite upregulation and downregulation of the top 10 metabolites in FMaM_vs_SMaM.



Venn diagrams illustrate significantly different metabolites with the same expression pattern, with a total of 59 co-upregulated metabolites (Figure 6A and Table S5) and 149 co-downregulated metabolites (Figure 6B and Table S6) in both the FMiF vs. SMiF and FMaM vs. SMaM groups. To further elucidate the functions of these metabolites, we analysed their KEGG enrichment pathways. 59 co-upregulated DAMs were mainly enriched in anthocyanin synthesis, amino acid, lipid, and flavonoid synthesis in total (Figure 6C); in contrast to the transcriptome data, plant signalling pathways and carotenoid synthesis were present in the downregulated genes (Figure 6D).




Figure 6 | Analysis of co-upregulated and downregulated metabolites in first and secondary flowers. (A) A total of 59 metabolites were co-upregulated. (B) A total of 149 metabolites were co-upregulated. (C) KEGG enrichment analysis of 56 co-upregulated metabolites. (D) KEGG enrichment analysis of 149 co-downregulated metabolites.





Hormonal analysis between male and female flowers in the spring and late summer

Because plant hormones have important effects on plant growth and development, we detected eight major hormone classes: auxins, CKs, ABA, JAs, SA, GAs, ETH, SLs, and BR (data not published). Analysis of hormones (Tables 1, 2) showed that the Cytokinins IP and tZ, OPDA (a precursor substance of Jasmonic acid), MEJA (a Jasmonic acid derivative), and Gibberellin GA20 were significantly upregulated in secondary female flowers. In male flowers, 2MeScZR, MEJA, and tZ were significantly upregulated, whereas OPDA was significantly downregulated. Most hormones were in significantly lower amounts in secondary flowers than in first flowers. The ABA and SA contents in both female and male secondary flowers were significantly lower than those in first flowers, showing a more significant negative correlation. Other hormones that were jointly downregulated were the hormone derivatives SAG, ABA-GE, and BAP, which are not directly involved in plant hormone signal transduction. Therefore, it is speculated that these substances are involved in biosynthesis on the one hand, and can act directly or indirectly on the flowering genes to influence the flowering of chestnut on the other hand.


Table 1 | Differences in hormone content in the comparison of FMiF_vs_SMiF.




Table 2 | Differences in hormone content in the comparison of FMaM_vs_SMaM.





Integrated analysis of the relationship between the transcriptome and metabolome as well as phytohormones

Association analysis of each histology can directly demonstrate the intrinsic regulatory mechanisms through network diagrams. Finally, we combined the Circadian rhythm-plant, plant hormone signal transduction, carotenoid biosynthesis, glycerophospholipid metabolism, arginine and proline metabolism, phenylpropanoid biosynthesis, and aminoacyl-tRNA biosynthesis as the target differential pathways for flower development during different chestnut periods. Based on these processes, the Pearson correlation coefficients between the two were calculated using differential genes, differential metabolites, and differential hormones associated with these pathways; EREBP-like transcription factors were screened in the transcriptome, and a positive correlation network graph and a negative correlation network graph were obtained. First, we plotted a heat map of the DEGs with differential metabolites (Figure 7A). It can be seen from the graph that all genes and transcription factors are significantly more expressed in secondary flowers than in first flowers, while there is an opposite trend for metabolites, especially for plant hormones such as ABA and SA. This suggests that they negatively regulate the formation of secondary flowers. Other metabolites showed the same gene expression patterns. Finally, we performed an association analysis using these metabolites with genes and screened P > 0.9 and P < −0.9 correlation coefficients for mapping (Figure 7B and Table S7). The results showed that the transcription factors involved in plant circadian rhythms were involved in the regulation of almost every pathway. It is also regulated by various pathways to alter the expression of FT, thereby affecting flowering. Flavonoids were the most diverse substances in the relational network, indicating their important roles in secondary flower development. ERF transcription factors are directly or indirectly involved in each pathway, and can be used as candidate genes to analyse secondary flowering. The temperature of secondary flowering was significantly higher than that of primary flowering, hence HSP expression was significantly increased under heat stress induction, thus improving the heat tolerance of chestnut during summer flowering. This can also be involved in promoting secondary flowering of chestnut together with ERF and the Flavonoid synthesis pathway, Circadian rhythm-plant, and Lipid synthesis pathway gene metabolites. In contrast, ABA and SA negatively correlated with most genes and metabolites (Figure S1).




Figure 7 | Correlation between DEGs, DAMs, and differential hormones of target pathways. (A) Heatmap of DEGs, transcription factors, DAMs and differential hormones. (B) Positive correlation between target genes and target metabolites. The node colour and size indicate the degree of connectivity, with larger nodes and redder colours indicating stronger connectivity between the two.





Myb-related protein 305 improves the male-to-female ratio of chestnuts by regulating flavonoid synthesis

Based on the above results, we identified the key pathways affecting secondary flower development in chestnuts. However, another obvious phenomenon of secondary flowering was that the number of female and bisexual flowers was significantly higher than that of first flowers. Therefore, we performed a Venn diagram analysis of upregulated DEGs (147) with FMiF vs. FMaM and SMiF vs. SMaM. We also analysed the upregulated DAMs (59) with FMiF vs. FMaM and SMiF vs. SMaM for metabolite differences, hoping that these results could predict the genes and metabolites that affect chestnut sex differentiation. Finally, we screened three genes, namely, CMHBY204070, CMHBY200373 (MYB305), and CMHBY203616 (solute carrier family 15, SLC15) and 15 metabolites (Figure 8A). However, the CMHBY204070 gene was not included in the subsequent analysis because all FPKM values were <5. All the 15 metabolites were flavonoids and their derivatives (Figure 8B). We correlated the two candidate genes with 15 metabolites, and the results showed that MYB305 and SLC15 were significantly and positively correlated with 2-O-trigalloyl-glucose-glucose and Quercetin-3-O-(2’’,3’’-digalloyl)-glucoside, respectively. In summary, we have developed a preliminary hypothetical model (Figure 8C). Because the timing of first and secondary flower formation in chestnuts is seasonal, it is likely that photoperiod and temperature are the main causes of secondary flower formation in chestnuts. LHY and CDF1 can interact with EREBP-like factors with HSP genes and are involved in the metabolic regulation of other pathways. Carotenoid biosynthesis synthesises ABA and phenylpropanoid biosynthesis synthesises SA, both of which can also respond directly to the external environment. Genes in the hormone signalling pathway interact with each other and with each transcription factor to participate in the synthesis of other flavonoid metabolites. In addition, we found that MYB305 can affect the secondary flowering of chestnuts and may be a candidate gene affecting the sex differentiation of chestnuts, regulating the synthesis of flavonoids, and affecting the sex ratio of chestnut flowers.




Figure 8 | MYB305 transcription factor and flavonoids are involved in sexual differentiation of chestnut. (A) A Venn diagram of the association between 147 co-upregulated genes and male and female flower sex differences. (B) A Venn diagram of the association between 59 co-upregulated metabolites and male and female flower sex differences. (C) Heat map of the correlation between 2 genes and 15 flavonoid metabolites. Among them, CMHBY204070 gene was excluded due to FPKM value <5.






Discussion

In non-wood product forests, flowering plays an important role in the life cycle of plants, and the number of female flowers directly determines the final economic yield. As chestnuts are an important woody grain, the number of male flowers is much higher than that of female flowers during the growth process, resulting in a significant waste of resources. In some varieties with secondary flowering, the second flowering occurs in late summer and early autumn and the second wastes nutrients to avoid the formation of secondary flowers. However, the ratio of female to male flowers per fruiting branch in the secondary flowering of ‘Zunhuaduanci’ is significantly higher than that of the first flowering, which is an important material for our study on the sex differentiation of chestnut. In this study, we conducted a comprehensive analysis of the transcriptome, metabolome, and phytohormones involved in the formation of chestnut first and secondary flowers and comprehensively studied the developmental differences between chestnut secondary and first flowers. This provides a theoretical basis for preventing secondary flower formation and explores potential methods to improve the female-to-male chestnut ratio.

The transition from flower formation to flowering in fruit trees is a complex physiological, biochemical, and morphogenetic process. Under certain conditions, plants receive environmental signals to produce signalling substances that are transported to the stem-end meristem to initiate flowering genes and transform the stem-end meristem into an inflorescence or floral meristem (Arkhimandritova et al., 2020). Temperate fruit trees often experience long winters before gaining the ability blooming (Luo and He, 2020). In the present study, the developmental differences between the secondary and first flowers of chestnuts were revealed using integrated transcriptomic, metabolomic, and phytohormonal analyses. EREBP-like was the most significantly upregulated gene in the female flowers (Figure 2A). APETALA2/EREBP-like genes constitute a large family of plant TFs that are involved in plant growth, development, and stress responses (Zeng et al., 2016). Overexpression of Chrysanthemum CmERF110 in Arabidopsis affects the photoperiodic pathway of Arabidopsis with an earlier flowering time (Xing et al., 2019). Rice LATE FLOWERING SEMI-DWARF (LFS) encodes an AP2/ERF transcription factor that can respond to plant circadian rhythms to promote flowering in rice under long daylight conditions (Shim et al., 2022). In our study, there was also a higher expression of CDF1 in secondary flowers than in first-flowering female flowers. The final model (Figure 9) also demonstrated that EREBP-like proteins interacted with CDF1. During biological clock regulation in plants, GIGANTEA (GI) activates the expression of the key floral regulators CO and FT by degrading the CYCLING DOF FACTOR (CDF) to promote flowering (Fornara et al., 2015). In contrast, HSP20 appeared to affect flower development more strongly in male flowers (Figure 2C). The development of male organs in plants is highly sensitive to temperature, and sustained high temperatures can cause male sterility (Djanaguiraman et al., 2018). High temperature stress in soybeans induces the upregulation of heat shock factor (HSF), ethylene-responsive TF RAP2-2 (ER RAP2-2), MYB305, and other genes that increase the tolerance of male soybean flowers to high temperatures (Ding et al., 2020). This is similar to our results, indicating that the late summer photoperiod and high temperature affected the secondary flowering of chestnuts, and that the expression of EREBP and HSP promotion played a protective role in secondary flowering. Temperature is also an important timing factor for biological clocks and certain HSP genes are controlled by circadian rhythms (Rikin, 1992). Our results suggest that a strong correlation between HSP genes and circadian rhythms exists, which warrants further investigation on their interactions in different temperature environments.




Figure 9 | Integrated transcriptome, metabolome and phytohormones analysis provides new insights into the molecular regulatory network of the difference between first and secondary flower development in chestnut. MYB305 may be a key transcription factor affecting sex differentiation in chestnut.



Endogenous plant metabolites also affect plant flowering. ABA is considered a flowering inhibitor, and ABSCISIC ACID-INSENSITIVE 4 (ABI4) is a key pathway in ABA signalling that inhibits flowering by directly binding to FLOWERING LOCUS C (FLC) transcription (Shu et al., 2016). Abscisic acid can also promote dormancy in fruit tree buds during cold winter (Li et al., 2018; Yang et al., 2020). However, it has also been demonstrated that ABA can respond to the photoperiod and plant biological clock to set off the flowering gene network and eventually induce the expression of CO and FT to trigger flowering (Kavi Kishor et al., 2022). SA can induce plant flowering in response to stress, and SA treatment advances the flowering time of saffron (Banday and Nandi, 2015; Rastegari et al., 2022). Because SA synthesis is derived from the phenylpropane pathway, the induction of flowering is accompanied by an increase in phenylalanine ammonia-lyase (PAL) activity (Wada and Takeno, 2010). The regulation of flower development by plant hormones is always accompanied by a complex network of crosstalk between hormones, which is induced by the light environment and can trigger stress in the external environment (Van de Poel et al., 2015). However, in the present study, ABA negatively regulated secondary flower formation in response to SA (Figure 7). The hormonal regulation of flower opening is complex. This complexity was elucidated by the regulatory network identified using the transcriptome and metabolome (Figures 3, 9). In this network, carotenoid and phenylpropanoid biosynthesis can detect changes in plant circadian rhythms. As a synthetic precursor of ABA, LHY directly inhibits 9-cis-epoxycarotenoid dioxygenase enzymes in the flavonoid pathway (Adams et al., 2018). Enzyme genes that catalyse flavonoid metabolism, such as CHS and F3′H, can interact with the biological clock (Hildreth et al., 2022). components with a circadian rhythm (night light-inducible and clock-regulated), and RVE8 work together to regulate the anthocyanin metabolic pathway (Pérez-García et al., 2015). In combination with our metabolomic studies, flavonoids play an important role in the secondary flowering process (Figures 5, 6). Summer heat stress affects lipid content (Lahlali et al., 2014) as a signalling metabolite for flowering time in Arabidopsis and oilseed rape, which can lead to earlier flowering through up-regulation of FT genes (Chakraborty et al., 2022). Our study also shows that lipids can be involved in other pathways to co-regulate secondary flowering in chestnut. Therefore, we believe that the cause of secondary flowering in chestnuts is related to the plant genotype. Not all varieties can form secondary flowers under the same geographical conditions; it may be due to the fact that secondary flowering varieties are more susceptible to stress because of their own weaker resistance. However, this could also be due to the abnormal flowering of plants caused by drought due to higher temperatures in late summer and early autumn. This is the result of changes in metabolites, especially flavonoids and hormones, in the body after external stress and changes in the circadian rhythm of the plant. However, the cause of the secondary flower opening in chestnuts requires further investigation.

In our previous study, we demonstrated that flavonoids could affect sex differentiation in chestnuts (unpublished data). In this experiment, by comparing the genes upregulated in secondary flowers relative to first flowers with the differential genes between male and female chestnut flowers, we screened MYB305 with 15 flavonoid metabolites, further demonstrating the role of flavonoids in plant sex differentiation. In Arabidopsis, AtMYBD is involved in the circadian regulation of MYBL2 expression to promote anthocyanin accumulation (Nguyen and Lee, 2016). In conclusion, our experiments demonstrated that flavonoids are involved in sex expression in plants.



Conclusion

Secondary flowering of fruit trees not only affects the next year’s yield, but also depletes tree nutrients, weakens the tree, and is very unfavourable for the overwintering of fruit trees. Therefore, for chestnut cultivation, it is important to increase the formation and opening of the first flowers while improving the male-to-female ratio. By analysing the development of first and secondary flowers in ‘Zunhuaduanci’, we found that the development of secondary flowers was mainly related to Circadian rhythm - plant, Plant hormone signal transduction, and Carotenoid biosynthesis, Glycerophospholipid metabolism, and Phenylpropanoid biosynthesis. These pathways interact and influence each other, and altering the genes or metabolites in these pathways may promote flower formation in chestnuts. We found that the transcription factor MYB305 could be a candidate gene that influences sex differentiation of plants by positively regulating flavonoid synthesis. However, the precise role of this protein requires further investigation. In conclusion, we constructed a regulatory network for secondary flower development in chestnuts, which provides a theoretical basis for the reproductive development mechanism of chestnuts and a new entry point for increasing chestnut yield and enhancing commercial value in production.
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Farnesyl diphosphate synthase (FPS), a key enzyme of the terpene metabolic pathway, catalyzes the precursor of sesquiterpene compounds farnesyl diphosphate (FPP) synthesis, and plays an important role in regulating plant growth and development. Dryopteris fragrans is a medicinal plant rich terpenoids. In this study, the function of the gene was verified in vitro and in vivo, the promoter of the gene was amplified and its transcriptional activity was analyzed. In the present study, we report the molecular cloning and functional characterization of DfFPS1 and DfFPS2, two FPS genes from D. fragrans. We found that the two genes were evolutionarily conserved. Both DfFPS genes were highly expressed in the gametophyte and mature sporophyte leaves, and their expression levels increased in response to methyl jasmonate (MeJA) and high temperature. Both DfFPS proteins were localized in the cytoplasm and could catalyze FPP synthesis in vitro. We also found that the overexpression of DfFPS genes in tobacco plants promoted secondary metabolite accumulation but exhibited negligible effect on plant growth and development. However, the transgenic plants exhibited tolerance to high temperature and drought. The promoters of the two genes were amplified using fusion primer and nested integrated polymerase chain reaction (FPNI-PCR). The promoter sequences were truncated and their activity was examined using the β-glucuronidase (GUS) gene reporter system in tobacco leaves, and we found that both genes were expressed in the stomata. The transcriptional activity of the promoters was found to be similar to the expression pattern of the genes, and the transcriptional core regions of the two genes were mainly between −943 bp and −740 bp of proDfFPS1. Therefore, we present a preliminary study on the function and transcriptional activity of the FPS genes of D. fragrans and provide a basis for the regulation of terpene metabolism in D. fragrans. The results also provide a novel basis for the elucidation of terpene metabolic pathways in ferns.
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Introduction

Farnesyl diphosphate synthase (FPS; EC 2.5.1.10) is a major chain elongation enzyme of the isoprenoid pathway, which belongs to the E-family of prenyltransferases (Dhar et al., 2013). FPS catalyzes the condensation of dimethylallyl diphosphate (DMAPP; C5) with isopentenyl diphosphate (IPP; C5) in a head-to-tail way to form geranyl diphosphate (GPP; C10), resulting in a 10-C compound, which further condenses with another molecule of IPP to form the final product FPP (C15) (Dhar et al., 2013). FPS is a key enzyme of the branching point of the isoprene metabolic pathway, and the FPP produced by FPS is an important intermediate of the isoprenoid pathway, which can be used as the precursor for sesquiterpenoids, phytosterols, triterpenoids, abscisic acid (ABA), plastoquinone, coenzyme Q, and farnesylated proteins. The first plant FPS gene was cloned from Arabidopsis thaliana (Delourme et al., 1994); subsequently FPS genes were cloned from Nicotiana tabacum (Devarenne et al., 1998), Oryza sativa (Sanmiya et al., 1997), and other model plants. Most plant species have two FPS genes, Arabidopsis has two FPS genes that exhibit some degree of functional redundancy and act complementarily in seed development (Keim et al., 2012) and the Arabidopsis fps1 fps2 double homozygous mutant exhibits embryo lethality, suggesting that the lack of this enzyme affects plant development during early stages (Closa et al., 2010). The specific signaling module in laticifer cells of Hevea brasiliensis (COI1-JAZ3-MYC2) can activate the expression of FPS to enhance rubber biosynthesis (Banyai et al., 2010). Since the recent development and utilization of traditional Chinese medicine, FPS, a key enzyme of the terpenoid metabolic pathway of various medicinal plants, has gained attention. For example, the overexpression of FPS in Artemisia annua can significantly increase artemisinin content and the fresh weight of its leaves (Banyai et al., 2010). Therefore, the investigation of the function of FPS in medicinal plants can lay a foundation for the biosynthesis of terpenoids and enhance the use of traditional Chinese medicine.

Dryopteris fragrans (L.) Schott, a member of the Dryopteridaceae family, is mainly distributed in the temperate regions of North America, Europe, and Asia; it is mostly distributed in the northeast part of China (Chen et al., 2020). D. fragrans is a fern with glandular trichomes and is rich in secondary metabolites, including phloroglucinols, flavonoids, lignans, terpenes, and other phenolic derivatives, such as coumarin, which are responsible for its biological activities, such as antibacterial, anti-inflammatory, antioxidant, and anti-tumor activities (Zhang et al., 2018). Several bioactive terpenoids have been reported from D. fragrans; however, the genes related to its terpenoid metabolic pathway have not been elucidated. A previous study revealed that squalene synthase (SQS) is the key gene of the triterpenoid biosynthesis pathway (Gao et al., 2019). Sesquiterpenes are volatile terpenes, and their precursor is FPP, which is synthesized by FPS. The expression and activity of FPS affects the production of sesquiterpenoids in plants.

To verify the function and activity of the FPS genes from D. fragrans (DfFPS), we analyzed and cloned the genes based on the transcriptome data of D. fragrans. First, we examined the conserved sequences of the two genes and predicted two proteins that can produce FPP. The expression pattern of the genes in different tissues and under hormonal and abiotic stresses was investigated using quantitative polymerase chain reaction (qPCR). Their localization in Arabidopsis protoplasts was analyzed, and their enzymatic properties were investigated in vitro. To confirm their function in vivo, transgenic tobacco plants were developed, and we found that the terpene content of the transgenic plants increased. To the best of our knowledge, for the first time, we report that the transgenic plants acquired some degree of resistance against drought and heat stress. To investigate the effects of the environment on the genes are affected by the environment, we cloned the promoters of the genes and analyzed tissue-specific expression tissue and transcriptional activity. We transiently transformed the tobacco leaves to obtain the transcriptional core regions of both genes. This study will provide insight for subsequent research on FPS.





Results




Molecular cloning and sequence analyses of DfFPS1 and DfFPS2

We used NCBI BLAST to screen the DfFPS gene sequences from the transcriptome data of D fragrans. The primers designed to amplify the genes and the PCR results are shown in Supplementary Figure S1. Sequence analysis revealed that the sequences of the amplified genes were consistent with the transcriptome data, and the open reading frames (ORF) of DfFPS1 and DfFPS2 were 1041 and 1065 bp in length, respectively. The DfFPS1 gene encoded a protein with 346 amino acids (39.87 kDa) and a predicted isoelectric point of 5.56; the DfFPS2 gene encoded a protein with 354 amino acids (40.67 kDa) and a predicted isoelectric point of 4.94. A BLAST search of the NCBI protein database revealed that the deduced amino acid sequences of DfFPS1 and DfFPS2 were closely related to the FPS protein of other terrestrial non-seed plants, such as Ceratopteris richardii, Huperzia serrata, Ceratodon purpureus, and Physcomitrium patens. Conserved between two proteins, the nucleotide sequence identity was 84.23% and the amino acid identity was 86.72%. Next, the sequences were compared with the amino acid sequence of A. thaliana FPS (AtFPS), which revealed that the DfFPS proteins had the same five conserved domains as the AtFPS proteins, which are numbered I to V (Chen et al., 1994) (Supplementary Figure S2). The highly conserved aspartate-rich motif in region II with the amino acid sequence DDXX(XX)D is called FARM (first Asp-rich motif), which is highly conserved in all known prenyltransferases. Region V with the amino acid sequence DDXXD is called SARM (second Asp-rich motif). These regions (marked with lines) are characteristic of prenyltransferases, which can be used to synthesize isoprenoid diphosphates (Zhao et al., 2015). To explore the genetic relationship between DfFPS1 and DfFPS2 and FPS from other plant species, 36 FPS amino acid sequences of different plants were selected (Supplementary Table S1) and a phylogenetic evolutionary tree was constructed using MEGA6. The results revealed that the FPS proteins of dicotyledons, monocotyledons, gymnosperms, and ferns were clustered in different evolutionary clades. The two DfFPS proteins clustered in a small branch and were closely related to FPS from Huperzia serrata, Phlegmariurus carinatus, Physcomitrium patens, and Ceratodon purpureus (Figure 1).




Figure 1 | Phylogenetic tree of DfFPS1 and DfFPS2 proteins. Phylogenetic analysis of FPS from terrestrial plants; FPS protein sequences from different plants were aligned using ClustalX, and the tree was constructed using the neighbor-joining (NJ) method with MEGA 7.0.







Protein tertiary structure prediction and binding site analysis

The 3D structures of DfFPS1 and DfFPS2 were predicted using the online tool SWISS-MODEL, and the figures were prepared using PyMOL. All prediction models were built using ProMod Version 3.70 with x-ray at 2.20 Å. The template (SMTL ID: 4kk2.1.A) used for the 3D structure modeling of DfFPS1 had 66.37 and 50% sequence identity and similarity, respectively, with DfFPS1, and the coverage was 99%. The template (SMTL ID: 7bux.1.A) used for the 3D structure modeling of DfFPS2 had 68.13 and 51% sequence similarity and identity, respectively with DfFPS2, and the coverage was 99%. The two predicted proteins sequence were described as FPS, which were consistent with the results obtained for the cloned gene. Next, we compared the amino acid sequence of the two proteins with that of 1ubx.1.A, obtained from the SWISS-MODEL database, which is described as FPS with ligands FPP. We compared the structures of the two predicted proteins with that of 1ubx.1.A and found that the FPP binding site and amino acid residues of the two predicted proteins were the same of those of 1ubX.1.A (Figures 2A, B). We also analyzed the binding sites of the proteins, which revealed that DfFPS1, DfFPS2, and lubx.1.A had similar binding sites for FPP (Figures 2B–D).




Figure 2 | 3D structures of DfFPS1 and DfFPS2 proteins. (A) Predicted DfFPS1 protein compared with 1ubx.1.A; (B) Predicted DfFPS2 protein compared with 1ubx.1.A; (C) FPP-binding pocket of 1ubx.1.A; (D) FPP binding pocket of predicted DfFPS1 protein; (E) FPP-binding pocket of predicted DfFPS2 protein.







Tissue-specific and inducible expression of DfFPS1 and DfFPS2

To explore the expression pattern of the two DfFPS genes, qPCR was performed to analyze their relative expression levels in different growth-stages and parts of D. fragrans. The analyses revealed that both DfFPS genes were expressed in the roots, stems, and leaves, and their expression levels in the roots and petioles in different stages varied. The expression levels of the two genes in the leaves were significantly different based on growth-stages in the following order: sporangium mature and developed > sporangium shedding > sporangium not developed (Figures 3A, B).




Figure 3 | Tissue specific expression of DfFPS1 and DfFPS2. (A) Expression pattern of DfFPS1 in different stages and parts of Dryopteris fragrans; (B) Expression pattern of DfFPS2 in different stages and parts of Dryopteris fragrans; (C) Comparison of expression patterns of the two DfFPS genes at the same site. *p < 0.05.



However, based on the similarity in the expression patterns of the two genes in different tissues, we investigated whether this pattern is observed in other species, such as A. thaliana, which has two FPS genes that show a complementary pattern in seeds (Keim et al., 2012). AtFPS1 is the main gene in the process of plant growth and development (Closa et al., 2010). Therefore, we speculated whether one of the two genes in D. fragrans was acting as the main effect gene. We performed a comparative analysis of the expression of the two genes in the leaves, petioles, and roots of mature sporophytes and young gametophytes of D. fragrans. We found that the expression level of DfFPS1 was higher than that of DfFPS2 in these tissues (Figure 3C).

Moreover, qPCR analysis was performed to examine the changes in the expression of the two DfFPS genes under salicylic acid (SA), ABA, MeJA, and ethylene (ETH) treatments. The expression level of DfFPS1 first increased and then decreased under the four hormone treatments. DfFPS1 mainly responded to MeJA treatment, and its expression began to increase at 0.5h after MeJA treatment and reached the maximum at 24h, which was 11.47 times of that observed at 0h. DfFPS1 also responded to SA, ABA, and ETH treatments, and reached the maximum value at 1.5h, 6h, and 12h, with the expression levels being 3.77, 4.28, and 4.06 times of that at 0h, respectively (Figure 4A). The expression pattern of DfFPS2 under hormone treatment was similar to that of DfFPS1 (Figure 4B). However, the change in the expression level of DfFPS2 was unobvious after treatment. Meanwhile, the gene mainly responded to MeJA treatment, reaching 3.48-folds after 6h of treatment compared with that at 0h.




Figure 4 | DfFPS1 and DfFPS2 under hormone and abiotic stress treatments. (A) DfFPS1 expression level under hormones treatments; (B) DfFPS2 expression level under hormone treatments; (C) DfFPS1 expression level under abiotic stress treatments; (D) DfFPS2 expression level under abiotic stress treatments.



Abiotic stress can promote the production of secondary metabolites in plants (Wang et al., 2021). FPS is a key enzyme of the terpenoid metabolic pathway; hence, we hypothesized that FPS may be induced by abiotic stress. We investigated the expression patterns of the two genes under four types of abiotic stress. We found that DfFPS1 mainly responded to high temperature stress, followed by drought stress, but its response against salt stress and low temperature stress was negligible (Figure 4C). The gene expression level began to increase after 1.5h of high temperature treatment, reached 11.25 times after 6h of treatment compared with that at 0h, and returned to normal at 48h; after 1.5h of 20% PEG solution–simulated drought treatment, the expression level increased to 5.51 times of that at 0h and gradually decreased with time; with 200 mM NaCl treatment, at 12h–24h, the gene expression level increased to twice of that at 0h and decreased to original level at 48h; DfFPS1 expression did not change significantly under low temperature treatment. The expression pattern of DfFPS2 under stress revealed that it mainly responded to high temperature and drought stress but was not sensitive to salt stress and almost does not respond to low temperature stress (Figure 4D). The maximum expression of DfFPS2 was observed after 12h of high temperature stress, which was 3.98 times of that at 0h.





Subcellular localization of DfFPS1 and DfFPS2

Using the PEG-mediated genetic transformation method, empty vector T-Egfp and fusion vectors T-DFFPSs-Egfp and T-Egfp-DFFPSs were transformed into Arabidopsis protoplasts. The protoplasts were cultured in the dark at 22–24°C for 12h–16h and observed using a confocal laser scanning microscope. The results are shown in Figure 5. We observed a green fluorescence signal in the nucleus, cytoplasm, and membrane of Arabidopsis protoplasts transformed with the empty vector T-Egfp; the cytoplasm of Arabidopsis protoplasts transformed with T-DFFPS1-Egfp, T-DFFPS2-Egfp, T-Egfp-DFFPS1, and T-Egfp-DFFPS2 plasmids also exhibited green fluorescence signals. These results indicated that DfFPS1 and DfFPS2 proteins were localized in the cytosol of the Arabidopsis protoplasmic cells.




Figure 5 | Subcellular localization of Egfp-tagged DfFPS1 and DfFPS2 proteins.



Confocal laser scanning micrographs showing the distribution of fluorescence signals in Arabidopsis protoplasts.





Prokaryotic expression and purification of DfFPS proteins

The entire reading frame of DfFPS genes was cloned into pET-32a(+) vector and expressed in Escherichia coli BL21 (DE3) cells to obtain DfFPS1 and DfFPS2 proteins for the characterization of FPS activity.

After induction by 0.5, 1.0, and 1.5 mM isopropyl thio-β-galactoside (IPTG) at 28°C and 200 rpm for 6h, the recombinant proteins were expressed at the same time, and we observed that the target protein content in the supernatants of both proteins was higher under 1.5 mM-IPTG treatment. The molecular mass of DfFPS1 (Supplementary Figure S3A) fused with a Trx-tag and a His-tag on N-terminal was approximately 57.6 kDa and that of the DfFPS2 (Supplementary Figure S3B) fusion protein was approximately 55–70 kDa, as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis. For all further experiments, 1.5 mM IPTG was selected for the induction of protein and the His-tagged proteins were purified using a Ni-column. And obtain purified TrxA-DfFPS1 (Supplementary Figure S3C) and TrxA-DfFPS2 (Supplementary Figure S3D) proteins.





Catalytic activity of DfFPS proteins in vitro

In seed plants, FPS can condense IPP and DMAPP to form FPP under suitable conditions (Kajiura et al., 2017). To validate the function of DfFPS proteins in vitro, IPP and DMAPP were used as substrates to perform enzyme assays at pH 7.0 and 30°C for 30 min. The enzymatic properties of purified DfFPS1 and DfFPS2 proteins were validated by comparing the activity of the two proteins inactivated at high temperature.

High-performance liquid chromatography (HPLC) analyses of the standards and enzyme-activated products are presented in Figure 6. In the figure, the red line is the IPP standard, which has a retention time (RT) of 5.058 min; the orange line is the DMAPP standard, which has an RT of 5.365 min; the blue line is the FPP standard, which has an RT of 12.340 min; the green line is the reaction between IPP and DMAPP as substrates at pH 7.0 and 30°C for DfFPS1 protein, and the RT of the product is 12.309 min, same with FPP standard; the purple line is the reaction between IPP and DMAPP as substrate at pH 7.5 and 30°C for DfFPS2 protein, and the RT of the product is 12.370 min, same with FPP standard.




Figure 6 | Catalytic activity of DfFPS proteins.







Phenotypic analysis of DfFPS genes in transgenic tobacco plants

Eight and seven transgenic tobacco plants overexpressing DfFPS1 and DfFPS2 were obtained, respectively, by agrobacterium-mediated genetic transformation (Supplementary Figure S4).

Wild-type seedlings and T2 transgenic tobacco seedlings were grown up to the four-leaf stage in the medium, transferred to nutrient soil for culture, and the growth and development of the plants were observed after 21 days. Wild-type, 35S::DFFPS1-8, and 35S::DFFPS2-4 tobacco plants are presented in Figures 7A, B (from top to bottom). A significant difference was not observed between transgenic and wild-type tobacco plants. The length and dry weight of transgenic plants was measured (Figures 7C, 8), which revealed that the root length of transgenic plants was not significantly different from that of wild-type and empty vector plants; however, the root dry weight of transgenic plants increased significantly compared with that of wild-type and empty vector plants, whereas a significant difference was not observed between the root dry weight of 35S::DfFPS1-8/9 and 35S::DfFPS2-4/6 transgenic tobacco plants.




Figure 7 | Growth and development analyses of transgenic and wild-type tobacco plants. (A) Top view of tobacco plants; top to bottom: wild type, 35S::FPS1-8, and 35S::FPS2-4; (B) Tobacco leaves (in the same order as described in Figure 7A); leaf blade from left to right was 1st to 13th of tobacco plants; (C) normal development of tobacco plants; left to right: wild-type, vector control, 35S::FPS1-8, 35S::FPS1-9, 35S::FPS2-4, and 35S::FPS2-6. (Bars = 10 cm).






Figure 8 | Length and dry weight of roots of transgenic and wild-type tobacco plants. *p < 0.05.



FPS is the key enzyme of the terpene metabolic pathway. Overexpression of FPS genes may affect the expression of terpene metabolites in plants; therefore, we performed gas chromatography-mass spectrometry (GC-MS) to detect the metabolites in tobacco leaves. The leaves of the same part and growth stage were selected from the transgenic tobacco lines and were mixed in equal mass. GC-MS analyses revealed that the RT of the standard nonyl acetate was 7.433 min. Moreover, the main volatile secondary metabolites in tobacco were (1) nicotine, (2) neophytadiene, (3) n-docosanol, (4) cis-7,10,13,16,19-docosapentaenoic acid methyl ester, (5) manool, (6) geranyl linalool, and (7) eicosapentaenoic acid ethyl ester (Supplementary Figure S5). Qualitative and quantitative analysis of tobacco leaves using nonyl acetate revealed that the nicotine content of 35S::DfFPS1 transgenic tobacco leaves was 3.12 times that of the wild-type leaves and 1.47 times that of neophytadiene content; cis-7,10,13,16,19-docosapentaenoic acid methyl ester, manool, geranyl linalool, and eicosapentaenoic acid ethyl ester contents in 35S::DfFPS2 transgenic tobacco leaves were 1.62, 2.47, 3.18, and 1.87 times those of wild-type tobacco leaves, respectively (Figure 9).




Figure 9 | Amount of metabolites in wild-type and DfFPS-overexpressing tobacco plants. 1, nicotine; 2, neophytadiene; 3, n-docosanol; 4, cis-7,10,13,16,19-docosapentaenoic acid methyl ester; 5, manool; 6, geranyl linalool; 7, eicosapentaenoic acid ethyl ester. *p < 0.05; **p < 0.01.



Based on the fact that the DfFPS genes were induced by abiotic stress, we speculated that the overexpression of these two genes might lead to a stress-resistant phenotype in tobacco. Four-week-old transgenic and wild-type tobacco plants were selected and subjected to 150 mM NaCl treatment (salt stress), 20% PEG (drought stress), 42°C (high temperature stress), or 4°C (low temperature stress). Next, the leaves from the same parts of the plants were selected for nitro blue tetrazolium (NBT) and 3, 3’-diaminobenzidine (DAB) staining to preliminarily verify gene function. The leaves of DfFPS1- and DfFPS2-overexpressing tobacco plants under high temperature and drought stress were lighter than those of the wild-type plants, whereas the leaves of transgenic and wild-type tobacco plants were similar in color under low temperature and salt stress. NBT and DAB staining revealed similar patterns for these treatments (Figure 10, S6). The results revealed that transgenic tobacco plants exhibited a certain degree of resistance to high temperature and drought stress.




Figure 10 | NBT and DAB staining of wild-type and transgenic tobacco leaves (35S::DfFPS1-8 and 35S::DfFPS2-4) under different types of abiotic stress.







Transcriptional activity analysis of DfFPS gene promoters

In the present study, DfFPS genes were found to respond to MeJA treatment and drought and high temperature stresses, and the transgenic plants exhibited a certain degree of resistance to high temperature and drought. However, the underlying mechanisms responsible for the stress response exhibited by the transgenic plants are unclear; therefore, we cloned the promoter sequences of the two DfFPS genes to analyze their transcriptional activity.

Since the genome of D. fragrans is not sequenced yet, we used fusion primer and nested integrated PCR (FPNI-PCR) for genome walking to amplify the promoter sequence of the gene from the predicted coding sequence (CDS) (Wang et al., 2011). The genome walking results of DfFPS1 revealed that none of the FP primers could successfully amplify the gene (Supplementary Figure S7A). The genome walking results of DfFPS2 revealed that the FP2/3/4/5/7 primers (of the nine random primers) could successfully amplify the promoter (Supplementary Figure S7B). Sequencing analyses revealed that the amplicon obtained using the FP2 primer could coincide with the sequence of the 5’-UTR of DfFPS2, and the length of the promoter of DfFPS2 was 1554 bp. Since the promoter sequence DfFPS1 could not be amplified using the FP1-9 primers, seven new FP primers (FP10-16) were designed according to the primer design principle described in the materials and methods section. FPNI-PCR using the FP11/14/15 primers successfully amplified the DfFPS1 promoter (Supplementary Figure S7C). Sequencing analysis revealed that three sequences were the same and could be compared with the 5’-UTR sequence of DfFPS1. Since the amplicon obtained using the FP15 primer was long (943 bp), this sequence was selected for subsequent experiments.

To analyze the transcriptional activity of the full-length promoters of the two genes, the promoter sequences of the two genes were cloned into pBI121 upstream of the β-glucuronidase (GUS) reporter. GUS expression driven by the two promoters was high in the stomata of tobacco leaves, which has not been reported earlier (Figure 11). Moreover, the transcriptional activity of proDfFPS1 was higher than that of proDfFPS2, which is similar to qPCR results (Figure 3C).




Figure 11 | Transcriptional activity of full-length DfFPS promoters in tobacco leaves. (A–D) DfFPS1 promoter localization; (E–H) DfFPS2 promoter localization. (Bars = 100 μm).



To determine the active site of the promoters, according to the PlantCare-based predictions, DfFPS1 and DfFPS2 promoters were truncated into different lengths according to cis elements to control transient expression of GUS in tobacco leaves. proFPS1-Full exhibited high transcriptional activity, whereas proFPS1-Δ1 and proFPS1-Δ2 exhibited negligible transcriptional activity, indicating that the sequence between proFPS1-Full and proFPS1-Δ1 could be the transcriptionally active region of DfFPS1 (Figure 12A). We also found that the transcriptional activity of DfFPS2 promoter with different lengths was low, with almost no transcriptional activity (Figure 12B).




Figure 12 | Transient element prediction and transcriptional activity analysis of DfFPS promoters truncated to different lengths. (A) Analysis of truncated DfFPS1 promoter and its transcriptional activity; (B) Analysis of truncated DfFPS2 promoter and its transcriptional activity.



Next, we analyzed the response of the promoters of different lengths to stress, and we selected the leaves of the same parts of each plant for transformation. To ensure the accuracy of the experiment, different truncated fragments of the same promoter were injected into the same leaf, and the plants were treated with MeJA, 150 mM NaCl, 20% PEG, 42°C, or 4°C for 6h after 3 days of transformation. The results revealed that the transcriptional activity of the truncated DfFPS1 promoter was changed to some extent under MeJA treatment and abiotic stress, and the main transcriptional active site of DfFPS1 promoter was the fragment between proFPS1-Full and proFPS1-Δ1. Similarly, under different treatments, the transcriptional activity of DfFPS2 promoters of different lengths under MeJA and abiotic stress was low (Figure 13).




Figure 13 | Transcriptional activity of truncated DfFPS promoters under different treatments.








Materials and methods




Plant material and treatments

D. fragrans spores were collected from lava rocks near Bagua Lake, Wudalianchi, Heilongjiang, China (48.733334 N, 126.167966E) within a 30-m radius during July 1–6, 2018, after obtaining necessary permission from the government. To ensure uniformity in samples, we used D. fragrans that were grown at 25°C under a 16h/8h photoperiod for 2 years.

The leaves, petioles, and roots of D. fragrans were selected from 2-year-old plants at different stages, that is, undeveloped, developed, mature, and shedding sporangia. Two-year-old D. fragrans sporophytes were subjected to the following hormone treatments: 100 μM SA, 10 μM ABA, 120 μM MEJA, and 500 μM ETH, and water was used as the control; they were also subjected to the following four types of abiotic stress: 200 mM NaCl (salt stress), 20% PEG irrigation (drought stress), 42°C (high temperature stress), 4°C (low- temperature stress), and 24°C and water irrigation (control). The samples were collected, immediately frozen in liquid nitrogen, and stored at −80°C until further use.

A. thaliana ecotype Columbia-0 (Col-0) was grown in a growth chamber under a photoperiod of 16 h/8h (light/dark) at 22°C.

Nicotiana tabacum L. (Shan Xi) seeds were sterilized and cultured in 1/8 MS medium (M519; Phytotech ,Lenexa, USA). After 4 weeks, the leaves were cut into 1-cm square pieces and placed on M1 medium (MS agar medium containing 0.1 mg/liter NAA and 1 mg/liter 6-BA) for 2–3 days. The prepared agrobacterium culture was adjusted to an OD600 of 0.8 using sterile water and transferred to the leaves for 8–10 min; next, the culture was drained and returned to the original medium. After 4 days of culture, the leaves were washed with sterile water and transferred to M2 medium (M1 medium containing 50 mg/liter Kan and 50–400 mg/liter Cef) until resistant buds developed. The resistant buds were grown up to a height of 2 cm and then transferred to 1/2 MS medium for rooting.

Four-week-old N. tabacum L. plants were used to investigate instantaneous expression, and the plants were watered a day before transformation. The prepared agrobacterium culture was adjusted to an OD600 of 0.6 by injecting a buffer (10 mM MgCl2, 10 mM MES, and 150–200 μM AS). The bacterial solution (1 ml) was injected using a medical syringe into the tobacco leaves from the lower epidermis through the stomata. After injection, the plants were kept at 22–24°C for 1 day in dark and then in low light for 1 day, followed by growth under normal conditions for 2 days.

Wild-type and T2 transgenic tobacco seedlings were grown to the four-leaf stage in the MS medium, then transferred to nutrient soil for further growth, and their growth and development were observed after 21 days. Simultaneously, the plants were subjected to the following four types of abiotic stress: 200 mM NaCl (salt stress), 20% PEG irrigation (drought stress), 42°C (high temperature stress), 4°C (low-temperature stress) for 12h; then, the leaves of the same part were stained using NBT and DAB.

Transient transformed tobacco plants were subjected to 120 μM MeJA treatment and the abovementioned abiotic 12h before sampling, and the leaves were stained using X-gluc solution.





Cloning of DfFPS genes

RNA of D. fragrans was extracted from the sporophyte leaves using a Trelief TM RNAprep Pure Plant Plus Kit (Polysaccharides & Polyphenolics-rich; Tsingke, China), and reverse transcription was performed using a HiScript III 1st Strand cDNA Synthesis Kit (+gDNA wiper) (Vazyme, China) to obtain cDNA. The putative DfFPS genes were amplified using 2×Phanta® Max Master Mix (Vazyme, Nanjing, China) with the following primer sets: DfFPS1 (F: 5′-ATGTCCAAGGATGCATCAGG-3′; R: 5′-TCATTTTTGTCTTTTGTAAATTTTTCCCAAG-3′); DfFPS2 (F: 5′ATGGCTCCTACTGTGGAACT-3′; R: 5′-TCATTTTTGTCGTTTGTAGATTTTTCCTAAG-3′). The obtained amplicons were inserted in a vector (pClone007 Versatile Simple Vector Kit), and the plasmid was sequenced.





Sequence analysis

The nucleotide and protein sequences were compared using the NCBI tools (http://www.ncbi.NLM.NIH.gov). The ORF of the two genes was identified using ORF Finder (www.ncbi.NLM.NIH.gov/Gorf/Gorf.html). Multiple sequence alignments were performed using the DNAMAN software. Phylogenetic analysis was performed using the MEGA 6.0 software, and the sequences were aligned using ClustalW. A phylogenetic tree was constructed using Evolview (https://www.evolgenius.info/evolview/#login) and was based on the P-distance model of the neighbor-joining method, with partial deletion and interior-branch test replication being 1,000 times (Tamura et al., 2013) to construct the evolutionary tree. The 3D structures of DfFPS1 and DfFPS2 were predicted using the SWISS-MODEL online tool (https://swissmodel.expasy.org/) (Bienert et al., 2017), and figures were prepared using PyMOL.





qPCR for DfFPS1 and DfFPS2 expression analysis

RNA was extracted as described above; for cDNA synthesis, 1000 ng of total RNA was mixed with the HiScript® II Q RT SuperMix for qPCR (+gDNA wiper) (Vazyme, China). We performed qPCR using ChamQ Universal SYBR qPCR Master Mix (Vazyme, China), as per the manufacturer’s instructions. The primers were designed using Primer Premier 6 (Supplementary Table S2). The transcript levels were normalized to that of the 18S rRNA gene of D. fragrans. The relative expression levels were calculated using a previously reported formula (Livak and Schmittgen, 2001). All biological replicates were measured in triplicate, and a plot was constructed using GraphPad Prism 7 and TBtools.





Protoplast transient transfection assay

To verify the subcellular localization of DfFPS proteins, fusion plasmids T-DFFPS1-Egfp, T-DFFPS2-Egfp, T-Egfp-DFFPS1, and T-Egfp-DFFPS2 were constructed using the Gibson assembly. All plasmids used in the transient transfection assays were endotoxin free. The plasmids were extracted using the GoldHi EndoFree Plasmid Maxi Kit (CWBIO), and their concentration was adjusted before transfection to approximately 4000 ng·µl−1 using isopropanol and 5 M NaCl solution. The transient Arabidopsis protoplast transfection assays were performed as previously described (Yoo et al., 2007). Briefly, 3- to 4-week-old rosette leaves of wild-type Arabidopsis plants were harvested and immediately cut into strips using a razor. The strips were incubated in an enzyme solution containing 1% (w/v) cellulase R10 (Yakult Pharmaceutical Ind. Co., Ltd, Japan) and 0.25% (w/v) macerozyme R10 (Yakult Pharmaceutical) at 22–24°C for 3h. The protoplasts were purified, and the fusion plasmids were transfected into the protoplasts using PEG. After transformation, the protoplasts were cultured at 22–24°C for 12–16h under dark conditions, and they were observed using a confocal laser microscope.





Expression of DfFPS1 and DfFPS2 in E. coli and purification of recombinant protein

To verify the enzyme activity of the two proteins, the genes encoding the proteins were cloned in a prokaryotic expression vector [pET32a(+)-DfFPS1 and pET32a(+)-DfFPS2] using the Gibson assembly. E. coli BL21 (DE3) cells were used for recombinant protein expression; the protein was induced using 1 mM IPTG at 16°C for 20h. After the cells were harvested, they were resuspended in 2 ml of lysis buffer A [20 mM tris-HCl (pH 8.0), 500 mM NaCl, 1 mM PMSF, and bacterial protease inhibitor cocktail], lysed by sonication (sonication for 5 s, followed by pause for 5 s), centrifuged for 30 min at 13,000 × g, and the protein was harvested from the supernatant.

The supernatant was loaded on a Ni-NTA column, which was pre-equilibrated using lysis buffer A. The column was washed with 10 column volumes of lysis buffer A containing 20 mM imidazole. The target proteins were eluted using buffer B [20 mM tris-HCl (pH 8.0) containing 500 mM NaCl and 50 mM imidazole] and buffer C [20 mM tris-HCl (pH 8.0) containing 150 mM NaCl and 250 mM imidazole). The purified proteins were subjected to SDS-PAGE. The concentration of the proteins was determined using the Bradford method.





Enzyme activity analysis

Enzyme activity analysis and HPLC were performed as previously described (Ferriols et al., 2015), with minor modifications. The enzyme assays were performed in 1.5-ml Eppendorf tubes in a total volume of 100 μl containing 35 mM tris-HCl (pH 7.5), 10 mM MgCl2, 4 mM dithiothreitol (DTT), 50 μM isopentenyl pyrophosphate (IPP; Echelon Biosciences, Inc) and 150 μM dimethylallyl pyrophosphate (DMAPP; Echelon Biosciences, Inc) as the allylic substrates, and 100 ng of the purified enzyme. The assay mixtures were prepared in bulk without the substrates, and the reactions were initiated by substrate addition after sufficient equilibration of the system temperature. The reactions were performed at 30°C for 10 min and stopped by snap freezing the assay tubes in liquid nitrogen. To denature and precipitate the proteins before HPLC analysis, 100 μl of acetonitrile was added to the reaction mixture, and the mixture was vortexed for 10 s and centrifuged at 19,000 × g for 5 min at 4°C.

HPLC was performed using an Agilent Technologies 1200 Series HPLC system. The separation of the reaction product FPP was achieved on an Agilent ZORBAX SB-C18 column (particle size: 5 μm, 4.6 mm × 150 mm) using a mobile phase consisting of 5 mM NH4HCO3 and 100% acetonitrile as solvents A and B, respectively. A gradient system was used for the analyses, wherein 2% solvent B was increased to 5% in 5 min, followed by an increase of solvent B to 50% in 10 min and to 100% in 5 min, and this was maintained for 5 min. The flow rate was 0.8 ml·min−1; the column temperature was 30°C; the injection volume was 10 μl; and the detection wavelength was 214 nm for all samples and standards.





Determination of the secondary metabolite content of DfFPS transgenic tobacco plants

Secondary metabolites from transgenic plants were detected as per a previously described method (Song et al., 2022). Briefly, we added 0.1 g of tobacco leaves (three plants of each transgenic line were selected at the four-leaf stage; the samples from both lines were mixed for the experiment) and 1 ml of ethyl acetate standard solution to a 1.5-ml Eppendorf tube, which contained 8.64 µg·ml−1 nonyl acetate as the internal standard. The Eppendorf tube was centrifuged using an Ultra Centrifugal Mill (700 rpm, 5 min) and ultrasonicated using a small ultrasonic cleaner (60 kHz, 40°C, 30 min). After sonication, the tube was centrifuged at low temperature (5000 × g, 5 min), and the supernatant was aspirated and filtered through a 0.22-µm microporous membrane for GC-MS.

Terpenoids were analyzed using an Agilent 7890A gas chromatograph coupled to an Agilent 5975C Network Mass Selective Detector (MS, insert XL MSD with triple-axis detector) and an HP-5MS column (30 m × 0.25 mm × 0.25 µm; J&W Scientific, Folsom, CA, USA). The GC-MS conditions were as follows: Carrier gas: He (purity ≥ 99.999%); injection port temperature: 280°C; injection method: splitless injection; injection volume: 1 µl. The temperature conditions were as follows: the initial temperature was 60°C for 2 min, then increased to 220°C for 1 min at 20°C·min−1, followed by an increase to 250°C for 1 min at 5°C·min−1, and final increase to 290°C for 7.5 min at 20°C·min−1. The MS conditions for the analyses were as follows: ion source: EI; ion source temperature: 230°C; ion energy mode: tuning setting; ion energy (eV): 70; detector setting: gain factor; solvent delay: 5 min; mass scan range: 30–500 m/z.





FPNI-PCR-based cloning of the promoter sequences of DfFPS genes

The promoter was cloned using FPNI-PCR (Wang et al., 2011), and 2×Rapid Taq Master Mix (Vazyme, China) were used to obtain the promoter.

The 1st PCR was a thermal asymmetric interlaced (TAIL)-PCR performed using D. fragrans genomic DNA as the template with FP1-9 primers (Supplementary Table S3) and gene specific primers DfFPS1-SP1and DfFPS2-SP1 (Supplementary Table S4). The amplicons from the 1st PCR were used as the template for the 2nd PCR, and nested PCR-specific primers FSP1 (Supplementary Table S3) and secondary gene specific primers DfFPS1-SP2 and DfFPS2-SP2 (Supplementary Table S4) were used. In the 3rd PCR, the amplicons from the 2nd round were diluted 100 times and used as the template, and specific primer FSP2 (Supplementary Table S3) and gene specific primers DfFPS1-SP3 and DfFPSP2-SP3 (Supplementary Table S4) were used for common PCR. The specific programs that were used are listed in Supplementary Table S5.

Since the promoter of DfPS1 could not be amplified using the FP1-9 primers, we designed seven new FP primers. The sequence of primers FP10-16 is presented in Table 1. The same PCR procedure and gene-specific primers were used to amplify the promoter of DfFPS1.


Table 1 | Sequence of the FP primers designed in this study.







Transcriptional activity analysis of promoters

We used the plant cis-acting regulatory element (plantCARE) website (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) to predict potential cis promoter regions of the two genes (Lescot et al., 2002). The transcriptional activity of the full-length promoters of the two genes was verified by investigating the transient expression of DfFPS genes in tobacco leaves. The promoters for both genes were truncated according to the homeopathic element cis on the promoters, and truncated DfFPS1 (938, 740, and 327 bp) and DfFPS2 promoters (1554, 1223, 1051, 632, and 345 bp) with different lengths were obtained, using the primers listed in Supplementary Table S6.






Discussion

The FPS gene, reported from several plants, participates in the secondary metabolism of plants and plays an important role in plant growth and development; therefore, it is evolutionarily conserved in several terrestrial plant species. In the present study, a phylogenetic tree was constructed, which revealed that the DfFPS genes and FPS genes from other ferns were clustered into a large clade. In vitro protein localization and functional analyses revealed that the DfFPS proteins were mainly localized in the cytoplasm, which was in accordance with the results reported by a previous study for AtFPS1S and AtFPS2 (Keim et al., 2012). Moreover, DfFPS could catalyze the production of FPP in vitro, suggesting that its function is the same as the FPS protein in other plant species. The existence of the conserved motifs ensured that the protein possesses catalytic activity.

We observed that the DfFPS genes were expressed in different parts of the plants during different growth stages. The expression level of the genes in the gametophyte stage was significantly higher than that in the sporophyte stage, which might play an important role in plant growth and development. In mature leaves (sporophyte stage), the expression of DfFPS genes was higher and secondary metabolism was more vigorous, providing substrates for development. The two AtFPS genes of Arabidopsis exhibit complementary expression patterns during seed germination (Keim et al., 2012); therefore, we investigated the expression pattern of the two DfFPS genes in different parts of the plants. We found that the expression level of DfFPS1 was significantly higher than that of DfFPS2 in the sporophyte stage and in different parts of mature gametophytes. Moreover, we elucidated that the transcriptional activity of the DfFPS1 promoter was significantly higher than that of the DfFPS2 promoter. Therefore, we speculated that DfFPS1 plays an important role in the growth and development of D. fragrans.

Under different hormone treatments, we found that both DfFPS genes mainly responded to MeJA treatment. FPS genes from other plants also respond to MeJA. The expression of the DfFPS genes increased in response to drought and high temperature. However, moderate drought or high temperature has also been reported to increase secondary metabolite expression in plants (Taghinasab and Jabaji, 2020; Wen et al., 2022). Therefore, we hypothesized that drought and high temperature may increase secondary metabolite expression by promoting the expression of precursor synthase FPS.

Previous studies on the function of FPS in eukaryotic have focused on its effect on secondary metabolites and growth in plants. In this study, we used GC-MS to investigate the changes in the contents of volatile secondary metabolites in tobacco plants (leaves) by overexpressing the two DfFPS genes and found that of the content of several terpenoids in tobacco had increased. However, the overexpression of these genes did not exhibit any obvious changes in plant growth and development.

Moreover, we elucidated that both DfFPS genes responded to abiotic stress, and their expression significantly increased after PEG treatment. Therefore, we speculated that the DfFPS proteins contributed in making the plants resistant to abiotic stress to some extent. To the best of our knowledge, no studies have reported the role of FPS genes in the resistance exhibited by plants against abiotic stress. Here, we conducted a preliminary investigation of the resistance phenotype of tobacco plants using NBT and DAB staining and found that the transgenic plants exhibited resistance to high temperature and drought. We hypothesized that the overexpression of the DfFPS genes resulted in the accumulation of the sesquiterpenoid precursor FPP in the cells to ensure sufficient substrate concentration for the rapid synthesis of ABA under drought and high temperature conditions, enabling a rapid response against stress. The promoters of the two DfFPS genes were highly expressed in the guard cells of the stomata. Therefore, these genes may be highly expressed in the stomata to accumulate FPP for ABA synthesis, and the accumulated ABA can lead to the rapid closure of stomata, thus conferring resistance traits to the plants. However, a direct pathway for ABA production with FPP as the precursor has not been identified in plants. The results of the present study will provide a basis for future studies on the investigation of a direct pathway for ABA production.

Moreover, we optimized the FPNI-PCR process to amplify the promoter sequences of the two genes. We also performed TAIL-PCR for cloning the promoter sequences, but the accuracy of the results obtained using FPNI-PCR was higher than those obtained using TAIL-PCR. We used nine FP primers to amplify the promoter sequences, but only the promoter of DfFPS2 could be successfully amplified. Therefore, we confirmed that the optimized FPNI-PCR method can be used for amplifying promoters and speculated that the random primer part of the FP primers may not be able to bind to the DfFPS1 promoter. Next, we designed seven new FP primers according to the primer designing methods for TAIL-PCR and FPNI-PCR, and we amplified the promoter of DfFPS1 using these primers; the results suggested that these seven primers could successfully amplify the DfFPS1 gene promoter. Therefore, these new FP primers can be used for FPNI-PCR-based cloning of promoter sequences from species without reference genomes.

In this study, the promoters of the DfFPS genes exhibited high transcriptional activity in the stomata, which has not been reported in previous studies. Moreover, we found that the transcriptional activity of truncated DfFPS2 promoters was lower under various conditions, whereas the transcriptional activity region of the DfFPS1 gene promoters was mainly concentrated between the proFPS1-Full and proFPS1-Δ1 regions. In future studies, this sequence can be used for yeast one-hybrid screen library to identify transcription factors regulating DfFPS1 and to screen potential transcription factors regulating terpenoid metabolism and plant stress resistance.





Conclusions

The DfFPS1 and DfFPS2 genes were screened from the transcriptome database of D. fragrans. The CDS of DfFPS1 (1041 bp) and DfFPS2 (1065 bp) genes were cloned, and their analyses revealed that both genes contained five conserved domains that are also conserved in other ferns. The two genes were highly expressed in the leaves of gametophytes and mature sporophytes; DfFPS1 gene may play a major role in plant growth and development. Moreover, these two genes mainly responded to MeJA treatment and high temperature and drought stress. Both DfFPS genes were localized in the cytoplasm and could catalyze the synthesis of FPP in vitro. We overexpressed DfFPS1 and DfFPS2 in tobacco plants and observed that the two genes did not exhibit a significant effect on plant growth and development, but they increased the yield of terpenoids such as neophytadiene, manool, and geranyl linalool. Moreover, we observed that the transgenic tobacco plants exhibited resistance to high temperature and drought.

The FPNI-PCR was used for chromosome stepping, and the method was optimized to amplify the promoter sequences of DfFPS1 and DfFPS2. Moreover, both promoters exhibited high transcriptional activity in the stomata. Meanwhile both promoters responded to MeJA treatment and high temperature and drought stress, and the transcriptional core region of the proDfFPS1 was the region between −943 bp and −740 bp.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Materials. Further inquiries can be directed to the corresponding author.





Author contributions

YC: conceptualization. DZ: methodology. XT: formal analysis. LC: data curation. XQ: writing—original draft preparation. CS: writing—review and editing. HW: supervision. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by the National Natural Science Foundation of China (32270394) and National Natural ScienceFoundation of China (31870313).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1105240/full#supplementary-material

Supplementary Figure 1 | (A): DfFPS1 amplicon; (B): DfFPS2 amplicon

Supplementary Figure 2 | Sequence analysis of DfFPS and AtFPS proteins.

Supplementary Figure 3 | Expression and purification of DfFPS proteins. (A) Expression of DfFPS1 protein. Note. M: marker; 1: BL21 empty bacteria; 2: pET32a empty vector; 3: pET32a-DfFPS1 (not induced); 4: pET32a-DfFPS1 (0.5 mM IPTG; precipitate); 5: pET32a-DfFPS1 (0.5 mM IPTG; supernatant); 6: pET32a-DfFPS1 (1.0 mM IPTG; precipitate); 7: pET32a-DfFPS1 (1.0 mM IPTG; supernatant); 8: pET32a-DfFPS1 (1.5 mM IPTG; precipitate); 9: pET32a-DfFPS1 (1.5 mM IPTG; supernatant). (B) Expression of DfFPS2 protein. Note. M: marker; 1: BL21 empty bacteria; 2: pET32a empty vector; 3: pET32a-DfFPS2 (not induced); 4: pET32a-DfFPS2 (0.5 mM IPTG; precipitate); 5: pET32a-DfFPS2 (0.5 mM IPTG; supernatant); 6: pET32a-DfFPS2 (1.0 mM IPTG; precipitate); 7: pET32a-DfFPS2 (1.0 mM IPTG; supernatant); 8: pET32a-DfFPS2 (1.5 mM IPTG; precipitate); 9: pET32a-DfFPS2 (1.5 mM IPTG; supernatant). (C) Purification of DfFPS1 protein. Note. M: marker; 1: pET32a-DfFPS1 (not induced); 2: pET32a-DfFPS1 (1.5 mM IPTG; supernatant); 3: binding buffer (flow); 4: wash buffer (flow); 5: elution buffer (flow). (D) Purification of DfFPS1 protein. Note. M: marker; 1: pET32a-DfFPS2 (not induced); 2: pET32a-DfFPS2 (1.0 mM IPTG; supernatant); 3: binding buffer (flow); 4: wash buffer (flow); 5: elution buffer (flow).

Supplementary Figure 4 | Identification of transgenic plants. (A) PCR analysis of DfFPS1-overexpressing tobacco plants. Note. M: marker; −: negative control; +: positive control; WT: wild type; VC: vector control; 1–10: 35S::DfFPS1-resistant plants. (B) PCR analysis of DfFPS2-overexpressing tobacco. Note. M: marker; −: negative control; +: positive control; WT: wild type; VC: vector control; 1–10: 35S::DfFPS2-resistant plants.

Supplementary Figure 5 | Metabolite analysis of wild-type and transgenic tobacco leaves using GC-MS. (A) Wild-type tobacco; (B) 35S::DfFPS1; (C) 35S::DfFPS2. 1: nicotine; 2: neophytadiene; 3: n-docosanol; 4: Cis-7,10,13,16,19-docosapentaenoic acid methyl ester; 5: manool; 6: geranyl linalool; 7: eicosapentaenoic acid ethyl ester.

Supplementary Figure 6 | NBT and DAB staining of wild-type and transgenic tobacco leaves (35S::DfFPS1-9 and 35S::DfFPS2-6) under different types of abiotic stress.

Supplementary Figure 7 | Amplify the promoter sequence of the two DfFPS genes. (A) Gel electrophoresis image of DfFPS1 promoter amplified using FPNI-PCR; (B) Gel electrophoresis image of DfFPS2 promoter amplified using FPNI-PCR; (C) DfFPS1 promoter amplified using (FP10-16) primers.
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EgMYBC1 Eucalyptus grandis, XP_010036386.2
AMYBC1 Arabidopsis thaliana, AT2G40970
MbMYBC1 Malus domestica

MsMYBC1 Malus sylvestris, XP_050115747.1
PbMYBC1 Pyrus bretschneideri, XP_048430460.1
cimyBc1 Caryaillinoinensis, XP_042940585.1
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Index Y-RP Y-RS (0] Q-RP Q-RS
DPPH value (ug TE/g FW) 19131 + 7.57¢ 5345.70 + 76.03° 5072.01 + 50.23" 21191 + 11.77¢ 5022.00 + 23.50" 5218.34 + 78.16°
FRAP value (M TE/g DW) 2534 +7.10° 12194 £ 6.01° 402.86 + 16.11° 27.06 + 5.94° 100.95 + 5.08° 42031 + 8.65"
ORAC (%) 7143 + 1.07° 45.53 + 004 44.36 + 0.06° 69.23 + 111" 50.74 + 0.06° 4444 + 003%
ABTS value (UM TE/g DW) 4.68 + 045 151,05 + 1.71¢ 351.72 + 5.71° 49.57 + 1.26° 172.07 + 5.99¢ 32672 +10.09°

Different lowercase letters indicate significant differences at p < 0.05. FW, fresh weight; DW, dry weight. The same applies below.
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Modules Gene Gene ID Description

MEblue cyACO Chr9.g46434 Cytosolic aconitase
MEblue VAP Chr3.g18389 Vesicle-associated protein 4-1
MEblue Pept6 Chr7.g31646 Oligopeptide transporter 6
MEblue SOT Chr10.g16531 Sorbitol transporter
MEblue SUT14 Chr15.03127 Sugar transport 14
MEblue UDP-GLUT4 Chr2.g42980 UDP-glucose transporter 4
MEblue UDP-SUT Chr15.g03811 UDP-sugar transporter
MEblue SuC4 Chr8.g55897 Sucrose transport 4
MEturquoise HK2 Chr15.g04826 Hexokinase-2
MEturquoise a-GalA Chr16.g30552 a-Galactosidase
MEturquoise AGH Chr10.g14669 a-Glucosidase
MEturquoise SDH Chrl.g56757 Sorbitol dehydrogenase
MEturquoise SDH2 Chrl.g56758 Sorbitol dehydrogenase
MEturquoise SDH6 Chr7.g31957 Sorbitol dehydrogenase
MEturquoise SDH4 Chr7.g31956 Sorbitol dehydrogenase
MEturquoise SPS4 Chrl10.g17334 Sucrose-phosphate synthase 4
MEturquoise ss Chrl5.g02866 Sucrose synthase
MEturquoise AGP Chrl7.g25838 Glucose-1-phosphate adenylyltransferase
MEturquoise GJPase Chr5.g08695 Glucose-1-phosphate adenylyltransferase
MEturquoise G6PT Chr8.g53896 Glucose-6-phosphate isomerase
MEturquoise a-1, 4GPase Chrl7.g25148 a-1,4 Glucan phosphorylase
MEturquoise 4-aGT Chr15.g01502 4-a-Giucanotransferase
MEturquoise AEP] Chr17.g25022 Aldose 1-epimerase
MEturquoise SUT7 Chr11.g13237 Sugar transporter 7
MEfloralwhite PGM Chr16.g31272 Phosphoglucomutase
MEfloralwhite SWEET]O Chr6.g51704 Bidirectional sugar transporter
MEfloralwhite SWEET15 Chr16.g30311 Bidirectional sugar transporter

CE: chemical fertilizers application; BE: chemical fertilizers + bio-organic fertilizers application; OF: chemical fertilizers + organic fertilizers application. The FPKM values of CE, BF and OF
from blue (low) to red (high).
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Amino acid (s) Gene ID Number count (% by weight)

Charged Acidic  Basic Polar Hydrophobic
(RKHYCDE) (D E) (KR)  (NCQSTY) (AILFWYV)
PtMAP20 Potri017G144061 2079400  9.70 177 70.00 21.00 33.00 41.00 49.00
PEMAP20L1 Potri004G118700 6176551 929 540 4546 16.99 23.07 26.13 2253
PEMAP20L2 Potri017G092100 6127902 9.18 536 4545 1647 2233 27.14 2175
PTPX2-1 Potri007G138600 9233781 941 817 40.23 14.71 2022 2597 24.12
PTPX2-2 Potri017GOI13100 9164710  9.42 812 41.37 | 1sis 20.70 2425 2446
PtWDL1 Potri.005G055900 4011568 974 365 44.66 13.82 2248 2833 20.60
PtWDL2 Potri008G162800 4312715 866 388 44.32 16.84 19.96 2845 21.80
PtWDL3 Potri010G076200 4429584  8.42 405 42.55 et 1879 26.28 23.44
PtWDLA Potri013G042800 3998747  9.62 i 362 4455 1526 2298 28.54 21.44
PtWDL5 Potri.006G200400 5400910 9.71 504 36.01 12.94 19.65 32,06 21.37
PtWDL6 Potri006G254400  48617.05  8.89 437 41.14 16.66 20.18 26.87 2243
PtWDL7 Potri016G066600 4690430  9.04 504 36,51 13.25 1942 3261 21.40
PtWDL8 Potri018G027500  46799.03  9.90 435 40.57 16.50 20.08 27.36 24.61
PtWDL9 Potri001G336300 6119983 946 548 3952 13.89 19.94 28.86 23.80
PWDL10 Potri008G129300 7187615 681 646 13.96 17.48 19.00 26.86 2229
PtWDLI11 Potri008G180900  70957.03  9.55 648 3847 14.08 20.11 30.82 24.18
PtWDLI2 Potri010G038100 5978095 892 542 4236 17.39 20.78 2520 24.00
PtWDLI3 Potri010G053200 5890113 952 534 39.11 13.58 19.44 27.38 26.83
PtWDL14 Potri.010G113000 | 7208153 | 7.63 | 647 44.14 17.15 19.71 2849 2171

According to the properties of amino acids, they are classified as charged amino acids, acidic amino acids, basic amino acids and hydrophobic amino acids. Letters in brackets are amino acids for short.
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Primer Primer sequence Purpose
name
FP10 5'- 1% PCR
GTAATACGACTCACTATAGGGCACGCGTGGT
TGWGNAGSANCASAGA-3'
FP11 5'- 1% PCR
GTAATACGACTCACTATAGGGCACGCGTGGT
STTGNTASTNCTNTGC-3'
FP12 5'- 1% PCR
GTAATACGACTCACTATAGGGCACGCGTGGT
TGAGNAGTANCAGAGA-3'
FP13 5'- 1% PCR
GTAATACGACTCACTATAGGGCACGCGTGGT
AGTGNAGAANCAAAGG-3'
FP14 5'- 1" PCR
GTAATACGACTCACTATAGGGCACGCGTGGT
CATCGNCNGANACGAA-3
FP15 5'- 1% PCR
GTAATACGACTCACTATAGGGCACGCGTGGT
TCGTNCGNACNTAGGA-3'
FP16 5'- 1% PCR

GTAATACGACTCACTATAGGGCACGCGTGGT
CAWCGTCNGATASGGA-3"
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