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Chinese chestnut (Castanea mollissima) is an important nut tree species, and its embryo is rich in sugar. We combined metabolomic and transcriptomic data to analyze metabolites and genes related to sugar in two Chinese chestnut cultivars at 60, 70, 80, 90 and 100 days after flowering (DAF). The soluble sugar content of high-sugar cultivar at maturity is 1.5 times that of low-sugar cultivar. Thirty sugar metabolites were identified in embryo, with the most dominant being sucrose. Analysis of the gene expression patterns revealed that the high-sugar cultivar promoted the conversion of starch to sucrose by up-regulating genes related to starch degradation and sucrose synthesis at 90-100 DAF. It also strongly increased the enzyme activity of SUS-synthetic, which may promote sucrose synthesis. Gene co-expression network analysis showed that ABA and peroxide were related to starch decomposition during Chinese chestnut ripening. Our study analyzed the composition and molecular synthesis mechanism of sugar in Chinese chestnut embryos, and provided a new insight into the regulation pattern of high sugar accumulation in Chinese chestnut nuts.
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Introduction

Chestnut belongs to the Fagaceae family, which is mainly cultivated in China, Bolivia, Turkey, the Republic of Korea and Italy (Massantini et al., 2021). Chestnuts are rich in starch, minerals, vitamins and phytonutrients, relatively low in fat, and gluten free, making them a healthy and nutritious food (Warmund, 2011; Haytowitz et al., 2018). The composition of carbohydrates has an important effect on the quality of chestnuts. More than 70 percent of respondents said that taste was the most important factor in their decision to buy chestnuts, and sensory analysis showed that chestnut acceptance was strongly dependent on sweetness and related to sucrose content (Künsch et al., 2001; Santos et al., 2022).

Starch is the main form of carbohydrates in chestnuts, and it can be transformed into each other with sucrose (Huang et al., 2021). Sugar and starch metabolism depends on the correct spatial and temporal activity of many enzymes (Chen et al., 2021; Samkumar et al., 2022). During nut development, sucrose is transported to the embryos as a product of photosynthesis. Sucrose can also be converted to glucose and fructose by cytosolic invertase (CINV), or to fructose and uridine diphosphate glucose (UDPG) by sucrose synthase (SUS) (Wan et al., 2018; Moshchenskaya et al., 2019). Then, ADP-glucose (ADPG) is formed through a multi-part reaction and is the common precursor for the synthesis of amylose and amylopectin (Streb and Zeeman, 2012). The synthesis of amylose is catalyzed by granule-bound starch synthase (GBSS). In addition, the synthesis of amylopectin is catalyzed by soluble starch synthetase (SS), starch branching enzyme (SBE) and Isoamylase type starch debranching enzyme (ISA) (Yang et al., 2022).

On the other hand, starch stored in plants will be decomposed into soluble sugar for life activities. Glucan water dikinase (GWD) and phosphoglucan water dikinase (PWD) can phosphate starch and loosen the structure of starch granules in plastid (Mahlow et al., 2016; Xu et al., 2017). Phosphorylated starch can be degraded by a set of glucan-hydrolyzing enzymes (i.e., AMY and BAM) to produce maltose and glucose. Both maltose and glucose can be transported into cytosol to synthesize UDPG (Zhang et al., 2014; Schreier et al., 2019). Some important enzymes such as sucrose phosphate synthase (SPS), sucrose phosphate phosphatase (SPP) and SUS can catalyze UDPG to generate sucrose (Maloney et al., 2015).

Sugar metabolism is regulated by many factors and is easily affected by environment. Low temperatures can destroy the balance of starch and sucrose metabolism, and promote the starch degradation into soluble sugar (Zhang et al., 2014). The contents of glucose, fructose, sucrose, raffinose and galactitol in Arabidopsis leaves increased after cold acclimation (Bieniawska, 2007). ABA may be one of the important hormones regulating fruit ripening, which may accelerate sucrose accumulation and promote fruit ripening quality by increasing the enzyme activity of SUS (Wang et al., 2017). Exogenous ABA can increase soluble sugar content in apple fruits at mature stage, and the appropriate concentration of ABA can accelerate glucose conversion and promote sucrose accumulation, which is consistent with the trend of sugar conversion at mature stage (Xiao et al., 2018).

Chinese chestnut is a traditional nut of China and is widely cultivated in East Asia (LaBonte et al., 2018). Hebei Province is the main producing area of Chinese chestnut in China. The four seasons of Hebei Province are clear, and the unique climate may affect the quality of Chinese chestnut (He et al., 2021). In this study, we studied the changes in gene expression related to sugar in the embryos of two Chinese chestnut cultivars, and compared the composition of sugar in the five developmental stages. As a result, the mechanism of high sugar accumulation of Chinese chestnuts was analyzed, and it provided prospects for improving the sugar content of Chinese chestnut cultivars.





Materials and methods




Plant material

Two Chinese chestnut cultivars, high-sugar cultivar ‘Yanlong’ (HS) and relatively low-sugar cultivar ‘Yanshanzaofeng’ (LS), were used as plant materials. The nuts of two Chinese chestnut cultivars were collected from the six 11-year-old trees at the Chinese chestnut base in Hebei, China (118°80′E, 40°13′N). Each tree received standard agronomic practices. ‘Yanshanzaofeng’ (LS) has female flowers in full bloom on June 5, and ‘Yanlong’ (HS) has female flowers in full bloom on June 25. Flowers that were at the anthesis stage simultaneously were marked, and fruits were collected at 60, 70, 80, 90, and 100 DAF (fruit maturity) in 2021. At each stage of development, nine nuts were mixed into a biological repetition from the selected three trees, with three repetitions per each stage, and then samples were quickly frozen with liquid nitrogen and stored in a refrigerator at -80°C.





Analysis of sugar content

The freeze-dried samples were ground into powder with a mixer mill (MM 400, Retsch) by filtration through a 0.5 mm filter. The sucrose content (about 50 mg of sample powder) was determined using the anthrone colorimetric method (Roggo et al., 2002). The contents of starch components (amylose and amylopectin) were determined through dual-wavelength spectroscopy, with amylopectin measured at 550 nm and 695 nm and amylose measured at 617 nm and 475 nm, using a spectrophotometer (UV-2102C) (Juliano et al., 1981). All the determinations were performed in triplicate.





GC-MS analysis of sugar metabolites

Agilent 8890 gas chromatograph coupled to a 5977B mass spectrometer with a DB-5MS column (30 m length × 0.25 mm i.d. × 0.25 μm film thickness, J&W Scientific, USA) was employed for GC-MS analysis of sugars by MetWare (http://www.metware.cn/). Helium was used as carrier gas, at a flow rate of 1 mL/min. Injections were made in the split mode with a split ratio 5:1 and the intection volume was 1 μL. The oven temperature was held at 160°C for 1 min, and then raised to 200°C at 6°C/min, raised to 270°C at 10°C/min, raised to 300°C at 5°C/min, raised to 320°C at 20°C/min and held at the temperature for 5.5 min. All samples were analyzed in selective ion monitoring mode. The ion source and transfer line temperature were 230°C and 280°C, respectively (Lowell et al., 1989; Medeiros and Simoneit, 2007; Gomez-Gonzalez et al., 2010).





Transcriptome sequencing

Total RNA was extracted from 0.5 g sample using RNAprep Pure Plant Kit (Tiengen, Beijing, China), and RNA purity was detected using a NanoPhotometer® spectrophotometer (IMPLEN, CA, USA). cDNA libraries were prepared using the NEBNext®Ultra™RNA Library Prep Kit (Illumina, San Diego, CA, USA). The NovaSeq 6000 sequencing system (Illumina) was used for sequencing with 150 bp paired-ends by Novogene Company (Beijing, China) (Modi et al., 2021). The raw data of each sample was more than 6 GB. RNA-seq data were uploaded to NCBI and can be accessed through BioProject accession number PRJNA883560.





RNA-Seq data analysis

The Chinese chestnut reference genome and gene model annotation files were downloaded from the website (https://github.com/yongshuai-sun/hhs-omei) (Sun et al., 2020). Clean reads were obtained by filtering raw reads using Perl scripts. Then, the clean reads were compared with the reference genome using Hisat2 v2.0.5 software, and the number of reads mapped to each gene was counted by features v1.5.0-p3 in the subread software to obtain the FPKM value. The differentially expressed genes (DEGs) were analyzed by OmicShare tool (www.omicshare.com/tools ) (|log2 (fold change)|≥1, FDR ≤ 0.05). KEGG enrichment analysis was performed using STRING database (http://www.string-db.org). Gene expression data were normalized and plotted using Tbtools V1.09876 software.





The enzyme activity of SUS

SUS was assayed in both the synthetic and cleavage directions. One gram of the frozen powder was resuspended at 4°C in 5 ml of 100 mM HEPES (pH 7.5), 2 mM EDTA and 5 mM dithiothreitol. The medium for SUS synthesis contained in a 0.5 mL volume: extract, 80 mM Hepes (pH 8.5), 5 mm KCN, 5 mm NaF, 100 mM fructose, and 15 mM UDPG. The medium for SUS cleavage in a similar volume consisted of extract, 80 mM MES (pH 5.5), 5 mM NaF, 100 mM sucrose, and 5 mM UDP. Reactions proceeded for 15 min at 30°C and were terminated by boiling for 1 min. UDP production was quantified by measurement of pyruvate kinase-specific loss of NADH in the presence of lactic dehydrogenase, and UDPG production was quantified by measuring UDPG dehydrogenase-specific synthesis of NADH (Baroja-Fernández et al., 2009).





Co-expression network analysis

Weighted gene co-expression network analysis (WGCNA) (V1.69) in R software package was used to construct the gene co-expression network, using the signed-hybrid network type. The co-expression network was mapped using Cytoscape V3.7.1 (https://cytoscape.org/) software. The description of gene function comes from the STRING database (Szklarczyk et al., 2019).





qRT-PCR analysis

Real-time quantitative PCR experiments were performed on ABI 7500 Real-Time PCR system (Applied Biosystems Inc., Foster City, CA, USA) with TB Green Premix Ex Taq (Takara). The instrument settings were: 95°C for 300 s; 40 PCR cycles, with each cycle set at 95°C for 10 s and 60°C for 30 s. The specific primer information was shown in Table S1, in which the 18S gene of Chinese chestnut was used as the reference gene. The relative expression levels were calculated using the 2-ΔΔCt method. Three biological replicates were performed.






Results and discussion




Morphological characteristics and sugar content

We have sampled five nut development stages of the two cultivars under the same site conditions. The mature stage of LS was 20 days earlier than HS, and the development temperature of HS is lower than that of LS (Figure 1A). The accumulation of nutrients in two cultivars was mainly carried out from 60 to 100 DAF. At 100 DAF, the dry weight of HS was 6.77g, which was 0.49g heavier than in LS (Figure 1B). The changes of amylose (Figure 1C), amylopectin (Figure 1D), ratio of amylopectin to amylose (Figure 1E) and total starch (Figure 1F) contents in the two cultivars were similar. It is worth noting that the soluble sugar of HS is 9%, which was 1.5 times higher than LS at the mature stage (Figure 1G). The soluble sugar in HS increased rapidly from 6.46% to 6.84% at 90-100 DAF, and the amylopectin decreased from 56.03% to 44.77%. The increase of soluble sugar in HS from 90 to 100 days was due to the decomposition of amylopectin. The difference of temperature and daylength during nut development may be one of the reasons for the difference in soluble sugar content in two cultivars.




Figure 1 | Morphological characteristics and sugar contents in two Chinese chestnut cultivars during embryo development: (A) morphological characteristics at 60−100 days after flowering (DAF). ‘Yanshanzaofeng’ (LS) has female flowers in full bloom on June 5, and ‘Yanlong’ (HS) has female flowers in full bloom on June 25. The ruler is 1 cm. (B–G) Dry weight and sugar contents in the developing embryo. Values are means ± standard deviation (SD), n = 3. The statistical significance between cultivars was determined by the Student’s t test (*p < 0.05). The statistical significance between stages of the same cultivar was evaluated by one-way analysis of variance (ANOVA) with Duncan’s multiple comparison test (p < 0.05), and capital letters indicate LS and Lowercase letters indicate HS. The same letters used within the same cultivar at different stages indicate no significant difference at the p≥ 0.05 level.







Changes in the soluble sugar composition

We tested a total of 32 kinds of sugar metabolites, of which 30 kinds of metabolites were detected, and the two metabolites (D-Arabinitol and L-Rhamnose) were not detected (Table 1). The content of the total sugar metabolites was related to soluble sugar content (Figure 2B), indicating that the experimental data was reliable. The results showed that the soluble sugar composition changed obviously with embryo development. The soluble sugar was mainly sucrose, glucose and fructose at 60-70 DAF (Figure 2A). In addition, the content of glucose (Figure 2D) and fructose (Figure 2E) was high (> 87.01 mg/g) at 60 DAF but low (<3.68 mg/g) at 80-100 DAF. In mature chestnuts, the soluble sugar was mainly sucrose (> 38.67 mg/g), and the content of other sugar metabolites was very low (<3.30 mg/g). At 90-100 DAF, the sucrose content in HS was 1.5 times higher than that in LS (Figure 2C). In addition, the content of raffinose (Figure 2F), 1,5-Anhydroglucitol (Figure 2H) and maltose (Figure 2I) was higher in HS than that in LS at mature stage. The content of inositol (Figure 2G) was higher in LS than that in HS at mature stage. During ripening, the increased content of these soluble sugar metabolites will make the chestnuts sweeter.


Table 1 | Identification of sugar-related metabolites in the developing Chinese chestnut embryo.






Figure 2 | The changes of soluble sugar composition in two Chinese chestnut cultivars during embryo development: (A) The total content of all soluble sugar metabolites. (B) Correlation analysis between total content of all soluble sugar metabolites and soluble sugar content (Figure 1G). (C–J) The changes of the soluble sugar metabolites in the developing embryo. Values are means ± standard deviation (SD), n = 3. The statistical significance between cultivars was determined by the Student’s t test (*p < 0.05). The statistical significance between stages of the same cultivar was evaluated by ANOVA with Duncan’s multiple comparison test (p < 0.05), and capital letters indicate LS and Lowercase letters indicate HS. The same letters used within the same cultivar at different stages indicate no significant difference at the p≥ 0.05 level.







Transcriptome sequencing and clustering of DEGs

Thirty libraries from Chinese chestnut embryos were sequenced. We obtained a total of 1.41 billion base pairs, with an average of 47,036,059 raw reads and 45,312,612 clean reads per sample. The average ratio of clean reads to raw reads was 96.33% (Table S2). The clean reads are made freely available in the NCBI (accession number: PRJNA883560).

A total of 42,740 unigenes were identified from transcriptome data. Principal components analysis (PCA) of all 30 samples was conducted based on RNAseq FPKM, and two principal components were found to explain 39.9% of the overall variance (27.2% and 12.7% for PC1 and PC2, respectively). The three samples at the same stage were close to each other, indicating that there was a high consistency between the three biological replicates (Figure 3A). A total of 14,430 DEGs were identified by pair comparison between two cultivars at each stage (Figure 3B). The cluster analysis of DEGs was shown in Figure 3C. The results showed that the 30 samples could be divided into three groups: LS60 and HS60 constituted the first group, LS70, LS80, LS90, HS70 and HS80 constituted the second group, and LS100, HS90 and HS100 formed the third group.




Figure 3 | PCA of samples and cluster analysis of DEGs: (A) PCA of all 30 samples was conducted based on RNA-seq FPKM. (B) Pairwise comparison between two cultivars at same stage. We identified a total of 14,430 DEGs in Table S3. (C) Cluster analysis of DEGs based on mean FPKM. The color scale (−3 to 3) represents the calculated Z-score.







Trend analysis of DEGs in embryo

In order to further understand the mechanism of sugar synthesis in Chinese chestnut embryos, we focused on the expression trend of DEGs. The 14,430 DEGs were divided into five modules using WGCNA (Figure 4A), and the number of DEGs and KEGG pathways of each module were listed in each module. The largest module (turquoise) contained 6489 DEGs whose expression was highest in the LS60 sample, which included genes related to glycolysis/gluconeogenesis, brassinosteroid biosynthesis, and flavonoid biosynthesis. The second largest module (blue) contained 3484 DEGs whose expression was the highest expression in the LS100 sample, which included genes related to glycolysis/gluconeogenesis, glycerolipid metabolism, limonene and pinene degradation, and flavone and flavonol biosynthesis. The third largest module (brown) contained 1985 DEGs whose expression was the highest expression in the HS60 sample, which included genes related to photosynthesis, oxidative phosphorylation, nitrogen metabolism, tyrosine metabolism.




Figure 4 | WGCNA of RNA-seq and traits: (A) WGCNA was calculated by 30 samples and the 14,430 DEGs were classified into 5 modules. Columns represent module eigengene of mean values. The number of DEGs and KEGG pathways for each module were listed; (B) expression patterns of the modules were correlated to physiological data. The numbers in each colored box give the values for correlation coefficient.



In order to understand the relationship between the gene expression patterns and metabolites, association analysis was performed using WGCNA (Figure 4B). Sugar content was highly correlated with turquoise and brown modules. Combined with KEGG pathway and module-trait correlation analysis, turquoise, blue and brown modules were associated with sugar biosynthesis.





Identification of genes related to sucrose degradation and starch synthesis

The sucrose produced by photosynthesis will be stored in the chestnut as starch. As shown in Table S3, a total of 66 unigenes related to starch synthesis were identified, of which 15 belong to the turquoise module, 9 belong to the blue module, and 4 belongs to the other module. Most of the genes related to starch synthesis were highly expressed at 70 DAF. Some genes such as SUS, GPT and GBSS had FPKM values >1000 in our transcriptome data. These highly expressed genes may play an important role in starch synthesis in Chinese chestnut embryos. The variation trend of these genes related to starch synthesis was similar to that reported in previous articles (Zhang et al., 2015; Shi et al., 2021), indicating that the regulation of these genes in chestnut cultivars was similar.

At 70-80 DAF, the expression level of genes related to starch synthesis (i.e., SUS, PGI, UGP, PGM and AGP) was higher in LS than that in HS (Figure 5). At 100 DAF, the expression level of genes related to starch synthesis (i.e., HXK, PGI, PGM, AGP, SS, SBE, ISA) was higher in HS than that in LS (Figure 6). This indicates that the sugar metabolism of HS was more active than that of LS at mature stage.




Figure 5 | Nonpartitioned expression pattern of genes related to sucrose degradation and starch synthesis. Symbols represent mean FPKM values and the horizontal axis represents 60, 70, 80, 90, and 100 DAF. Red line represents LS, and blue line represents HS (high sugar cultivar). The two-way arrow indicates a reversible reaction, and the one-way arrow indicates an irreversible reaction. The information of genes are listed in Table S3.






Figure 6 | Nonpartitioned expression pattern of genes related to sucrose degradation and starch synthesis. Symbols represent mean FPKM values and the horizontal axis represents 60, 70, 80, 90, and 100 DAF. Red line represents LS, and blue line represents HS (high sugar cultivar). The two-way arrow indicates a reversible reaction, and the one-way arrow indicates an irreversible reaction. The information of genes are listed in Table S4.







Identification of genes related to starch degradation and sucrose synthesis

Starch degradation during ripening is a key additional process for sugar accumulation and sweetness in fruit (Liu et al., 2021). As shown in Table S4, a total of 33 unigenes related to starch degradation were identified, of which 6 belong to the turquoise module, 6 belong to the blue module, and 3 belongs to the other module. Some genes such as PWD, BAM, PHS1, GLT, PHS2 had FPKM values >100 in our transcriptome data. These highly expressed genes may play an important role in starch degradation in Chinese chestnut embryos. At 100 DAF, the expression level of genes related to starch degradation (i.e., GWD, PWD, LDA, ISA, PHS1, MEX1) was higher in HS than that in LS (Figure 6). This indicated that starch degradation of HS was more intense than that of LS at mature stage, which was consistent with soluble sugar content.

It is worth noting, the expression level of GWD genes was higher in HS than that in LS at 70-100 DAF. GWD catalyzes the phosphorylation of amylopectin to form phosphoglucan, which is a key enzyme in the degradation of plant starch (You et al., 2020). In rice research, GWD can improve the yield and quality characteristics, which has great application potential (Wang et al., 2021). Therefore, GWD may play an important role in starch degradation of chestnut at mature stage.





Analysis of SUS gene

Sucrose synthase (SUS) is the key enzyme of sucrose metabolism, which has the function of decomposition and synthetic sucrose (Stein and Granot, 2019). In this study, we identified a total of 8 SUSs in Chinese chestnut, including three SUS2, one SUS3, two SUS4, and two SUS6 genes. Among these 8 SUSs, 2, 4, and 2 genes belong to the SUSI subfamily, SUSII subfamily, SUSIII subfamily, respectively (Figure 7A). The SUS2 (bl_022590, bl_022593 and bl_022594), SUS3 (bl_024378), and SUS4 (bl_040354) genes were highly expressed (FPKM> 100) (Table S3), which may play an important role in sucrose content during Chinese chestnut embryo development.




Figure 7 | Putative sucrose synthase (SUS) unigenes identified in Chinese chestnut: (A) phylogenetic analysis of CmSUSs (Castanea mollissima) and AtSUSs (Arabidopsis thaliana) with Protein sequences. The Protein sequences were aligned using ClustalX2, and the neighbor-joining (NJ) tree was constructed with the program MEGA 6.0. A total of 1000 bootstrap replications were carried out to indicate reliability. (B) Heat map showing expression levels of CmSUSs. (C) Enzyme activity of SUS in two Chinese chestnut cultivars during embryo development. Values are means ± standard deviation (SD), n = 3. The statistical significance between cultivars was determined by the Student’s t test (*p < 0.05). The statistical significance between stages of the same cultivar was evaluated by ANOVA with Duncan’s multiple comparison test (p < 0.05), and capital letters indicate LS and Lowercase letters indicate HS. The same letters used within the same cultivar at different stages indicate no significant difference at the p≥ 0.05 level.



The SUS6 gene were lowly expressed, but the SUS2 were highly expressed in developing Chinese chestnut embryos. The expression heat map revealed that three SUS2 genes (bl_022590, bl_022593 and bl_022594) could be grouped into a category, with the high expression levels observed at 60-90 DAF (Figure 7B). It is noteworthy that the expression level of SUS3 (bl_024378) was higher in HS than that in LS at 90-100 DAF.

In addition, we measure the enzyme activity of SUS. The enzyme activity of SUS-cleavage continues to decrease during embryo development, and there is no significant difference between the two cultivars (Figure 7C). However, the enzyme activity of SUS-synthetic was significantly different between the two cultivars. The enzyme activity of SUS-synthetic was higher in LS than that in HS at 70-80 DAF, while was higher in HS than that in LS at 90-100 DAF. The enzyme activity of SUS changes were consistent with changes of sucrose content in the two cultivars.

One study showed that after 48 h cold stress treatment of Arabidopsis thaliana (Baslam et al., 2017), the expression levels of AtSus2, AtSus4, AtSus5 and AtSus6 were not affected, while the expression levels of AtSus1 and AtSus3 were 24.5 times and 5.5 times of those in the untreated group, respectively. The changes of these genes were consistent with our results, and cold stress may affect SUS3 (bl_024378) gene expression, and then change the enzyme activity of SUS-synthetic in Chinese chestnut.





ABA promote the increase of soluble sugar

Some studies have shown that cold stress can promote the increase of soluble sugar in plants (Zhang et al., 2011; Ding et al., 2019) (Figure 8A). In addition, COR is a key gene in response to cold stress, which encoded hydrophilic peptide can protect the cells from freezing damage. Our data showed that the expression level of COR gene was higher in HS than that in LS at 60-100 DAF. Notably, COR (bl_030433) and GWD (bl_017818) were co-expressed, which may reflect the correlation between starch degradation and low temperature. Then, we analyzed the 412 genes co-expressed with COR (bl_030433) by string analysis (Figure 8B). There were 9 genes associated with ABA signaling pathway and 8 genes associated with peroxisome. ABA and peroxide may play an important role in starch decomposition during Chinese chestnut ripening.




Figure 8 | Effect of low temperature on soluble sugar in Chinese chestnut. (A) Identification of genes related to cold stress. Red line represents LS, and blue line represents HS (high sugar cultivar). The information of genes are listed in Table S5. (B) Co-expression network for COR (bl_030433). The information of genes are listed in Table S6. Red genes were associated with ABA signaling pathway and blue genes were associated with peroxisome. (C) ABA content in two Chinese chestnut cultivars during embryo development. ABA content was carried out by ELISA (Liu et al., 2008). Values are means ± standard deviation (SD), n = 3. The statistical significance between cultivars was determined by the Student’s t test (*p < 0.05). The statistical significance between stages of the same cultivar was evaluated by ANOVA with Duncan’s multiple comparison test (p < 0.05), and capital letters indicate LS and Lowercase letters indicate HS. The same letters used within the same cultivar at different stages indicate no significant difference at the p≥ 0.05 level.



Therefore, we also analyzed ABA content in two Chinese chestnut cultivars during embryo development (Figure 8C). At 90 DAF, ABA content in HS was higher than that in LS. Correspondingly, the expression level of genes related to ABA (i.e., PYL, PP2C and SnRK2) was also higher in HS than in LS (Figure 8A). In addition, the expression of CSLA gene related to polysaccharide synthesis was higher in HS than in LS at 80-100 DAF. Some studies have also shown that ABA plays an important role in promoting starch degradation and sucrose synthesis in fruits. Exogenous ABA treatment could promote mango ripening and increase soluble sugar (Wu et al., 2022).





qPCR analysis of sugar-related genes

In order to verify the relative expression pattern of unigenes in RNA-seq analysis, twelve key genes related to sugar metabolism were analyzed by qPCR (Panels A-L) (Figure 9). Panel M shows that RNA-seq is highly correlated with qPCR data (R2 = 0.74, p <0.01), indicating that the expression data obtained by RNA-seq is reliable. Among all 12 genes, the expression level of 10 genes (HXK, PGI, PGM, GPT, GBSS, SS, SBE, ISA, GWD and CLSC20) was higher in HS than that in LS at 100 DAF, indicating that the active sugar metabolism was related to the increase in the content of soluble sugar in LS at the mature stage.




Figure 9 | qPCR validation of differential expression. (A–L) qPCR of 12 important genes associated with sugar biosynthesis. Symbols represent mean values and short vertical lines indicate SE (n = 3). Same letters stand for statistically insignificance (p > 0.05). The unit of measure on the x-axis is sample. (M) A comparison of the gene expression ratios obtained from RNA-seq data and q-PCR. The statistical significance between cultivars was determined by the Student’s t test (*p < 0.05). The statistical significance between treatments was evaluated by ANOVA with Duncan’s multiple comparison test (p < 0.05). Capital letters indicate LS. Lowercase letters indicate HS. The same letters used within the same cultivar at different stages indicate no significant difference at the p≥ 0.05 level.








Conclusions

In this study, we investigated the molecular mechanism of the difference in sugar accumulation between two Chinese chestnut cultivars. Metabolome and transcriptome analysis showed that starch degradation was an important pathway for the increase of soluble sugar content in chestnut at mature stage. Furthermore, the enzyme activity of SUS-synthetic and ABA content were higher in HS than those in LS at 90 DAF. Based on our findings, we preliminarily established the regulation model of sucrose and starch conversion in chestnut (Figure 10). During chestnut development, sucrose is synthesized by photosynthesis and transported to the embryo, and sucrose is decomposed into fructose and glucose to synthesize starch. At the mature stage, ABA content in chestnut was increased. ABA further stimulated the expression of genes (i.e., SUS and GWD), and then promoted the decomposition of starch into sucrose, which increased the sweetness of chestnut kernels. Our study analyzed the composition and molecular synthesis mechanism of sugar in Chinese chestnut embryos, and provided a new insight into the regulation pattern of high sugar accumulation in Chinese chestnut nuts. It is noteworthy that HS has typical late ripening behavior, while LS has late ripening behavior in this study. Whether mature behavior and low temperature are related to the sugar content of chestnuts deserve further research.




Figure 10 | Regulation model of sucrose and starch conversion in Chinese chestnut. During Chinese chestnut development, sucrose is synthesized by photosynthesis and transported to the embryo, and sucrose is decomposed into fructose and glucose to synthesize starch. At the mature stage, ABA content in chestnut was increased. ABA further stimulated the expression of genes (i.e., SUS and GWD), and then promoted the decomposition of starch into sucrose, which increased the sweetness of chestnut kernels.







Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Author contributions

RH and YY designed the experiments. RH, FP, DW, FC, and CG carried out the experiments. LY, JZ, and YY analyzed the data. RH and FP drafted the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This research was funded by the Hebei Collaborative Innovation Center of Chestnut Industry (202202) and Scientific Research Foundation of Hebei Normal University of Science and Technology (2022YB024).





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.2023.1206585/full#supplementary-material



Abbreviations

DAF, days after flowering; DEG, differentially expressed genes; CINV, cytosolic invertase; UDPG, fructose and uridine diphosphate glucose; SUS, sucrose synthase; ADPG, ADP-glucose; GBSS, granule-bound starch synthase; SS, soluble starch synthetase; SBE, starch branching enzyme; ISA, isoamylase type starch debranching enzyme; GWD, glucan water dikinase; PWD, phosphoglucan water dikinase; SPS, sucrose phosphate synthase; SPP, sucrose phosphate phosphatase; AMY, α-Amylase; BAM, β-Amylase; DBE, starch debranching enzyme; LDA, limit dextrinase; PHS, alpha-glucan phosphorylase; DPE, disproportionating enzyme; MEX, maltose excess; GLT, glucose transporter; FK, fructose kinase; UGP, uridyl diphosphate glucose pyrophosphorylase; HXK, hexokinase; PGI, glucose-6-phosphate isomerase; PGM, phosphoglucomutase; GPT, glucose-6-phosphate transporter; PGM, phosphoglucomutase; AGP, adenosine diphosphate-glucose pyrophosphorylase; COR, cold-regulated.




References

 Baroja-Fernández, E., Muñoz, F. J., Montero, M., Etxeberria, E., Sesma, M. T., Ovecka, M., et al. (2009). Enhancing sucrose synthase activity in transgenic potato (Solanum tuberosum l.) tubers results in increased levels of starch, ADPglucose and UDPglucose and total yield. Plant Cell Physiol. 50 (9), 1651–1662. doi: 10.1093/pcp/pcp108

 Baslam, M., Baroja-Fernández, E., Ricarte-Bermejo, A., Sánchez-López, Á.M., Aranjuelo, I., Bahaji, A., et al. (2017). Genetic and isotope ratio mass spectrometric evidence for the occurrence of starch degradation and cycling in illuminated arabidopsis leaves. PloS One 12 (2), e0171245. doi: 10.1371/journal.pone.0171245

 Bieniawska, Z. (2007). Functional analysis of the sucrose synthase gene family in arabidopsis thaliana. universität potsdam.

 Chen, T., Zhang, Z., Li, B., Qin, G., and Tian, S. (2021). Molecular basis for optimizing sugar metabolism and transport during fruit development. Abiotech 2  (3), 330–340. doi: 10.1007/s42994-021-00061-2

 Ding, Y., Shi, Y., and Yang, S. (2019). Advances and challenges in uncovering cold tolerance regulatory mechanisms in plants. New Phytol. 222 (4), 1690–1704. doi: 10.1111/nph.15696

 Gomez-Gonzalez, S., Ruiz-Jimenez, J., Priego-Capote, F., and Luque de Castro, M. (2010). Qualitative and quantitative sugar profiling in olive fruits, leaves, and stems by gas chromatography– tandem mass spectrometry (GC-MS/MS) after ultrasound-assisted leaching. J. Agric. Food Chem. 58 (23), 12292–12299. doi: 10.1021/jf102350s

 Haytowitz, D., Ahuja, J., Wu, X., Khan, M., Somanchi, M., Nickle, M., et al. (2018). USDA National nutrient database for standard reference, legacy. USDA Natl. Nutrient Database Standard Reference.

 He, L., Min, Q., Hong, C., and Zhang, Y. (2021). Features and socio-economic sustainability of traditional chestnut forestry landscape in China: a case of kuancheng county, hebei province. Land 10 (9), 952. doi: 10.3390/land10090952

 Huang, L., Tan, H., Zhang, C., Li, Q., and Liu, Q. (2021). Starch biosynthesis in cereal endosperms: an updated review over the last decade. Plant Commun. 2 (5), 100237. doi: 10.1016/j.xplc.2021.100237

 Juliano, B., Perez, C., Blakeney, A., Castillo, T., Kongseree, N., Laignelet, B., et al. (1981). International cooperative testing on the amylose content of milled rice. Starch? St rke 33 (5), 157–162. doi: 10.1002/star.19810330504

 Künsch, U., Schärer, H., Patrian, B., Höhn, E., Conedera, M., Sassella, A., et al. (2001). Effects of roasting on chemical composition and quality of different chestnut (Castanea sativa mill) varieties. J. Sci. Food Agric. 81 (11), 1106–1112. doi: 10.1002/jsfa.916

 LaBonte, N. R., Zhao, P., and Woeste, K. (2018). Signatures of selection in the genomes of Chinese chestnut (Castanea mollissima blume): the roots of nut tree domestication. Front. Plant Sci. 9, 810. doi: 10.3389/fpls.2018.00810

 Liu, T., Hu, Y., and Li, X. (2008). Comparison of dynamic changes in endogenous hormones and sugars between abnormal and normal castanea mollissima. Prog. Natural Sci. 18 (6), 685–690. doi: 10.1016/j.pnsc.2008.03.001

 Liu, J., Liu, M., Jia, C., Zhang, J., Miao, H., Wang, J., et al. (2021). Elucidating the mechanism of MaGWD1-mediated starch degradation cooperatively regulated by MaMADS36 and MaMADS55 in banana. Postharvest Biol. Technol. 179, 111587. doi: 10.1016/j.postharvbio.2021.111587

 Lowell, C. A., Tomlinson, P. T., and Koch, K. E. (1989). Sucrose-metabolizing enzymes in transport tissues and adjacent sink structures in developing citrus fruit. Plant Physiol. 90 (4), 1394–1402. doi: 10.1104/pp.90.4.1394

 Mahlow, S., Orzechowski, S., and Fettke, J. (2016). Starch phosphorylation: insights and perspectives. Cell. Mol. Life Sci. 73, 2753–2764. doi: 10.1007/s00018-016-2248-4

 Maloney, V. J., Park, J.-Y., Unda, F., and Mansfield, S. D. (2015). Sucrose phosphate synthase and sucrose phosphate phosphatase interact in planta and promote plant growth and biomass accumulation. J. Exp. Bot. 66 (14), 4383–4394. doi: 10.1093/jxb/erv101

 Massantini, R., Moscetti, R., and Frangipane, M. T. (2021). Evaluating progress of chestnut quality: a review of recent developments. Trends Food Sci. Technol. 113, 245–254. doi: 10.1016/j.tifs.2021.04.036

 Medeiros, P. M., and Simoneit, B. R. (2007). Analysis of sugars in environmental samples by gas chromatography–mass spectrometry. J. Chromatogr. A 1141 (2), 271–278. doi: 10.1016/j.chroma.2006.12.017

 Modi, A., Vai, S., Caramelli, D., and Lari, M. (2021). The illumina sequencing protocol and the NovaSeq 6000 system. Methods Mol Biol. 2242, 15–42. doi: 10.1007/978-1-0716-1099-2_2

 Moshchenskaya, Y. L., Galibina, N., Novitskaya, L., and Nikerova, K. (2019). The role of sucrose synthase in sink organs of woody plants. Russian J. Plant Physiol. 66, 10–21. doi: 10.1134/S1021443719010114

 Roggo, Y., Duponchel, L., Noe, B., and Huvenne, J.-P. (2002). Sucrose content determination of sugar beets by near infrared reflectance spectroscopy. comparison of calibration methods and calibration transfer. J. Near Infrared Spectrosc. 10 (2), 137–150. doi: 10.1255/jnirs.330

 Samkumar, A., Karppinen, K., Dhakal, B., Martinussen, I., and Jaakola, L. (2022). Insights into sugar metabolism during bilberry (Vaccinium myrtillus l.) fruit development. Physiologia Plantarum 174 (2), e13657. doi: 10.1111/ppl.13657

 Santos, M. J., Pinto, T., and Vilela, A. (2022). Sweet chestnut (Castanea sativa mill.) nutritional and phenolic composition interactions with chestnut flavor physiology. Foods 11 (24), 4052. doi: 10.3390/foods11244052

 Schreier, T. B., Umhang, M., Lee, S.-K., Lue, W.-L., Shen, Z., Silver, D., et al. (2019). LIKE SEX4 1 acts as a β-amylase-binding scaffold on starch granules during starch degradation. Plant Cell 31 (9), 2169–2186. doi: 10.1105/tpc.19.00089

 Shi, L., Wang, J., Liu, Y., Ma, C., Guo, S., Lin, S., et al. (2021). Transcriptome analysis of genes involved in starch biosynthesis in developing Chinese chestnut (Castanea mollissima blume) seed kernels. Sci. Rep. 11 (1), 1–13. doi: 10.1038/s41598-021-82130-6

 Stein, O., and Granot, D. (2019). An overview of sucrose synthases in plants. Front. Plant Sci. 10, 95. doi: 10.3389/fpls.2019.00095

 Streb, S., and Zeeman, S. C. (2012). Starch metabolism in arabidopsis. Arabidopsis book/American Soc. Plant Biologists 10. doi: 10.1199/tab.0160

 Sun, Y., Lu, Z., Zhu, X., and Ma, H. (2020). Genomic basis of homoploid hybrid speciation within chestnut trees. Nat. Commun. 11 (1). doi: 10.1038/s41467-020-17111-w

 Szklarczyk, D., Gable, A. L., Lyon, D., Junge, A., Wyder, S., Huerta-Cepas, J., et al. (2019). STRING v11: protein–protein association networks with increased coverage, supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res. 47 (D1), D607–D613. doi: 10.1093/nar/gky1131

 Wan, H., Wu, L., Yang, Y., Zhou, G., and Ruan, Y.-L. (2018). Evolution of sucrose metabolism: the dichotomy of invertases and beyond. Trends Plant Sci. 23 (2), 163–177. doi: 10.1016/j.tplants.2017.11.001

 Wang, Z., Wei, K., Xiong, M., Wang, J. D., Zhang, C. Q., Fan, X. L., et al. (2021). Glucan, water-dikinase 1 (GWD1), an ideal biotechnological target for potential improving yield and quality in rice. Plant Biotechnol. J. 19 (12), 2606–2618. doi: 10.1111/pbi.13686

 Wang, X.-Q., Zheng, L.-L., Lin, H., Yu, F., Sun, L.-H., and Li, L.-M. (2017). Grape hexokinases are involved in the expression regulation of sucrose synthase-and cell wall invertase-encoding genes by glucose and ABA. Plant Mol. Biol. 94, 61–78. doi: 10.1007/s11103-017-0593-9

 Warmund, M. R. (2011). Chinese Chestnut (Castanea mollissima) as a niche crop in the central region of the united states. HortScience 46 (3), 345–347. doi: 10.21273/HORTSCI.46.3.345

 Wu, S., Wu, D., Song, J., Zhang, Y., Tan, Q., Yang, T., et al. (2022). Metabolomic and transcriptomic analyses reveal new insights into the role of abscisic acid in modulating mango fruit ripening. Horticulture Res. 9, uhac102. doi: 10.1093/hr/uhac102

 Xiao, Y.y., Kuang, J.f., Qi, X.n., Ye, Y.j., Wu, Z. X., Chen, J.y., et al. (2018). A comprehensive investigation of starch degradation process and identification of a transcriptional activator mab HLH 6 during banana fruit ripening. Plant Biotechnol. J. 16 (1), 151–164. doi: 10.1111/pbi.12756

 Xu, X., Dees, D., Dechesne, A., Huang, X.-F., Visser, R. G., and Trindade, L. M. (2017). Starch phosphorylation plays an important role in starch biosynthesis. Carbohydr. polymers 157, 1628–1637. doi: 10.1016/j.carbpol.2016.11.043

 Yang, Q., Ding, J., Feng, X., Zhong, X., Lan, J., Tang, H., et al. (2022). Editing of the starch synthase IIa gene led to transcriptomic and metabolomic changes and high amylose starch in barley. Carbohydr. Polymers 285, 119238. doi: 10.1016/j.carbpol.2022.119238

 You, Y., Zhang, M., Yang, W., Li, C., Liu, Y., Li, C., et al. (2020). Starch phosphorylation and the in vivo regulation of starch metabolism and characteristics. Int. J. Biol. Macromolecules 159, 823–831. doi: 10.1016/j.ijbiomac.2020.05.156

 Zhang, H., Hou, J., Liu, J., Xie, C., and Song, B. (2014). Amylase analysis in potato starch degradation during cold storage and sprouting. Potato Res. 57, 47–58. doi: 10.1007/s11540-014-9252-6

 Zhang, L., Lin, Q., Feng, Y., Fan, X., Zou, F., Yuan, D.-Y., et al. (2015). Transcriptomic identification and expression of starch and sucrose metabolism genes in the seeds of Chinese chestnut (Castanea mollissima). J. Agric. Food Chem. 63 (3), 929–942. doi: 10.1021/jf505247d

 Zhang, Y., Xie, Z., Wang, Y., and An, L. (2011). Changes in carbohydrate metabolism and bulb growth as induced by low-temperature release of dormancy in lily bulbs. Philippine Agric. Scientist 94 (2), 149–154. doi: 10.1016/j.njas.2011.03.001




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 Huang, Peng, Wang, Cao, Guo, Yu, Zhang and Yang. 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.


OEBPS/Images/fpls-14-1206585-g002.jpg
500 % Others

T 400 | A M(D-Fructose = 500 -| y=11.935x-7.4419
8o a m D-Galactose 4 400 R2=0.948
g 300 * © Glucose 8
‘E 200 B m Maltose TE_' S00
‘2 * * * ® 1,5-Anhydroglucitol g" 200
§ 100 b C ¢ ¢c ¢ c b ® Inositol —;: 100

0 + r T -,.‘l‘l,-,l,l‘.‘ ® Raffinose E 0 - ,

& M Sucrose 0 10 20 30 40
Soluble sugar (%)
E 150

* D-Fructose

Glucose

g

Content (mg-g™")

60 70 80 920 100

F s G

Raffinose _*5 5 _

o B G %
=) o c
o A o =y
E 1mc B £ :E-'
£ R £ 5
S S

60 70 80 90 100

| J
0251 Maltose ®
o.20 A -
I g
go.1s B a  _x * £
ot & B b =
§ 0.10 : C §
$ 0.05 ¢ X 5
o C t DC (8]

5]






OEBPS/Images/fpls.2023.1206585_cover.jpg
, frontiers | Frontiers in Plant Science

Transcriptome analysis of differential sugar
accumulation in the developing embryo of
contrasting two Castanea mollissima
cultivars





OEBPS/Images/fpls-14-1206585-g009.jpg
o

<

100
100
*
100
*
100

PGn
%
b
90
90
90

b1 006369
(PGM)
*_
b

bl 041414

80
80
80

(CSLA02)

bl_001826
bl_007992

70
70
E

A
70

60
60
60

2 e 2 =
- - o o

1.5
.0
5
0.0

e - e i =4
o - - o =

20
5

uorssaxdxa aAanepI Ay, uorssaadxa aanepI Ay, uoissaadxa aanepI AL uorssaxdxa aanepI Ay,

100
100
.
100

(GPT)

bl_015411

90
920
90

H:
80
80
80

bl 000393
XK)

80
3k

bl 041898

70
70
70

(GWD)

bl 017818

60
60
60

e ®w o ®» o ®© © T «
N - - o ©o

uorssa 1dxa aanepPI
I NERIaY ], w T «

100
*
100
*
100
100

(38uey) pjo4) ¢801
=

Bl LS s HS

90
90

bl_023898
90

(SUS)
80
80
(GBSS)
80
80

bl_022594

bl 001069

70
70
70
70

60
60

bl 028078
(IS4)

60

60
_*

© o w o v

o~ o~ L L o

uorssa 1dxa aAnepI Y I, uorssa 1dxa dAnepI Y L, uorssaadxa danepRI N, uoissa 1dxa sanepI Ay I,
[a) o -

w o w o
- - o o

o
=3

e
o

Log2 (Fold Change) qRCP





OEBPS/Images/fpls-14-1206585-g007.jpg
bl 022590 o —

1022593 @ —
wesus2® &

Activity (ug/min/g)

5 o?”"’;v g
S a2 % LOgIO FPKM
N d}/\ ? 0.0 ﬂ
“

Activity (ug/min/g)
g g g

b1_026966
b1-022590
b1_022593
b1-022594
b1-020147
b1-024378
b1-040353
b1_040354

SUS-cleavage

SUS6
SUS2
SUSs2
SUSs2
SUS6
SUS3
SUS4
SUS4






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Transcriptome analysis of differential sugar accumulation in the developing embryo of contrasting two Castanea mollissima cultivars

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Plant material

          



          		

            Analysis of sugar content

          



          		

            GC-MS analysis of sugar metabolites

          



          		

            Transcriptome sequencing

          



          		

            RNA-Seq data analysis

          



          		

            The enzyme activity of SUS

          



          		

            Co-expression network analysis

          



          		

            qRT-PCR analysis

          



        



        



        		

          Results and discussion

        

          		

            Morphological characteristics and sugar content

          



          		

            Changes in the soluble sugar composition

          



          		

            Transcriptome sequencing and clustering of DEGs

          



          		

            Trend analysis of DEGs in embryo

          



          		

            Identification of genes related to sucrose degradation and starch synthesis

          



          		

            Identification of genes related to starch degradation and sucrose synthesis

          



          		

            Analysis of SUS gene

          



          		

            ABA promote the increase of soluble sugar

          



          		

            qPCR analysis of sugar-related genes

          



        



        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-14-1206585-g005.jpg
0
0 Glu UDPG

FTUCtosfou 60 70 80 90100
1000 800
& i~ N \LHXK $UGP NN DAF
0 0 M S

PG
F-6-P €—>G6-P €<—>G1-P ' °°

-LS -HS

FPKM

GBSS

5000,
om

SBE 250 ISA






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1206585-g010.jpg
A

v

>
<
b

Q Fructose  SUS- SUs- sweet

v N /1 cleavage ABA  synthetic
Sucrose EEEEEEEEEE mannnnnnnPp Sucrose
\\ Glucose COR GWD Raffinose

Maltose

o D

290
> @ O
Summer- Autumn





OEBPS/Images/fpls-14-1206585-g001.jpg
35
30 |
8 25 -
o
2 20
©
o )
g 15 o 9
(0] -
l_
107 Lse0 Ls70
5 1cm
0 .
Sampling date  7-30 8-9
B 8
Dry Weight mm s s Hs
'-_E_ [r—
o
E
8
®
o

-#-Highest temperature
—4—Lowest temperature
~o—Daylength

20D

LS80 LS90 LS100

s 0@

HS60  HS70 HS80 HS90 HS100

T T T T

819 8-29 98 918 928
(o] D !
1 Amylose 60 AmV"ECtln_ o
— A a A b ab A abpaa
83 13 & 3 BC ABb

] Totalstarch
—— Aa a2

K*_ Soluble sugar
60{ — B2

404

Content (%)

16

15

14

13

12

11

10

Daylength (h)





OEBPS/Images/fpls-14-1206585-g003.jpg
Number of DEGs

5000
4000
3000
2000
1000

PC2 (12.7%)

-100=
Ls100_3
LS100_1

HS70_1 H$70_2

LS80, N HS70.3
HSBO_1HS802 K Lsgo 3
Lsso_2

¥ HS60_3
Ls90_{'HS80B g0 5|

LS90_1 1

Groups

[a] Lseo
Ls70
Lsgo

|« | Lseo
|| Ls100
- o

HS70

| % | Hsso

Ls60_1R 5802 5] seo

| o | Hs100

8

HS100_3  HS100_1
Y HS100_2

L$100_2 LS60_3

-100 200

1
PC1 (27.2%)

1869

LS60 vs HS60 LS70 vs HS70 LS80 vs HS80

1599

muUpP

= DOWN

2169

1899 1995

LS90 vs HS90

LS100 vs HS100





OEBPS/Images/fpls-14-1206585-g006.jpg
60 70 80 90100
DAF

Lés
\ i

AMY
Linear

bﬁ/
glucans

Branched glucans A
DPE1
/) HS1 \

Plastid G-1-P o

Cytosol

100 UGP PGM
UDPG €—> G-1-P. €—> G-6- P_GI (—Maltose

AV
o sPs li SUS izﬁz

= SPP %)~ PHS2
Heteroglycan






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-14-1206585-g008.jpg
A
Cold

ar

e
800 ‘1’ ‘1’ °
/ WYL COR 10000 400

CSLA :

sl Wl
1500 0 :
7__A PP2C

Cc
o @ -
e =
L 5
= [ =]
Z «5 =2
Eope ; £
o4 iy
K8 9
20 =
Q
(&]
I o





OEBPS/Images/fpls-14-1206585-g004.jpg
Module eigengenes (normalised to Col-0)

0.6 Turquoise (6489)
gzzt I KEGG:Glycolysis / Gluconeogenesis

5 | = Brassinosteroid biosynthesis
0.2 --- --.- Flavonoid biosynthesis
0.8 Brown (1985)
06 | KEGG: Photosynthesis
0.4 Oxidative phosphorylation
062 — -- — Nitrogen metabolism
-0.2 | L . Tyrosine metabolism
o2 Yellow(1808)
0.4 KEGG: Galactose metabolism
0.2 — . Biosynthesis of amino acids
002 [ o} = = Flavonoid biosynthesis
e Glycolysis / Gluconeogenesis
04 Green (600)
02 | . . KEGG: Ubiquinone and other terpenoid-quinone biosynthesis
0 === - alpha-Linolenic acid metabolism
02 ] iy
-0.4
06 LS HS Blue (3484)
0.4 KEGG: Glycolysis / Gluconeogenesis
0.2 . ini i
) m Glycerolipid metabolism
o, HEE= -0-0- - Limonene and pinene degradation
; S . ]
\,e@ \?’\0\9@\?‘){5\@ & Q‘é‘%a‘b“‘,‘e ¥ Flavone and flavonol biosynthesis

Module-trait correlations

turquoise €

.
%]

green & 1
3
o 05
o

brown c 0
S |f-o5

ellow S -1
' g
blue 8





OEBPS/Images/table1.jpg
Compounds LS60 70 LS80 HS60 HS70 HS80 HS90  H!
Sucrose 160.41 116.97 44.06 34.92 38.67 149.94 47.94 38.53 41.57 57.44
D-Fructose 111.78 42.96 3.68 0.24 0.07 92.69 3.68 0.43 0.07 0.06
Glucose 106.99 47.53 352 0.20 0.08 87.01 340 0.28 0.08 0.08
Inositol 6.19 441 220 1.47 222 6.36 212 144 135 122
Raffinose 293 0.67 042 0.73 229 248 0.23 0.58 4.03 3.30
D-Galactose 0.44 0.20 0.09 0.03 0.07 0.50 0.15 0.05 0.05 0.07
1,5-Anhydroglucitol 027 0.12 0.08 0.04 0.07 0.52 0.08 0.05 0.04 0.12
Maltose 0.11 0.10 0.20 0.02 0.08 0.14 0.03 0.03 0.03 0.11
D-Mannose 0.17 0.09 0.05 0.02 0.02 0.19 0.07 0.03 0.02 0.02
D-Mannose-6-phosphate sodium salt 0.05 0.03 0.03 0.03 0.03 0.05 0.03 0.03 0.03 0.03
D-Xylulose 0.09 0.05 0.01 0.01 0.01 0.11 0.01 0.01 0.01 0.01
Methyl beta-D-galactopyranoside 0.05 0.03 0.02 0.01 0.02 0.11 0.02 0.01 0.01 0.03
Barium D-ribose-5-phosphate 0.03 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02
Cellobiose 0.06 0.04 0.02 0.01 0.01 0.06 0.01 0.01 0.01 0.01
D-Sorbitol 0.03 0.06 0.02 0.00 0.00 0.09 0.01 0.00 0.00 0.00
2-Acetamido-2-deoxy-D-glucopyranose 0.03 0.02 0.02 0.02 0.01 0.04 0.02 0.02 0.02 0.02
D-Xylose 0.04 0.03 0.02 0.00 0.00 0.07 0.02 0.01 0.00 0.00
Lactose 0.03 0.02 0.01 0.01 0.02 0.02 0.00 0.00 0.00 0.00
L-Fucose 0.02 0.01 0.01 0.01 0.01 0.03 0.01 0.01 0.01 0.01
D-Arabinose 0.03 0.01 0.01 0.00 0.00 0.04 0.01 0.00 0.00 0.00
Levoglucosan 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Trehalose 0.03 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00
D-Glucuronic acid 0.01 0.01 0.01 0.00 0.00 0.02 0.01 0.00 0.00 0.00
Deoxyglucose 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.01
D-Ribose 0.02 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.00 0.00
D-Ribono-1,4-lactone 0.01 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.01
Xylitol 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.01
Phenylglucoside 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D-Galacturonic acid 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
2-Deoxy-D-ribose 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

D-Arabinitol - - - - - = = = 5 &

L-Rhamnose - - - - - = B = 5 &

The metabolites with values > 100 are highlighted with bold font. A total of 32 kinds of sugar metabolites were tested, and two of them were not detected.





