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Morus alba L. Leaves – Integration of Their Transcriptome and Metabolomics Dataset: Investigating Potential Genes Involved in Flavonoid Biosynthesis at Different Harvest Times
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The mulberry leaf is a classic herb commonly used in traditional Chinese medicine. It has also been used as animal feed for livestock and its fruits have been made into a variety of food products. Traditionally, mulberry (Morus alba L.) leaf harvesting after frost is thought to have better medicinal properties, but the underlying mechanism remains largely unsolved. To elucidate the biological basis of mulberry leaves after frost, we first explored the content changes of various compounds in mulberry leaves at different harvest times. Significant enrichment of flavonoids was observed with a total of 224 differential metabolites after frost. Subsequently, we analyzed the transcriptomic data of mulberry leaves collected at different harvest times and successfully annotated 22,939 unigenes containing 1,695 new genes. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis revealed 26, 20, and 59 unigenes related to flavonoids synthesis in three different groups harvested at different times. We found that the expression levels of flavonoid biosynthesis-related unigenes also increased when harvested at a delayed time, which was consistent with the flavonoid accumulation discovered by the metabolomic analysis. The results indicated that low temperature may be a key trigger in flavonoid biosynthesis of mulberry leaves by increasing the expression of flavonoid biosynthesis-related genes. This study also provided a theoretical basis for the optimal harvest time of mulberry leaves.
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INTRODUCTION

Mulberry leaves, the dried leaves of Morus alba L. which belongs to the family Moraceae and genus Morus (Wei, 2015), are among the most used traditional Chinese medicine material (Yang et al., 2010). Moreover, it is also an excellent source of functional nutraceutical food. Mulberry leaves contain carbohydrates, amino acids, fatty acids, and other bioactive compounds with good anti-oxidation, antibacterial, anti-inflammatory, anti-hypoglycemic, and anti-aging effects (Srivastava et al., 2006; Cho et al., 2007; Hunyadi et al., 2012; Park et al., 2013; Wang et al., 2015; Mahboubi, 2019). Several value-added products are developed from mulberry leaves such as mulberry tea, salads, and supplement capsules. Mulberry leaf has been successfully used as a medicinal and edible resource for over 4,000 years. Traditional Chinese pharmacists have always believed that the pharmacological effect of medicinal herbs is closely related to harvest time. Chinese pharmacopeia also suggested that it would be better to harvest the mulberry leaves after than before the winter frost (Commission, 2020), which may improve their pharmacological effects. The study of Zhang et al. (2015) found that after frost, mulberry leaves have the effects of resolving exterior with pungent and cool natured drugs, which are weakened to a certain extent when harvested before frost. However, there are few reports that focus on its underlying mechanisms.

It is generally accepted that biosynthesis and accumulation of plant secondary metabolites are largely influenced by various environmental factors (Li et al., 2020). In general, genetic background determines the secondary metabolite profile of species, whereas environmental factors can cause prominent qualitative and quantitative changes to the metabolite composition. For instance, a previous study concluded that Fragaria vesca L. grew in natural habitats contained significantly more flavonoids and phenolic acids in its fruits, compared with those harvested from cultivation (Najda et al., 2014). The study of Jochum et al. (2007) studied the temperature effect on the saponin content of Panax quinquefolium, and the results showed that the saponin content of P. quinquefolium root significantly increased when the temperature increased. The research of Wang on Ginkgo biloba also showed that low temperature and moist conditions induced the expression of key enzymes in flavonoid biosynthesis in G. biloba leaves, leading to an increasing of flavonoid contents (Wang et al., 2013). Thus, we speculated that temperature change would be an important factor affecting secondary metabolites in mulberry leaves.

Previous, studies have shown that the mulberry leaves are rich in flavonoids (Wei, 2015; Chan et al., 2016), which account for up to 1–3% of the dry weight of mulberry leaves (Yang et al., 2003). Flavonoids form a group of phenolic secondary metabolites ubiquitously present in higher plants (Zhao et al., 2015). The basic structure of flavonoids is 2-phenyl-benzo[α]pyrane, which consists of fifteen carbon atoms arranged in three rings (C6-C3-C6) (Nijveldt et al., 2001). Due to the different patterns of the substitution of the ring, there are many derivatives, such as isoflavones, flavonols, flavanones, and chalcones (Park et al., 2013; Wei, 2015). Flavonoids are produced by the phenylpropanoid metabolic pathway, which is a common metabolic pathway in plants (Saito et al., 2013; Tohge et al., 2017). Phenylalanine ammonia-lyase (PAL) is the first enzyme in the phenylpropionate pathway, which catalyzes the non-oxidative deamination of phenylalanine to trans-cinnamic acid (Fang et al., 2005). Cinnamate 4-hydroxylase (C4H) then converts cinnamic acid to p-coumaric acid, which is then converted by 4-coumaroyl-CoA ligase (4CL) enzyme to 4-coumaroyl coenzyme A and, finally, leads different subgroups by enzymatic catalysis (Rodriguez et al., 2017). Among subgroups, chalcone is an important flavonoid class, which is produced by chalcone synthase (CHS). Some other important enzymes also have vital effects in this pathway. For instance, molecular characterization of isoliquiritigenin 3′-dimethylallyltransferase (MaIDT) in mulberry leaves has been reported, and the results showed that MaIDT might be used for the regiospecific prenylation of flavonoids to produce bioactive compounds (Wang et al., 2014). Furthermore, the decreased temperature has also been confirmed to elevate the flavonoid accumulation in plants. The total accumulation of flavonoids (genistein, daidzein, and genistein) in soybean (Glycine max) roots was increased after being treated at a low temperature for 24 h (Janas et al., 2002). Low temperature-induced anthocyanin accumulation in leaves and stems of Arabidopsis thaliana and facilitated anthocyanin synthesis through the phenylpropanoid pathway associated with increased transcripts of flavonoid biosynthetic genes including PAL and CHS (Leyva et al., 1995). The expression of the UDP-glucose flavonoid 3-O-glucosyltransferase (UFGT) in mulberry leaves could be induced by low temperature and resulted in the accumulation of flavonoid glycosides (Yu et al., 2017). Thus, we hypothesized that flavonoid synthesis in mulberry leaves increases under conditions of low temperature, as a stress response to resist chilling.

Metabolomics is defined as the study of the complete set of metabolites synthesized by an organism in response to genetic or environmental changes, aiming to provide a link between genotypes and phenotypes (Fiehn, 2002). Transcriptomics can be used to analyze the differences in gene expression levels of medicinal plants under abiotic pressure, which lays the foundation for the regulation of plant secondary metabolism (Patra et al., 2013). By combining the two kinds of analyses strategy, the difference of metabolites in different groups, as well as their gene expression level, can be illustrated. For example, the molecular mechanism of anthocyanin accumulation in Solanum melongena L. was determined by combined transcriptome and metabolome analysis (Zhang et al., 2014). Integrated analyses were also used in the studies of the biosynthesis pathway of the podophyllotoxin in Podophyllum hexandrum (Lau and Sattely, 2015). The results revealed that flavonoids were the main differential accumulative metabolites (mDAMs), and their contents increased with the temperature decrease. In this study, using metabolomics and transcriptomics analysis, we proved the importance of temperature in the regulation of secondary metabolites production and its relationship with the quality of medicinal plants. This paper also provided guidance for the preference of harvesting time of mulberry leaves. Additionally, considering that mulberry leaf constitutes a functional food and medicinal plant commercialized for the treatment of hyperlipidemia, the identification of low temperature modulating the biosynthesis of these metabolites could benefit in the development of reliable commercial products.



MATERIALS AND METHODS


Plant Material and Grouping Omics Analyzed Samples

Fresh mulberry leaves were picked from mulberry trees [located in Hanzhong City (106.21°E, 32.53°N), Shaanxi Province, China] at different times. From mulberry leaves A (MbLA) to E (MbLE), the temperature gradually dropped as there was a delay in harvesting time (on October 9th, 23rd, November 6th, 20th, and December 5th in the Beijing time zone and the average temperature are 20, 13, 10, 6, and 4°C, respectively) (Figure 1A). The descent of the frost was on October 23rd. Each leaf was split into two equal parts along with the midvein: one-half was used for metabolomic analysis, and the other half was used for transcriptomic analysis. For transcriptomic analysis, three biological replicas were conducted, whereas for metabolomics analysis, additional six biological replicas were needed which up to nine replicas. All materials were immediately frozen in liquid nitrogen to prevent RNA degradation.
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FIGURE 1. Metabolite accumulation in the mulberry leaves at five periods. (A) Mulberry leaves picked on October 6th were recorded as MbLA group; those picked on October 23th were recorded as MbLB group; those picked on November 6th were recorded as MbLC group; those picked on November 20th as MbLD group, and those picked on December 5th were recorded as MbLE group. (B) Analysis of compounds extracted from the sample of mulberry leaves using UPLC-Q-TOF/MS. Base peak intensity (BPI) chromatogram of extract analyzed by UPLC-Q-TOF-MS in positive and negative ion mode. (C) Score plots for OPLS-DA analysis based on UPLC-Q-TOF-MS data of mulberry leaves extracts obtained from the MbLB to MbLE, with MbLA as the control group. Each point represents an independent biological replicate, and each ellipse represents the 95% CI.




Sample Extraction

For the metabolomics experiments, every nine samples from each group were used for separate analysis. Then, 60 mg of leave samples were weighed, and 20 μL of 2-chloro-l-phenylalanine (0.3 mg/ml, dissolved in methanol as internal standard) and 0.6 ml of mixed solution [methanol/water = 7/3 (v:v)] were added. The samples were homogenized for 2 min and were extracted for 30 min by sonication. They were then placed at −20°C for 20 min and centrifuged at 13,000 × g for 15 min. Afterward, 100 μL supernatant from each tube was collected, filtered through 0.22 μm microfilters, and transferred to liquid chromatography (LC) vials. Quality control (QC) samples were prepared by mixing aliquots of all samples to be a pooled sample and then analyzed using the same method with the analytic samples. The QCs were injected at regular intervals (every 10 samples) throughout the analytical run to provide a data set from which repeatability could be assessed.



Metabolite Profiling Using Ultra-High-Performance Liquid Chromatography-Quadrupole Time-of-Flight Mass Spectrometry

Analyses were performed using a Waters UPLC I-class system equipped with a binary solvent delivery manager and a sample manager, coupled with a Waters VION IMS Q-TOF Mass Spectrometer equipped with an electrospray ionization source (Waters Corporation, Milford, MA, United States). Samples were analyzed using an ACQUITY UPLC BEH C18 column (2.1 mm × 100 mm, 1.7 μm, Waters Corporation, Milford, MA, United States) in positive and negative modes. The column temperature was maintained at 45°C and the flow rate of the mobile phase was 0.4 ml/min, accompanied by an injection volume of 3 μL. Mobile phase A was aqueous formic acid [0.1% (v/v) formic acid], while mobile phase B was acetonitrile [0.1% (v/v) formic acid]. The separation was achieved using the following gradient: 5–20% B over 0–2 min, 20–60% B over 2–8 min, and 60–100% B over 8–12 min. The composition was held at 100% B for 2 min, then 14–14.5 min, 100% to 5% B, and 14.5–15.5 min holding at 5% B. The automatic sampler was set at 4°C during the analysis of all samples.

All data were collected in MSE mode, and the parameters were as follows: Capillary voltage was 3 kV for positive mode. Source temperature was set at 150°C with a cone gas flow of 50 L/h, and desolvation temperature was set at 500°C with a desolvation gas flow of 900 L/h. Leucine enkephalin (Waters Co., Manchester, United Kingdom) was used as the lock mass generating a reference ion at m/z 556.2771 in positive mode or m/z 554.2615 in negative mode, which was introduced by a lock spray at 5 μL/min for data calibration. The MSE data were acquired in centroid mode using ramp collision energy in two scan functions. For Function 1 (low energy), scan range 50–1,000 Da, scan time 0.25 s, and collision energy 10 V were set. In the case of Function 2 (high energy), scan range 50–1,000 Da, scan time 0.25 s, and a collision energy ramp 20–50 V were employed.



Data Processing and Analysis of Metabolites

The UPLC-Q-TOF/MS raw data were imported into Progenesis QI V2 (Waters Corporation, Milford, MA, United States) to the clean background noise, be normalized by a reference sample, correct the retention time, pick the peak, and identify compounds with databases such as METLIN, HMDB, and Lipid Maps. The resulting matrix was further reduced by removing any peaks with missing values (ion intensity = 0) in more than 60% of samples. The internal standard was used for data QC (reproducibility). The positive and negative data were combined to get a combined data set, which was imported into SIMCA-P+14.0 software (Umetrics, Umeå, Sweden). Principle component analysis (PCA) and (orthogonal) partial least-squares-discriminant analysis (O) PLS-DA were performed to visualize the metabolic alterations among experimental groups, after mean centering and unit variance scaling. OPLS-DA concentrated group discrimination in the X block related to Y into the first component, with the remaining unrelated variations orthogonal to Y in subsequent components. MS data of the second independent experiment of leaves were used as the test data to objectively assess R2, Q2, and misclassification rate of established models based on permutation test (2,000 times) that was performed to further validate the supervised model. The significant different metabolites were determined based on the combination of a statistically significant threshold of variable importance in the projection (VIP) values obtained from the OPLS-DA model and two-tailed Student’s t-test (p-value) on the raw data, and the metabolites with VIP values larger than 1 and p-values <0.05 were considered significantly different between the compared groups.



Total RNA Extraction

For every three samples at different harvest times, the total RNA of mulberry leave samples was isolated once using TransZol Plant reagent (TransGen Biotech, Beijing, China) according to the recommendations of the manufacturer. The quantity and quality of RNA were determined using a SpectraMax Plus 384 spectrophotometer (Molecular Devices, Sunnyvale, CA, United States) and 1% agarose gels. In addition, the quantity and quality of RNA were determined by Agilent 2100 Bioanalyzer system (Agilent Technologies, Santa Clara, CA, United States) and the one representative result is listed in Supplementary Figure 1. The RIN, 28S/18S, OD260/280, and OD260/OD230 ratios of all samples are listed in Supplementary Table 3. All samples were treated with DNase I (Takara, Dalian, China) at a concentration of 1 unit/μg of total RNA for 30 min to remove the potential DNA.



cDNA Library Construction and Transcriptome Sequencing

A cDNA library was prepared with a kit provided by Illumina according to the recommendations of the manufacturer and previously used methods (Yuan et al., 2015). Then, poly (A) mRNA was purified from the total RNA using oligo(dT) beads. After purification, mRNA was sheared into small pieces using fragmentation buffer. The first-strand cDNA was annealed with random primers using cleaved mRNA fragments as templates. The second-strand cDNA was synthesized with DNA polymerase I and RNase H. Subsequently, the cDNA fragments were purified and ligated to index adapters. Finally, the cDNA library was constructed and subjected to Illumina HiSeq 2500 system for high-throughput sequencing. The raw data were converted into fastaq format and then compressed as.gz files to be transferred to the National Center for Biotechnology Information (NCBI). The Sequence Read Achieve (SRA) sequence database under project accession number was PRJNA533997.

Due to the error rate in the raw data, low-quality-sequence fragments were removed via slip-window sampling using the following parameters: quality threshold of 20 (error rate = 1%), a window size of 5 bp, and length threshold of 35 bp. To adjust the pollution of the reads, 105 sequences were randomly selected for sequence alignment of the nr reads at an E-value of <1e–10 and a coverage level of >80%. After the pollution of the reads being cleaned, the good reads were used to assemble transcripts and unigenes using Trinity software (version trinityrnaseq_r2013-02-25)1. The unigenes representing the longest transcripts at each locus were assembled using the Chrysalis cluster module in Trinity program. To normalize the abundance of the transcripts, a k-mer value of 25 reads per kilobase per million mapped reads (RPKM) (Wagner et al., 2012) was applied and defined in this way:
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Functional Annotation and Classification

To find the most descriptive annotation for each transcript sequence, The Basic Local Alignment Search Tool (BLAST) searches (Altschul et al., 1997) were conducted based on sequence similarities using a series of databases (Kanehisa et al., 2002; Dimmer et al., 2012), with the significance threshold set at an e-value of ≤1e–5. The functional categories of these unique sequences were analyzed using the Gene Ontology (GO)2 database, AGI codes and the TAIR GO slim program were provided by TAIR (Lamesch et al., 2012). Pathway assignments were conducted based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) mapping results, and enzyme commission (EC) numbers were assigned to the unique sequences (Aoki-Kinoshita and Kanehisa, 2007). The KOG/COGs (clusters of orthologous groups) of the proteins were aligned to the entries in the EggNOG database to predict and classify the possible functions of the unigene products3.



Integrative Analysis of Metabolomics and Transcriptome

Metabolites and differentially expressed genes (DEGs) involved in flavonoid biosynthesis and metabolism in KEGG pathways were selected for integrative analysis. Metabolites used for correlation analysis were filtered according to VIP > 1, p-value <0.05, and | Log2Fold Change| ≥ 2. Pearson correlation coefficients and p-values were calculated for metabolomics and transcriptome data integration using the Spearman method (Kyoungwon et al., 2016).



RESULTS


Metabolomics Analysis Revealed Abundant and Diverse Flavonoid Enrichment in Mulberry Leaves Under Cold Stress

To explore changes of the metabolites in mulberry leaves under cold stress, the base peak intensity (BPI) chromatogram of mulberry leaves extract was analyzed by UPLC-Q-TOF-MS in positive and negative ion modes (Figure 1B). Efficient metabolomics data processing was performed by Progenesis QI, while pattern-recognition chemometrics was applied for species classification and potential markers discovery (Wang et al., 2014). The differences between samples in different groups were reflected by the PCA score charts (Supplementary Figure 2A). The points of the QC samples in this experiment were closely clustered together, indicating that the whole experimental process had good repeatability and there was no abnormal situation in the data (Supplementary Figure 3). The final statistics showed that 18,598 and 10,239 metabolites were obtained by the positive and negative modes, respectively, 9,016 and 4,699 of which were annotated. With the temperature decreasing, there were more differences of metabolites among groups, which were also verified by the heat map (Figure 2A). In the OPLS-DA score plots, four groups were divided according to different periods clustered with MbLA (Figure 1C). MbLA and MbLB groups exhibited clear separation in OPLS-DA score plots with satisfactory goodness of fit (R2 = 0.98; Q2 = 0.9) (Supplementary Figure 2). The two-values associated with fold changes of metabolites before and after the Benjamini-Hochberg method indicating significantly altered metabolites in leaf extracts, which were listed in Table 1. With the temperature decreasing, the number of differential metabolites increased (Figure 2B). We compared all the differential metabolites in mulberry leaves at four temperatures and obtained a total of 27 common differential metabolites (cDAMs; Figure 2C). The heat map of cDAMs showed that from all the upregulation, cDAMs had obvious accumulations and change trends (Figure 2D). mDAMs were annotated and enriched, and 11 compounds were annotated as flavonoids (Figure 2E). From the comparison of upregulated cDAMs, almost all compounds were accumulated while the temperature decreased. These results laid the foundation for our subsequent validation.
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FIGURE 2. Differential metabolite accumulation in the mulberry leaves at different periods. (A) Heat map of all metabolites for MbLA to MbLE. (B) The changes of the significantly differentially accumulated metabolites (DAMs) at different periods. (C) Venn diagram for all DAMs in MbLB, MbLC, MbLD, and MbLE, with MbLA as the control group. cDAMs refers to common differential accumulation metabolites. (D) Heat map of the cDAMs in MbLB, MbLC, MbLD, and MbLE. (E) Metabolites annotation enrichment of upregulated cDAMs. The number of DAMs is represented by the circle size.



TABLE 1. Identified the main common differential accumulative metabolites with fold changes in MbLA, MbLB, MbLC, MbLD, and MbLE groups in their p-values of mulberry leaves.

[image: Table 1]


Sequencing and Functional Annotation

In this study, the metabolomics analysis indicated that flavonoids were important differential metabolites in mulberry leaves under different periods. This difference might be regulated by temperature-related genes. To further explore the mechanism of flavonoid enrichment, transcriptomic analysis was performed to identify key genes involved in flavonoid biosynthesis in mulberry leaves. As a result, high quality of data with the average percentage of Q30 bases above 94.24% was obtained, and its comparative efficiency ranged from 71.45 to 77.32%. As we can see from the statistics of sequencing data listed in Supplementary Tables 1, 2, the total clean data reached 103.13 GB with an average clean data of each sample of 5.98 GB. The BLAST was used to perform sequence alignment with RefSeq non-redundant proteins, Swiss-Prot, GO, COG, KOG, PFAM, and KEGG databases to functional annotation. Eventually, a total of 22,939 unigenes containing 1,695 new genes were functional annotations. Additionally, the differentially expressed genes were also identified according to their expression levels in different samples (Supplementary Figure 4). The mapped reads were pieced with StringTie software and compared with the original genetic annotation information to supplement and improve the original genetic annotation information. In addition, several analyses were also performed, including alternative splicing prediction analysis, gene structure optimization analysis, and discovery of new genes.



Differential Expression of Genes Among Mulberry Leaves Under Different Periods

To select the DEGs in different groups (Supplementary Table 4), | log2Fold Change| ≥ 2 and false discovery rate (FDR) <0.01 were used as the screening criteria. The conclusion was that both upregulated and downregulated genes increased with the delay of picking time, which was similar to the differential metabolites accumulation. In groups MbLC and MbLD, the number of DEGs compared with MbLB began to increase, and it reached the maximum in the MbLE (Figure 3A). Specifically, there are 33 DEGs in MbLB, 885 DEGs in MbLC, 987 DEGs in MbLD, and 3,908 DEGs in MbLE, compared with MbLA. The statistical significance of the gene expression level differences in mulberry leaves at different periods was also represented in the volcano plots (Figure 3B). Interestingly, despite the number of DEGs increased, the DEGs in different groups seem various. For instance, by comparing the numbers of common differential genes (Figure 3C) among the groups, we found that there were only six common differential genes. They were gene 21769, gene 8596, gene 8678, new gene 6800, new gene 7715, and new gene 7831. The results also indicated that MbLE maybe has enormous DEGs. Then we compared the DEGs from MbLE with MbLA, and 68 downregulated DEGs and 149 upregulated DEGs were found. All these results indicated that the temperature might had an important role in the gene expression of mulberry leaves.
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FIGURE 3. Analysis of the differentially expressed genes (DEGs) at different periods. (A) The changes of upregulated DEGs and downregulated DEGs in different groups, with MbLA as control groups. (B) Volcano plots for DEGs in the MbLB vs. MbLA, MbLC vs. MbLA, MbLD vs. MbLA, and MbLE vs. MbLA groups. (C) Venn diagram for all DEGs in MbLB, MbLC, MbLD, and MbLE, with MbLA as the control group.




Analysis of the Differential Expressed Genes in the Flavonoid Synthesis Pathway

The recent reports suggested that the main active ingredient of mulberry was flavonoids (Zhang et al., 2018). Hence, we mainly focused on the DEGs involved in flavonoid biosynthesis. To predict individual protein function, we performed COG of protein function classification of the consensus sequence. The annotation of COG indicated that the biosynthetic function of the secondary metabolites of MbLC, MbLD, and MbLE groups was relatively stronger (Figure 4A). KEGG analysis revealed that 26, 20, and 59 genes related to flavonoids synthesis in MbLC, MbLD, and MbLE, respectively. However, the ratio of differential expressed genes decreased owing to the number of flavonoid-related genes increased (Figure 4B).
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FIGURE 4. Rich distribution map of differentially expressed genes based on functional annotation. (A) COG function classification. The vertical axis represents the gene frequency, and the horizontal axis represents the function class. The red inverted triangles indicated the genes involved in secondary metabolites biosynthesis, transport, and catabolism. (B) The enrichment factor represents the ratio of the genes’ proportion annotated to a certain pathway in different genes to the genes’ proportion annotated to this pathway in all genes. The circle’s color represents the Q-value, which is the P-value after the correction of multiple hypothesis tests. The smaller the Q value, the more reliable the enrichment significance of differentially expressed genes in this pathway. The circle’s size indicates the genes’ number enriched in the pathway, and the larger the circle, the more the number of genes.


Enrichment analysis was performed to seek the pathways that involved the DEGs. The pathway enrichment charts (Supplementary Figure 5) show the top 20 pathways with the most reliable enrichment significance (i.e., the lowest Q-value). In the top three groups, proteins related to the flavonoid biosynthesis pathway were enriched. For the fourth group, despite such pathways were not in the top 20 pathways with the lowest Q-value, there are more metabolic genes were enriched, such as the photosynthesis-antenna pathway. Hence, it was concluded that the flavonoid synthesis in mulberry leaves and the enrichment of their related genes were related to temperature.



Putative Flavonoid Biosynthesis Pathway in Mulberry Leaves

In organisms, different gene products coordinate with each other to perform related biological functions. Pathway annotation analysis of differentially expressed genes is helpful for further understanding gene function. Combined with the KEGG pathway annotation, we compared and displayed these different genes screened above in the pathway (Figure 5). From Figure 5, we could see that the expression of genes related to flavonoid synthesis is highly correlated with temperature. For example, compared with the expression level of chalcone synthase gene 7,356 in MbLE and MbLA, the value of log2Fold Change was 4, indicating that the expression level of this gene was significantly different in the two groups of the mulberry leaves. Additionally, compared the expression level of 4-coumaroyl-CoA ligase gene 11,910 in MbLD and MbLA, log2Fold Change value was 2, indicating that the expression level of this gene in the mulberry leaves of the two groups was also different to some extent. As can be seen from the figure, the number of genes encoding key enzymes of flavonoid synthesis is large, and the expression levels significantly vary at different periods (Supplementary Table 5). It was concluded that the flavonoid synthesis in mulberry leaves and the enrichment of their related genes were related to temperature. Interestingly, expression patterns do not vary in one direction as compared to metabolites and it may due to the insufficient transcription factors, since the process from gene to protein expression is complex. In addition, we analyzed the very top and bottom of our list of the DEGs, and we found that the bottom of the list is a cytochrome P450 71D9-like which is involved in secondary metabolites biosynthesis, transport, and catabolism, while the bottom of the list is a zinc finger BED domain-containing protein involved in replication, recombination, and repair (Kajikawa et al., 2004; Dai et al., 2015; AbuZayed et al., 2019; Wang et al., 2021). This indicated that at an extremely low temperature, mulberry needs to fight against the hostile environment and at the same time, the biosynthesis process of metabolites may be blocked. These results partly agree with the data in Figure 5 and Supplementary Figure 4, in which the gene expression level of flavonoid-related genes was decreased. All the new findings had been added in the article which may provide new evidence in the conclusion that temperature exerted a great influence on the flavonoid biosynthesis in mulberry leaves.
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FIGURE 5. Putative flavonoid biosynthesis pathway in mulberry leaves and gene expression profile of the key enzymes. PAL, Phenylalanine ammonia-lyase; C4H, Cinnamate 4-hydroxylase; 4CL, 4-coumaroyl-CoA ligase; CHS, Chalcone synthase; CHI, Chalcone isomerase; DFR, Dihydroflavonol reductase; F3H, Flavanone 3-hydroxylase; F3′H, Flavonoid 3′-hydroxylase; F3′5′H, Flavonoid 3′5′ hydroxylase; LDOX, leucoanthocyanidin dioxygenase; FLS, Flavonol synthase; HCT, hydroxycinnamoyl transferase.




DISCUSSION

Mulberry leaf is an excellent source of nutrients and phytochemicals. In this study, we explored the changes in relevant compounds and their respective genes at different harvest times through metabolic profiling and transcriptome analyses. The results show that mulberry leaves at different harvest times expressed different flavonoids biosynthesis genes, which results in increasing amounts of flavonoids.

Gene expression associated with flavonoid synthesis was higher at lower temperatures according to the results. However, according to the comparison of the 20 pathways with the highest enrichment significance, we found fewer differentially expressed genes associated with the flavonoid synthesis pathway at the lowest temperature (Supplementary Figure 6). This suggests that genes affecting flavonoid synthesis may not be present in the DEGs lists, or that our criteria for DEGs were too strict. If lower down the criteria, genes affecting flavonoid synthesis may be present in the DEGs lists. However, it is known that when the criteria are lower, the DEGs may become more and more. In order to make the criteria unification, we used the same criteria for the four groups. It is also possible that the plants have higher metabolic demands at low temperatures. For example, the study Guy et al. (1992) studied the influence of growth temperature on the free sugar and sucrose phosphate synthase content of spinach (Spinacia oleracea) leaf tissue. They found that the enzyme levels involved in sugar synthesis increased at lower temperatures. In this case, although the expression of genes involved in the flavonoid biosynthesis increased, their proportion decreased. Based on this, we infer that there may be a suitable temperature range for mulberry leaves that will have the greatest effect. The effects of different environmental temperatures on the entire mulberry tree should also be considered.

This study could also be used to verify previous studies on the changes in the levels of flavonoid biosynthesis enzymes and the increased expression of related genes after the weather got cold. We knew that there are many important enzymes affecting flavonoid content from previous studies, such as PAL, CHS, and UDP glucose flavonoid-3-o-glycosyltransferase (UFGT; Qian et al., 2012). Compared with previous studies, we found more genes related to certain key enzymes in flavonoid synthesis. Also, we are inclined to show the rule of metabolites in mulberry leaves with temperature changes and study-related genes on this basis, making the conclusion more convincing.

Additionally, using the annotation information of all genes, we found that certain genes related to the flavonoid biosynthesis pathway were annotated as iron ion binding in GO annotation and “flavonoid biosynthesis” in KEGG annotation, such as Gene 17264, Gene 5235, Gene 5234, Gene 8766, Gene 17263, and Gene 5236. Earlier studies have shown that flavonoids can bind to metal ions and have special effects because of the conjugation and spatial configuration (De Souza and De Giovani, 2004). Based on this, we speculated that enzymes related to flavonoid synthesis have metal ion binding ability, which could be proven through gene annotation. De Souza and De Giovani (2004) found that complexes of metal ions with quercetin, rutin, galangin, and catechin had antioxidant properties. To a certain extent, this confirmed the relationship between flavonoids and metal ions and could invite future investigation.

If we focused on the genes involved in flavonoid synthesis, we could find that genes encoding flavonol synthase (FLS), hydroxycinnamoyl transferase (HCT), dihydroflavonol reductase (DFR), catechol-O-methyltransferase (COMT), and CHS showed a relatively higher difference. On the other hand, by analyzing the pathways, we found that the pathways with the greatest degree of gene change were those related to plant metabolism. The synthesis pathway of flavonoids also increased with temperature decrease trend. However, in MbLE, the synthesis pathway enrichment of flavonoids was not in the top 20, the main enrichment pathways were photosynthesis, respiration, amino acid synthesis pathway, and amino acid synthesis pathway. It was possible that genes related to flavonoid synthesis were still enriched and upregulated, but the changes were smaller than those in other basic metabolic pathways.

In summary, we investigated the metabolomics and transcriptome of mulberry leaves and compared DEGs and DAMs at different periods. Using the functional group analysis of GO and KEGG pathway annotations, compounds and genes related to the flavonoid biosynthesis pathway at different periods were identified and used to speculate that lower temperatures induce the expression of flavonoid-related genes. We also compared and displayed the screened differential genes in the pathways as a preliminary exploration of the biosynthesis pathway of the flavonoids in mulberry leaves, which requires further study. Finally, our study could serve as a reference for the analysis of metabolomic and transcriptomic data from other medicinal plants.



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 below: NCBI SRA BioProject, accession no: PRJNA533997.



AUTHOR CONTRIBUTIONS

D-QX, S-YC, Y-CZ, and Y-PT conceived the experiments and helped to coordinate support and funding. D-QX, J-QZ, S-YC, S-JY, and MT performed the research, drafted, and revised the manuscript. J-QZ, H-FL, and Y-YC participated in the experiments. D-QX and Y-CZ analyzed the data and edited the manuscript. All authors read and approved the final manuscript.



FUNDING

This research was funded by the National Key R&D Program of China (2019YFC1711000), Basic Research Program for Natural Science of Shaanxi Province (2020JQ-862). It was also funded by the Scientific Research Project of Shaanxi Provincial Department of Education (20JK0602), Youth Innovation Team of Shaanxi Universities (2020), and Subject Innovation Team of Shaanxi University of Chinese Medicine (2019-YL10). This Project was funded by the Fundamental Research Funds for the Central Universities of China Pharmaceutical University (2632020ZD09).



ACKNOWLEDGMENTS

The authors thank AiMi Academic Services (www.aimieditor. com) for English language editing and review services.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.736332/full#supplementary-material


FOOTNOTES

1
http://trinityrnaseq.sf.net

2
http://www.geneontology.org/

3
http://www.ncbi.nlm.nih.gov/COG/


REFERENCES

AbuZayed, R., Bulatova, N., Kasabri, V., Suyagh, M., Halaseh, L., and AlAlawi, S. (2019). Correlates of zinc finger BED domain-containing protein 3 and ghrelin in metabolic syndrome patients with and without prediabetes. Horm. Mol. Biol. Clin. Investig. 37:20180052. doi: 10.1515/hmbci-2018-0052

Altschul, S. F., Madden, T. L., Schäffer, A. A., Zhang, J., Zhang, Z., Miller, W., et al. (1997). Gapped BLAST and PSI-BLAST: a new generation of protein database search programs. Nucleic Acids Res. 25, 3389–3402. doi: 10.1093/nar/25.17.3389

Aoki-Kinoshita, K. F., and Kanehisa, M. (2007). Gene annotation and pathway mapping in KEGG. Methods Mol. Biol. 396, 71–91. doi: 10.1007/978-1-59745-515-2_6

Chan, E. W., Lye, P. Y., and Wong, S. K. (2016). Phytochemistry, pharmacology, and clinical trials of Morus alba. Chin. J. Nat. Med. 14, 17–30.

Cho, Y. S., Shon, M. Y., and Lee, M. K. (2007). Lipid-lowering action of powder and water extract of mulberry leaves in C57BL/6 mice fed high-fat diet. J. Kor. Soc. Food Sci. Nutr. 36, 405–410. doi: 10.3746/jkfn.2007.36.4.405

Commission, C. P. (2020). Pharmacopoeia of the People’s Republic of China. Beijing: Chinese Medical Science and Technology Press.

Dai, F., Wang, Z., Luo, G., and Tang, C. (2015). Phenotypic and transcriptomic analyses of autotetraploid and diploid mulberry (Morus alba L.). Int. J. Mol. Sci. 16, 22938–22956. doi: 10.3390/ijms160922938

De Souza, R. F., and De Giovani, W. F. (2004). Antioxidant properties of complexes of flavonoids with metal ions. Redox Rep. 9, 97–104. doi: 10.1179/135100004225003897

Dimmer, E. C., Huntley, R. P., Alam-Faruque, Y., Sawford, T., O’Donovan, C., Martin, M. J., et al. (2012). The UniProt-GO annotation database in 2011. Nucleic Acids Res. 40, D565–D570. doi: 10.1093/nar/gkr1048

Fang, C. B., Wan, X. C., and Jiang, C. J. (2005). The research progress of flavonoids biosynthesis. J. Anhui Agric. Univ. 32, 498–504.

Fiehn, O. (2002). Metabolomics – the link between genotypes and phenotypes. Plant Mol. Biol. 48, 155–171. doi: 10.1023/A:1013713905833

Guy, C. L., Huber, J. L., and Huber, S. C. (1992). Sucrose phosphate synthase and sucrose accumulation at low temperature. Plant Physiol. 100, 502–508.

Hunyadi, A., Martins, A., Hsieh, T. J., Seres, A., and Zupkó, I. (2012). Chlorogenic acid and rutin play a major role in the in vivo anti-diabetic activity of Morus alba leaf extract on type II diabetic rats. PLoS One 7:e50619.

Janas, K. M., Cvikrová, M., Pa Agiewicz, A., Szafranska, K., and Posmyk, M. M. (2002). Constitutive elevated accumulation of phenylpropanoids in soybean roots at low temperature. Plant Sci. 163, 369–373.

Jochum, G. M., Mudge, K. W., and Thomas, R. B. (2007). Elevated temperatures increase leaf senescence and root secondary metabolite concentrations in the understory herb Panax quinquefolius (Araliaceae). Am. J. Bot. 94, 819–826. doi: 10.3732/ajb.94.5.819

Kajikawa, M., Yamato, K. T., Kohzu, Y., Sakata, R., Fukuzawa, H., Uchida, H., et al. (2004). Expressed sequence tags from callus of Euphorbia tirucalli: a resource for genes involved in triterpenoid and sterol biosynthesis. Plant Biotechnol. 21, 349–353. doi: 10.5511/plantbiotechnology.21.349

Kanehisa, M., Goto, S., Kawashima, S., and Nakaya, A. (2002). The KEGG databases at GenomeNet. Nucleic Acids Res. 30, 42–46. doi: 10.1093/nar/30.1.42

Kyoungwon, C., Kwang-Soo, C., Hwang-Bae, S., Jin, H. I., Su-Young, H., and Hyerim, L. (2016). Network analysis of the metabolome and transcriptome reveals novel regulation of potato pigmentation. J. Exp. Bot. 67, 1519–33. doi: 10.1093/jxb/erv549

Lamesch, P., Berardini, T. Z., Li, D., Swarbreck, D., Wilks, C., Sasidharan, R., et al. (2012). The Arabidopsis information resource (TAIR): improved gene annotation and new tools. Nucleic Acids Res. 40, D1202–D1210.

Lau, W., and Sattely, E. S. (2015). Six enzymes from mayapple that complete the biosynthetic pathway to the etoposide aglycone. Science 349, 1224–1228. doi: 10.1126/science.aac7202

Leyva, A., Jarillo, J. A., Salinas, J., and Martinez-Zapater, J. M. (1995). Low temperature induces the accumulation of phenylalanine ammonia-lyase and chalcone synthase mRNAs of Arabidopsis thaliana in a light-dependent manner. Plant Physiol. 108, 39–46. doi: 10.1104/pp.108.1.39

Li, Y., Kong, D., Fu, Y., Sussman, M. R., and Wu, H. (2020). The effect of developmental and environmental factors on secondary metabolites in medicinal plants. Plant Physiol. Biochem. 148, 80–89. doi: 10.1016/j.plaphy.2020.01.006

Mahboubi, M. (2019). Morus alba (mulberry), a natural potent compound in management of obesity. Pharmacol. Res. 146:104341. doi: 10.1016/j.phrs.2019.104341

Najda, A., Dyduch, J., Dyduch-Siemińska, M., and Gantner, M. (2014). Comparative analysis of secondary metabolites contents in Fragaria vesca L. fruits. Ann. Agric. Environ. Med. 21, 339–343. doi: 10.5604/1232-1966.1108601

Nijveldt, R. J., Van Nood, E. L. S., Van Hoorn, D. E., Boelens, P. G., Van Norren, K., and Van Leeuwen, P. A. (2001). Flavonoids: a review of probable mechanisms of action and potential applications. Am. J. Clin. Nutr. 74, 418–425. doi: 10.1093/ajcn/74.4.418

Park, E., Lee, S. M., Lee, J., and Kim, J. H. (2013). Anti-inflammatory activity of mulberry leaf extract through inhibition of NF-κB. J. Funct. Foods 5, 178–186. doi: 10.1016/j.jff.2012.10.002

Patra, B., Schluttenhofer, C., Wu, Y., Pattanaik, S., and Ling, Y. (2013). Transcriptional regulation of secondary metabolite biosynthesis in plants - sciencedirect. Biochim. Biophys. Acta 1829, 1236–1247. doi: 10.1016/j.bbagrm.2013.09.006

Qian, J. Z., Wang, B. C., Tan, J., and Liu, W. Q. (2012). Pharmacological activities and metal complexes for the flavonoids. Chin. Pharmacol. Bull. 28, 1058–1062.

Rodriguez, A., Strucko, T., Stahlhut, S. G., Kristensen, M., Svenssen, D. K., Forster, J., et al. (2017). Metabolic engineering of yeast for fermentative production of flavonoids. Bioresour. Technol. 245, 1645–1654.

Saito, K., Yonekura-Sakakibara, K., Nakabayashi, R., Higashi, Y., Yamazaki, M., Tohge, T., et al. (2013). The flavonoid biosynthetic pathway in Arabidopsis: structural and genetic diversity. Plant Physiol. Biochem. 72, 21–34. doi: 10.1016/j.plaphy.2013.02.001

Srivastava, S., Kapoor, R., Thathola, A., and Srivastava, R. P. (2006). Nutritional quality of leaves of some genotypes of mulberry (Morus Alba). Int. J. Food Sci. Nutr. 57, 305–313. doi: 10.1080/09637480600801837

Tohge, T., de Souza, L. P., and Fernie, A. R. (2017). Current understanding of the pathways of flavonoid biosynthesis in model and crop plants. J. Exp. Bot. 68, 4013–4028. doi: 10.1093/jxb/erx177

Wagner, G. P., Kin, K., and Lynch, V. J. (2012). Measurement of mRNA abundance using RNA-seq data: RPKM measure is inconsistent among samples. Theory Biosci. 131, 281–285. doi: 10.1007/s12064-012-0162-3

Wang, G. B., Guo, X. Q., Chang, L., and Cao, F. L. (2013). Effects of air temperature and soil moisture on flavonoids accumulation in Ginkgo biloba leaves. J. Appl. Ecol. 24, 3077–3083.

Wang, G. Q., Zhu, L., Ma, M. L., Chen, X. C., Gao, Y., Yu, T. Y., et al. (2015). Mulberry 1-deoxynojirimycin inhibits adipogenesis by repression of the ERK/PPARγ signaling pathway in porcine intramuscular adipocytes. J. Agric. Food Chem. 63:6212. doi: 10.1021/acs.jafc.5b01680

Wang, R., Chen, R., Li, J., Liu, X., Xie, K., Chen, D., et al. (2014). Molecular characterization and phylogenetic analysis of two novel regio-specific flavonoid prenyltransferases from Morus alba and Cudrania tricuspidata. J. Biol. Chem. 289, 35815–35825. doi: 10.1074/jbc.M114.608265

Wang, R., Ren, C., Dong, S., Chen, C., Xian, B., Wu, Q., et al. (2021). Integrated metabolomics and transcriptome analysis of flavonoid biosynthesis in Safflower (Carthamus tinctorius L.) with different colors. Front. Plant Sci. 12:712038. doi: 10.3389/fpls.2021.712038

Wei, H. (2015). Morus Alba L. (Sang, White Mulberry). Vienna: Springer. 721–730. doi: 10.1007/978-3-211-99448-1_81

Yang, H. X., Zhu, X. R., and Sheng, L. H. (2003). Research progress on exploiting and utilizing of mulberry leaves in the field of health care. Bull. Sci. Technol. 19, 72–76.

Yang, X., Yang, L., and Zheng, H. (2010). Hypolipidemic and antioxidant effects of mulberry (Morus alba L.) fruit in hyperlipidaemia rats. Food Chem. Toxicol. 48, 2374–2379. doi: 10.1016/j.fct.2010.05.074

Yu, X., Zhu, Y., Fan, J., Wang, D., Gong, X., and Ouyang, Z. (2017). Accumulation of flavonoid glycosides and UFGT gene expression in mulberry leaves (Morus alba L.) before and after frost. Chem. Biodivers. 14:e1600496. doi: 10.1002/cbdv.201600496

Yuan, F., Lyu, M. J. A., Leng, B. Y., Zheng, G. Y., Feng, Z. T., Li, P. H., et al. (2015). Comparative transcriptome analysis of developmental stages of the Limonium bicolor leaf generates insights into salt gland differentiation. Plant Cell Environ. 38, 1637–1657. doi: 10.1111/pce.12514

Zhang, H., Zheng, M., Luo, X., and Li, X. (2018). Effects of mulberry fruit (Morus alba L.) consumption on health outcomes: a mini-review. Antioxidants 7:69. doi: 10.3390/antiox7050069

Zhang, W., Ouyang, Z., Zhao, M., Yuan, W., Yang, S., Wang, Z., et al. (2015). Differential expression of secondary metabolites in mulberry leaves before and after frost. Food Sci. 36, 109–114.

Zhang, Y., Hu, Z., Chu, G., Huang, C., Tian, S., Zhao, Z., et al. (2014). Anthocyanin accumulation and molecular analysis of anthocyanin biosynthesis-associated genes in eggplant (Solanum melongena L.). J. Agric. Food Chem. 62, 2906–2912. doi: 10.1021/jf404574c

Zhao, S., Park, C. H., Li, X., Kim, Y. B., Yang, J., Sung, G. B., et al. (2015). Accumulation of rutin and betulinic acid and expression of phenylpropanoid and triterpenoid biosynthetic genes in mulberry (Morus alba L.). J. Agric. Food Chem. 63, 8622–8630. doi: 10.1021/acs.jafc.5b03221


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.

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 © 2021 Xu, Cheng, Zhang, Lin, Chen, Yue, Tian, Tang and Zhao. 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.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Morus alba L. Leaves – Integration of Their Transcriptome and Metabolomics Dataset: Investigating Potential Genes Involved in Flavonoid Biosynthesis at Different Harvest Times



		INTRODUCTION



		MATERIALS AND METHODS



		Plant Material and Grouping Omics Analyzed Samples



		Sample Extraction



		Metabolite Profiling Using Ultra-High-Performance Liquid Chromatography-Quadrupole Time-of-Flight Mass Spectrometry



		Data Processing and Analysis of Metabolites



		Total RNA Extraction



		cDNA Library Construction and Transcriptome Sequencing



		Functional Annotation and Classification



		Integrative Analysis of Metabolomics and Transcriptome







		RESULTS



		Metabolomics Analysis Revealed Abundant and Diverse Flavonoid Enrichment in Mulberry Leaves Under Cold Stress



		Sequencing and Functional Annotation



		Differential Expression of Genes Among Mulberry Leaves Under Different Periods



		Analysis of the Differential Expressed Genes in the Flavonoid Synthesis Pathway



		Putative Flavonoid Biosynthesis Pathway in Mulberry Leaves







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fpls-12-736332-t001.jpg
Metabolites mlz Formula MbLB vs. MbLA MbLC vs. MbLA MbLD vs. MbLA MbLE vs. MbLA

FC P FC P FC P FC P

PG(12:0/14:1(92)) 637.4041  CapHgiO10P . - = .
6284264 CapHosNO7P . - -
3052112 CigHas0 . - i
2511643 CisHze0 . -

12,13-Dimethyl-5,14-dioxabicyclo[9.2.1]- 2351329 Gi4Ha003 . - -

tetradeca-1(13),11-dlien-4-one

3 droxy 1851173 CioH1s0s . - -
3002062  Ci7Hzs02 . -
3002062  CigHaoOs . -
200.1174  CyyHi60 . -
146.0811  GgH11NOg - -
3771987 Ca1HaoOs . -
5204358  CapHs4O4 - -
6174176 CyoHse0s . . -
5413654 CpsHsoNOgP  0.81 - -
530.1384  CpaHaeO12 . - - -
4470928 Ca1HaOr1 . . .
573.1975  CaoHaiOrz . B
205.1228  Cy1HigO2 .
4771411 CogHasO1q . - e
3411384 CaohaoOs
500.1665  CasHaoOrz . - o
465.1027  Ca1HxOr2 . - .
49314711 CagHagO9 . .- “
4931348 Cg2H24010 . -

6202616 CagHasNaOs
447429 CpiHpOg
3-Methylnaringenin 2870918 CigH1aOs .

—
P-value: *p < 0.05, *'p < 0.01, and ***p < 0.001. Color coded according to fold change using color bar -+ et o s 1.,





OPS/images/fpls-12-736332-g001.jpg
A Different Harvest Times
9th Oct 23th Oct 6 Nov 20" Nov 5™ Dec,

m 5 5 5 5
g) TS 08 N
c

(1]

L

(&)

1

o

8 MbLA MbLB MbLC MbLD MbLE

Temp

B

Item name: m-1
Channel name: 2: TOF MSe (50-1000) -6eV ESI- (BPI)
Item name: m-1

Channel name: 2: TOF MSe (50-1000) 6eV/ ESI+ (BPI) 0.63
865 9.08
815 g79 7.5e51
6e5
7 g 5e5-
s el
§ 4e5- %
) o
g =)
&
2.5e5
2e5-
0 o
T T T T T T T T T T T T ]
1 2 3 4 5 6 7 8 9 10 11 12 13
Retention time [min] Retention time [min]
C 35ﬁ§'?/§4m @ i OPLS-DA @ MbLA
| //J'—S—n\\,\ M voLB | MbLC 1’5 MbLA < mbLe
-
[ e
1000 = 1000
‘ u ..
500 ® ) - 500 '
g o g %o &
3 0T - i g o <
2 / 3
o ® m / 2 0 o @
-500-1 o0 .. -500 @ ¢
-1000- / -1000-
\\ /// \\\7 e
-1500 ' " ’ —————————r . ; . -1500 ; . ; ; . : : :
-1000  -800  -600  -400  -200 0 200 400 600 800 -1000  -800  -600  -400  -200 0 200 400 600 800
113751 * ¢[1] 1.00203 * t{1] o
R2X[1] = 0.146 R2Xo[1] = 0.342 Ellipse: Hotelling's T2 (95%) R2X[1] = 0.137 R2Xo[1] = 0.244 Ellipse: Hotelling's T2 (95%)
OPLS-DA @ Vbia OPLS-DA @MoLA
/ MbLD 7§ MbLA @ MbLD y MbLE rs[MbLA OwmivLe
/,4—\‘\\
1000+ 1000
500 500 .. ‘
= * 5
My ® S ® ‘ |
0 0 T
e 2 ° /
-500- ’ L ® -500- ~ %
-1000 -1000
-1500 1 T . . > -1500 T T T T T T -
1500 -1000 500 0 500 1000 -2000 -1500 -1000 -500 0 500 1000 1500

1.00042 * t[1]

1004 * {1 [ -
R2X[1] = 0.237 R2Xo[1] = 0.179 E'H[i]pse: Hotelling's T2 (95%) R2X[1] = 0.322 R2Xo[1] = 0.196 Ellipse: Hotelling's T2 (95%)





OPS/images/cover.jpg
frontiers
In Plant Science

Morus albal.. Leaves -
Integration of Their
Transcriptome and

Metabolomics Dataset:

Investigating Potential Genes
Involved in Flavonoid
Biosynthesis at Different Harvest
Times







OPS/images/fpls-12-736332-g003.jpg
Number of DEGs
(versus Group A)

2500+

2000+

1500

1000+

5004

@l Up-regulated 224 4- —
Bl Down-regulated
- 4000
3000
2000
1000

MbLB MbLC MbLD MbLLE

versus with MbLA

(le3o1) JoaquinN 93a

o

Kl

MbLB vs MbLA

20

-log1o FDR

log,FC

MbLD vs MbLA

-log1o FDR

log, FC

up
down
ns

up
down
ns

-log4o FDR

-log4o FDR

MbLC

304

n
o
1

vs MbLA

log,FC

up
down
ns

up
down
ns





OPS/images/fpls-12-736332-e000.jpg
total exon read

@

= mapped reads(millions) # exon length(KB)






OPS/images/fpls-12-736332-g002.jpg
(Fold Change)

(versus with MbLA)
log,

~logqo(pvalue)

£27050Z1MaN [
cogorizivian [l
2680z1Zixian [
29507 LZidNT ||
s6001 12111 [l
$00090ZIMANT |
0LPOZLZINIAT |
95rOrLZININT
= goget 1zivian [l
DAM Number (Total) osveLizuian [
g 8 8 g S190£040VANT ||

Y T = 6E00V0LOVANT

Count
.

o

o

[ J

®

up-regulated cDAMs

0.075

0.050

pvalue

DAMs Enrichment

0.025

0Z0LOLOMANT
6L0000Z0VANT
ov00Lovodon ||
8L0000GOVANT
L0L0LOZOdOWT
6000Z0Z0VANT
11000S€0L08dNT ||
Z8100090VANT
22502080LSNT

@

®
L

0.000

Flavonoids(PK12) 4

MbLC MbLD MbLE
-regulated cDAMs

PK1211)

(

down
Polyketides(PK) 4

@@ Down-regulated
MbLB

Flavanones(PK1214) 4

Flavones and Flavonols

1251 s Up-regulated

e ®w o w®
S ~ ®» «
(ydnoug snsian)

uolejouuy
nmoOAQouw

M  SAVQ Jo JaqunN o 2333 W
S5







OPS/images/fpls-12-736332-g005.jpg
3 O’ 7 N0
Phenylalanine A@@ﬁ@@@ﬁ@
S5
gene18738 [ | [ | |PAL WP
D:Dj log,(Fold Change)
C4H
(Cinnamoyl-CoA) e
gene823 EEBH - 2| gene7013 [T 1]
genel1910 4CcL &
i i HCT
Cp-CoumaroyI-CoPD » @-Coumaroyl shikimic acicD
gene24174 ]
gene7350 Morus_8028 || C3’H
gene7351 gene13204 \/
gene7353 gene6709
genel3727 @affeoyl shikimic acid)
genel 6836 ||
gene3951 L
gene23701 [ | CHS { HCT
e CHS 2,3,4,4,6
g:ﬁzl 4554 CENED - Pentahydroxy chalcone]
gene7355
genel3728 s .:ED | GERROMT
HS 2! 3 61
—_—
Q\laringenin chalcone) Feruloyl alla Tetrahyci:rr?:lyégn;nethoxy
CHI
gene20948 .4_J- F3’H F3’5’H
Apiforol Erlodlctyol —> D|hydrotr|cet|n —‘
DFR genel 7263 D:l:l:l
gene24308 [ [ [ [ | | F3H CDihydromyricetin)
. , ¥ FLS
FL F3'H F3'5’H
(DihydrokaempferoD > Kaempferol m —>
gene8766
DFR | LDOX
Y

Pelargonidin





OPS/images/fpls-12-736332-g004.jpg
A COG Function Classification of Consensus Sequence COG Function Classification of Consensus Sequence
s MbLB MbLC
60
24
404
& o
2 e
5 5
E E
z =
° o
I s
| I| 20_ | | | |
el 04 III I I I £ |
e e e e s s e e e e e s e S e e s A S s S e v s S
ABCDEFGHI JKLMNOPQRSTUVWXYZ ABCDEFGHI JKLMNOPQRSTUVWXY Z
Function Class Function Class
COG Function Classification of Consensus Sequence COG Function Classification of Consensus Se juence
v MbLD MbLE
60 200 —
150
40—
& &
2 e
3 5
= =
o © 100 -
w w
20
I I ) II
- I I - 0]—m= I | | I HN. m
.......................... PP TN R TR PR R L R S
ABCDEFGHI JKLMNOPQRSTUVWXY Z ABCDEFGH JKLMNOPQRSTUVWXYZ
Function Class Function Class
12(6.49%)

3(1.62%)

1(0.54%

DEGs Number=185,

10(5.41%)

]
[—
[ }
=
(==}
=
|}
-

Flavonoid biosynthesis
Phenylpropanoid biosynthesis
Phenylalanine metabolism

Flavone and flavonol biosynthesis
Other Metabolism related

Genetic information process related
Organismal system related

Cellular process related

Environmental information process related

9(4.69%)
5(2.60%

DEGs Number=192

6(3.15%)

Flavonoid biosynthesis
Phenylpropanoid biosynthesis
Phenylalanine metabolism
Other Metabolism related
Cellular process related

Genetic information process related
Organismal system related

paonpgnn

Environmental information process related

.A: RNA processing and modification

B: Chromatin structure and dynamics

C: Energy production and conversion

D: Cell cycle control, cell division, chromosome partitioning
E: Amino acid transport and metabolism

F: Nucleotide transport and metabolism

G: Carbohydrate transport and metabolism

H: Coenzyme transport and metabolism

I: Lipid transport and metabolism

J: Translation, ribosomal structure and biogenesis

K: Transcription

L: Replication, recombination and repair

M: Cell wall/membrane/envelope biogenesis

N: Cell motility

O: Posttranslational modification, protein turnover, chaperones
P: Inorganic ion transport and metabolism

Q: Secondary metabolites biosynthesis, transport and catabolism
. R: General function prediction only

.S: Function unknown

.T: Signal transduction mechanisms

U: Intracellular trafficking, secretion, and vesicular transport
V: Defense mechanisms

W: Extracellular structures

X: Mobilome: prophages, transposons

. Y: Nuclear structure

. Z: Cytoskeleton
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