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Editorial on the Research Topic
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Nutrition and Food Science and Technology is facing important challenges nowadays, mainly related to the roadmap toward the achievement of the Sustainable Development Goals (SDGs) such as zero hunger (SDG-2), good health and wellbeing (SDG-3), responsible consumption and production (SDG-12), climate action (SDG-13), life below water (SDG-14), and life on land (SDG-15), among others. To be able to advance in these goals, sustainable food production systems are needed, while ensuring food safety (1) and more healthy diets (2). This Research Topic focuses on new insights, novel developments, current challenges, latest discoveries, recent advances, and future perspectives in the field of Nutrition and Food Science and Technology. The main goal of this special Research Topic is therefore, to shed light on the progress made in the past decade in the Nutrition and Food Science & Technology field, and on its future challenges to provide a thorough overview of the field. Based on all the above, the following 10 works were included in the current Research Topic. Specifically, two review papers were dedicated to describe the effects of microwave heating on the structure, properties, and functions of macromolecular nutrients in novel food (Deng et al.) and to revise the effect of resistant starch on non-alcoholic fatty liver disease via the gut-liver axis (Zhu et al.). One brief research report was devoted to analyse the accumulation of flavonoids in Dendrobium moniliforme (L.) Sw. (a valuable herbal crop) by the integration of metabolomic and transcriptomic approaches (Yuan et al.). The other seven papers were published as original research contributions and were focused on (i) the integrated analysis of metabolome and transcriptome data for uncovering flavonoid components of Zanthoxylum bungeanum Maxim leaves under drought stress (Hu et al.); (ii) the integrated metabolomic and transcriptomic analyses to reveal novel insights of anthocyanin biosynthesis on color formation in cassava tuberous roots (Fu et al.); (iii) the identification of iron and zinc responsive genes in pearl millet using genome-wide RNA-sequencing approach (Goud et al.); (iv) the identification and analysis of major flavor compounds in radish taproots by widely targeted metabolomics (Mei et al.); (v) the development of a new indicator of overeating saturated fat based on serum fatty acids and amino acids and its association with incidence of type 2 diabetes using two randomized controlled feeding trials and a prospective study (Wei et al.); (vi) the optimization of the ultrasound-assisted extraction of naturally occurring glucosinolates from by-products of Camelina sativa L. and their effect on human colorectal cancer cells (Pagliari et al.) and (vii) the investigation of the molecular mechanisms of flavonoid accumulation in germinating common bean (Phaseolus vulgaris) under salt stress (Zhang et al.). We hope this article collection may help, inform and provide direction and guidance to many colleagues working in this hot field of research.
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Zanthoxylum bungeanum Maxim. leaves (ZBLs) are rich in flavonoids and have become popular in nutrition, foods and medicine. However, the flavonoid components in ZBLs and the mechanism of flavonoid biosynthesis under drought stress have received little attention. Here, we performed an integrative analysis of the metabolome and transcriptome of ZBLs from HJ (Z. bungeanum cv. “Hanjiao”) and FJ (Z. bungeanum cv. “Fengjiao”) at four drought stages. A total of 231 individual flavonoids divided into nine classes were identified and flavones and flavonols were considered the most abundant flavonoid components in ZBLs. The total flavonoid content of ZBLs was higher in FJ; it increased in FJ under drought stress but decreased in HJ. Nine-quadrant analysis identified five and eight differentially abundant flavonoids in FJ and HJ leaves, respectively, under drought stress. Weighted gene correlation network analysis (WGCNA) identified nine structural genes and eight transcription factor genes involved in the regulation of flavonoid biosynthesis. Moreover, qRT-PCR results verified the accuracy of the transcriptome data and the reliability of the candidate genes. Taken together, our results reveal the flavonoid components of ZBLs and document changes in flavonoid metabolism under drought stress, providing valuable information for nutrition value and food utilization of ZBLs.

Keywords: Zanthoxylum bungeanum Maxim. leaves, flavonoids, metabolome, drought stress, WGCNA


INTRODUCTION

Zanthoxylum bungeanum Maxim. is a native shrub from the Rutaceae family in east Asian countries and is also named Chinese prickly ash (1). As an economically important plant, Z. bungeanum is widely planted in water-deficit areas because of its high drought stress tolerance and the high nutrition value of its products. Z. bungeanum cv. “Fengjiao” (FJ) and Z. bungeanum cv. “Hanjiao” (HJ) are the main breeding cultivars in the northwest region of China. Like the Z. bungeanum pericarp, the leaf is another main Z. bungeanum product that is generally used in nutrition, food and medicine because of its abundant flavonoid content and health benefits to the human body. As a food additive and condiment, Z. bungeanum leaf (ZBL) is widely introduced into food products for its special flavor and distinctive numbing taste (2). The fresh sprouts and young leaves of Z. bungeanum are popular vegetables in Chinese cuisine (3). In addition, ZBLs can be made into a green tea and oral liquid for drinking, and ZBL extract oil can be made into an edible essence for foods (3).

Flavonoids are an important type of polyphenolic secondary metabolite with a common 3-C chemical structure (C6-C3-C6) (4). Flavonoids are present throughout the plant kingdom, and over 6000 different flavonoids have been discovered to date (5). Flavonoids in plants are widely used in the fields of nutrition, food and medicine. Catechins were reported to be the most powerful flavonoids in green and black tea for protecting the body against reactive oxygen species (6, 7). Quercetin, kaempferol, and isorhamnetin in Ginkgo biloba leaves are considered to be effective flavonoids for reducing the risks of non-alcoholic fatty liver disease (NAFLD) (8). Flavonoid biosynthesis involves both the phenylpropanoid metabolic pathway and the flavonoid biosynthetic pathway. It has been comprehensively elucidated in several model plants, such as Arabidopsis thaliana L. (9) and Zea mays L. (10). In the phenylpropanoid metabolic pathway, phenylalanine is transformed into p-coumaryl CoA in a series of reactions catalyzed by phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), and 4-coumaroyl CoA ligase (4CL). In the flavonoid biosynthetic pathway, p-coumaryl-CoA is transformed into naringin by chalcone synthase (CHS) and chalcone isomerase (CHI), and naringenin, which serves as a core substrate, is transformed into many other classes of flavonoids by the corresponding enzymes: dihydroflavonols by flavanone 3 β-hydroxylase (F3H), leucoanthocyanidins by dihydroflavonol-4-reducatse (DFR), flavonols by flavonol synthase (FLS), flavones by flavone synthase (FNS), flavanols by leucoanthocyanidin reductase (LAR), and anthocyanidins by anthocyanidin synthase (ANS) and anthocyanidin reductase (ANR) (11). In addition, the transcription of flavonoid biosynthesis structural genes is largely regulated by transcription factors (TFs), especially MYB, bHLH, and WD40 proteins (MBW) (12).

To date, increasing efforts have been made to identify the chemical compositions of ZBLs, with particular attention given to flavonoid compounds (2, 13). However, only several flavonoid components of ZBLs have been identified to date; most are still unknown, which could restrict the development of ZBL products in the food industry. Moreover, as important secondary metabolites, flavonoids participate in many physiological functions in response to biotic and abiotic stress (14) and are easily affected by environmental variation. For instance, Guo et al. (15) found that higher solar radiation in the northwestern areas of China increased flavonol content and decreased leaf dry mass, and Deluc et al. (16) reported that water deficit promoted the accumulation of anthocyanin in red grapes. The water-deficient environment in which Z. bungeanum is typically grown makes drought its major abiotic stress. Nonetheless, the effects of drought stress on flavonoids in ZBLs remain unexplored.

Here, an integrative analysis of widely targeted metabolome and transcriptome data from ZBLs was performed to investigate flavonoid compositions in ZBLs and examine flavonoid metabolism under drought stress. Several key candidate structural genes and TF genes involved in the regulation of flavonoid synthesis were identified by weighted gene correlation network analysis (WGCNA). The results improved the understanding of nutrition value and provide valuable information for food utilization of ZBLs.



MATERIALS AND METHODS


Plant Materials and Treatments

Mature seeds of FJ (Z. bungeanum cv. “Fengjiao”) and HJ (Z. bungeanum cv. “Hanjiao”) were collected from the Prickly Ash Experimental Station of Northwest Agriculture and Forestry University in Fengxian, Shannxi Province, China (N33°59′6.55″, E106°39′29.38″). After cleaning and pretreatment, the seeds were sown in trays (38 cm × 25 × 15 cm) in a soil mix of perlite, vermiculite, and chernozem and germinated at 25 ± 2 °C and 60–70% humidity in an experimental greenhouse at Northwest A&F University in Yangling, Shannxi Province, China. Two weeks after germination, healthy seedlings were transplanted separately into pots (32 cm high and 28 cm in diameter) and then cultivated with a soil water content of 85%.

Sixty three-month-old healthy seedlings of each cultivar with uniform growth were selected for treatment and sampling. The water supply to the seedlings was stopped at the onset of the drought treatment; leaves were sampled from the seedlings at 4 stages, 0 d (D1), 6 d (D2), 9 d (D3), and 15 d (D4) and immediately placed in liquid nitrogen. Three biological replicates of five seedlings each were sampled at each stage. The samples were stored in a −80°C freezer for further study.



Flavonoid Metabolite Profiling of ZBLs by UPLC-MS/MS

Flavonoid metabolites were extracted and identified by the Metware Biotechnology Co. Ltd. (Wuhan, China). The leaf samples were vacuum freeze-dried in a freeze drier (Scientz-100F, Zhejiang, China) and then ground into powder using a grinding mill (MM 400, Retsch, Germany). One-hundred milligrams of powder was dissolved in 1.2 mL 70% aqueous methanol (v/v) and mixed well with a Vortex-6 (Kylin-Bell, Jiangsu, China). The homogenate was extracted overnight at 4 °C and then centrifuged (5424R, Eppendorf Co., Shanghai, China) at 12,000 rpm at 4°C for 10 min. The obtained supernatant was filtered through a 0.22-μm organic nylon needle filter (SCAA-104, ANPEL, Shanghai, China) and stored in a sample bottle.

Ultra-performance liquid chromatography (UPLC) was performed using the Shimadzu Nexera X2 instrument (Shimadzu, Japan) equipped with an Agilent SB-C18 column (1.8 μm, 2.1 × 100 mm). The mobile phase was composed of ultrapure water with 0.1% formic acid (solvent A) and acetonitrile with 0.1% formic acid (solvent B). The gradient of solvent B was as follows: 0 min, 5%; 0–9 min, raised to 95%; 9–10 min, 95%; 10–11.10 min, reduced to 5%; 11.10–14 min, 5% (17). The column temperature was set to 40°C, and the injection volume was 4 μL.

The tandem mass spectrometry (MS/MS) analysis was performed using the Applied Biosystems 4,500 QTRAP instrument (ABI, Framingham, USA). Linear ion trap (LIT) and triple quadrupole (QQQ) scans were obtained with the API 4500 QTRAP UPLC–MS/MS system, which was equipped with an ESI turbo ion-spray interface. The ESI source operations were carried out as follows: turbo spray in ion source, 550°C for source temperature; ion spray (IS) voltage, 5,500 V (positive ion mode)/−4500 V (negative ion mode); ion source gas I (GSI), ion source gas II (GSII), and curtain gas (CUR) set to 50, 60, and 25 psi, respectively; high ionization induction parameters. In addition, 10μM polypropylene glycol solutions in QQQ mode and 100μM polypropylene glycol solutions in LIT mode were used for instrument calibration.



Flavonoid Metabolite Data Analysis

Qualitative data analysis was performed based on secondary spectrum information from the MWDB database compiled by Metware Biotechnology Co., Ltd. (Wuhan, China). Flavonoids with variable importance in projection (VIP) ≥ 1 and fold change (FC) > 2 were defined as differentially accumulated flavonoids (DAFs). The Kyoto Encyclopedia of Genes and Genomes (KEGG) and the Plant Metabolic Network (PMN) databases were used to perform pathway enrichment analysis of these flavonoids.



RNA-Seq Analysis

RNA-Seq was performed by Biomarker Technologies Co., Ltd. (Beijing, China). Total RNA was extracted from ZBL samples using the Tiangen RNA Pure kit for plants (Tiangen, Beijing, China). RNA integrity and concentration were assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, USA). The cDNA libraries were constructed according to the manufacturer's instructions of the NEBNext Ultra RNA Library Prep Kit for Illumina (New England Biolabs, Ipswich, USA). The resulting ZBL libraries were sequenced on a flow cell of the Illumina HiSeq 2500 platform (Illumina, Inc., San Diego, USA).

Genes with FC ≥ 2 and false discovery rate (FDR) < 0.01 were identified as differentially expressed genes (DEGs). Gene functional annotation and pathway analysis were performed based on seven databases: GO (Gene Ontology), KO (KEGG Ortholog database), KOG/COG (Clusters of Orthologous Groups of proteins), Nr (NCBI non-redundant protein sequences), Nt (NCBI non-redundant nucleotide sequences), Pfam (Protein family), and Swiss-Prot (a manually annotated and reviewed protein sequence database).



Co-expression Network Analysis of Flavonoid Metabolome and Transcriptome

Co-expression network analysis was performed based on the transcriptome data using the WGCNA R package (v1.68) (18). Genes with FPKM > 1 were used as the input file, and nine classes of flavonoids were used as the trait file to generate the co-expression network and modules. Network construction and module identification were performed based on topological overlap measure (TOM) similarity. The modules were used to calculate the relationships among gene expression levels and flavonoid abundances in the 24 samples. The co-expression network was visualized using Cytoscape v3.8.0 with threshold = 0.25.



Quantitative Real-Time PCR (qRT-PCR) Analysis

Total RNA was extracted from ZBL samples according to the instructions of the Tiangen RNA Pure kit for plants (Tiangen, Beijing, China). The purity, concentration, and integrity of total RNA were measured on a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). First-strand cDNA was synthesized using the PrimeScript RT reagent kit with gDNA Eraser (Takara Biotechnology Inc., Dalian, China). The qRT-PCR analysis was performed using TB Green Premix Ex Taq II (Cat. No. RR820A, Takara Biotechnology Inc., Dalian, China) on a CFX96 Real-Time System (Bio-Rad Laboratories, Inc., Hercules, USA). The reaction protocol followed the manufacturer's instructions: 1 cycle at 98°C for 30 s; 38 cycles at 95°C for 5 s, 56°C for 30 s, and 72°C for 30 s; and 4°C until removal. The specific quantitative primers (Supplementary Table 1) were designed using Primer Premier 6.0 (PREMIER Biosoft, CA, USA). The relative expression levels were calculated by the 2−ΔΔCT method using ZbUBA and ZbUBQ as internal standards.



Statistical Analysis

The experimental data from three independent biological replicates were analyzed by one-way analysis of variance (ANOVA), and significant differences were determined by Duncan's multiple range test (p < 0.05) using SPSS 22.0 Statistics (SPSS Inc., Chicago, IL, USA). Hierarchical clustering analysis (HCA) was constructed using online software with default value at https://cloud.metware.cn/toolCustom/3. Principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA) were performed using software available at https://www.omicshare.com/tools/Home/Soft/getsoft. Bar graphs were created in OriginPro 2021 (OriginLab, Northampton, Massachusetts, USA). Log10 conversion is used to standardize our data in HCA, PCA and OPLS-DA.




RESULTS


Flavonoid Metabolomic Analysis of ZBLs

FJ and HJ leaves were sampled at four drought treatment stages (Figure 1A). At the second stage (F2), FJ showed slightly curled leaves caused by water loss, and this symptom became increasingly severe at the third (F3) and final (F4) stages. By contrast, HJ first displayed leaf curl under drought stress at the third stage (H3) and showed a less severe response to drought than FJ at every stage other than D0. These results indicated that HJ was more tolerant to drought stress than FJ.


[image: Figure 1]
FIGURE 1. The variation in flavonoid compositions of ZBLs under drought stress. (A): the phenotype of ZBLs under drought stress. F1–F4 indicate FJ leaves exposed to drought treatment for 0 d, 6 d, 9 d, and 12 d; H1–H4 indicate HJ leaves exposed to drought treatment for 0 d, 6 d, 9 d, and 12 d. (B): the relative content of total flavonoid of ZBLs from FJ and HJ under drought stress. D1–D4 indicate the four drought treatment stages. (C): Classifications and proportions of 231 flavonoids detected in ZBLs. The mean values and SDs were calculated using one-way ANOVA followed by Duncan's multiple range test.


In total, 231 flavonoids were identified from leaves of both FJ and HJ. In FJ, quercetin-3-O-(6″-malonyl)-galactoside was the most abundant flavonoid, followed by keracyanin, kaempferol-7-O-rhamnoside, isovitexin, and rutin. In HJ, guaijaverin was the most abundant flavonoid, followed by spiraeoside, kaempferol-7-O-rhamnoside, hesperetin-5-O-glucoside, and quercetin-7-O-glucoside (Supplementary Figure 1). Based on modifications of the C6-C3-C6 structure, the 231 flavonoids were divided into 9 classes: 7 chalcones, 19 flavanones, 2 dihydroisoflavones, 10 dihydroflavonols, 3 anthocyanins, 91 flavones, 80 flavonols, 10 flavonoid carbonosides, and 9 flavanols (Supplementary Table 2). The total flavonoid content increased steadily from D1 to D4 in FJ but decreased in HJ (Figure 1B). The total flavonoid content was significantly lower in HJ than in FJ at every time point. Among the nine classes, flavonols made up the highest proportion of total flavonoids (53.5 and 56.4%) in both FJ and HJ (Figure 1C), followed by flavones (24.7% and 29.7%). Flavonoid carbonosides and anthocyanins made up 10.4 and 5.7% of the total flavonoid content in FJ but only 4.5 and 0.9% in HJ. However, the proportion of flavanols was significantly higher in HJ (1.7%) than in FJ (0.4%).

The relative contents of the nine flavonoid classes changed differently under drought stress (Supplementary Figure 2). Chalcones and flavanones decreased in both cultivars under drought, whereas dihydroisoflavones and dihydroflavonols changed slightly. The content of flavonoid carbonosides increased in FJ during drought stress but not in HJ. The contents of the other four classes increased in FJ but decreased in HJ.



Differentially Accumulated Flavonoids in ZBLs Under Drought Stress

Hierarchical clustering analysis (HCA) and principal component analysis (PCA) were performed to investigate the flavonoid profiles of the eight sample types (Figures 2A,B). In the HCA, the 231 flavonoids were clustered into 5 groups based on differences in flavonoid contents among different samples. The contents of flavonoids in group I and group II were higher in FJ than in HJ. Most flavonoids in group III increased in FJ but decreased in HJ in response to drought stress. Contents of flavonoids in group IV and group V were higher in HJ than in FJ, and those in group V decreased under drought stress. In Figure 2B, the first two principal components accounted for 94.4% (PC1) and 2.5% (PC2) of the total variation, respectively, and the 24 samples (including 3 replicates) were divided into two groups by cultivar along PC1. Sample positions along PC2 were affected by drought stress, especially for FJ. These results suggested that observed differences in flavonoid profiles were related to cultivar and drought stress treatment. Correlation analysis based on the flavonoid profiles demonstrated that Pearson's correlation coefficient (PCC) was > 0.9 within the same cultivar, suggesting that the obtained data were repeatable and credible (Figure 2C). Besides, OPLS-DA was used to evaluate the differences between F1 and F4 (Q2 = 0.982; Figure 2D), H1 and H4 (Q2 = 0.975; Figure 2E), F1 and H1 (Q2 = 0.997; Figure 2F), and F4 and H4 (Q2 = 0.998; Figure 2G). The four comparisons with Q2 > 0.9 suggested that the OPLS-DA modules were stable and reliable and that the differences in flavonoid contents could be subjected to further analysis.
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FIGURE 2. Analysis of flavonoid metabolites in FJ and HJ leaves under drought stress. (A): Heat map cluster analysis of 231 flavonoids. High and low abundance are indicated by red and blue colors, respectively. (B): PCA score plot of 24 samples based on flavonoid abundances. (C): Correlation coefficient graph of 24 samples. (D–G): OPLS-DA plots for F1 vs. F4, H1 vs. H4, H1 vs. F1, and H4 vs. F4, respectively.


Volcano diagrams were used to illustrate the DAFs between the two cultivars and under drought stress (Supplementary Figure 3). Twenty DAFs (16 upregulated and 4 downregulated) were identified in F1 vs. F4, and 15 DAFs (3 upregulated and 12 downregulated) were identified in H1 vs. H4. The greater number of DAFs in F1 vs. F4 than in H1 vs. H4 suggested that flavonoids may have been more sensitive to drought stress in FJ. Only one flavonoid (tricetin) overlapped between the F1 vs. F4 and H1 vs. H4 comparisons with downregulation. When the cultivars were compared at specific drought time points, 126 DAFs (61 upregulated and 65 downregulated) were identified in H1 vs. F1, and 134 DAFs (85 upregulated and 49 downregulated) were identified in H4 vs. F4. There were 107 DAFs (61 upregulated and 46 downregulated) shared between the H1 vs. F1 and H4 vs. F4 comparisons. These 107 DAFs constituted the main flavonoids whose content differed between the two cultivars regardless of drought stress.



Transcriptomic Analysis of ZBLs

RNA sequencing was performed on 24 samples to investigate the molecular regulation of flavonoid synthesis under drought stress. In FJ, the largest number of DEGs were identified in F1 vs. F2 (4237), followed by F3 vs. F4 (3106) and F2 vs. F3 (675) (Figures 3A,D). In HJ, the largest number of DEGs were identified in H3 vs. H4 (4048), followed by H1 vs. H2 (3077) and H2 vs. H3 (886) (Figures 3B,E). Compared to downregulated DEGs, there were more upregulated DEGs in H1 vs. H2 but fewer in H2 vs. H3 and H3 vs. H4 (Supplementary Figure 4). In addition, 184 and 172 DEGs were identified in all drought stages of FJ and HJ, respectively. There were large numbers of DEGs between the two cultivars at all stages (Figures 3C,F), and there were more upregulated DEGs than downregulated DEGs in the four comparison groups (Supplementary Figure 4C), indicating that the cultivars may have different response patterns to drought stress.
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FIGURE 3. Analysis of differentially expressed genes (DEGs) under drought stress in two cultivars. (A–C): Venn diagrams of DEGs; (D–F): Bar graphs of DEGs.


In GO annotation analysis, there were 6863 DEGs annotated in the biological process, molecular function, and cellular component categories (Figure 4A). In the biological process category, the majority of DEGs were annotated under metabolic process (3560) and cellular process (3050). In the cellular component category, the cell (2829) and membrane (2654) GO terms were most common. For the molecular function category, most DEGs were assigned to binding (3414) and catalytic function (3479). TopGO analysis further revealed that the molecular function terms dioxygenase activity (GO0051213) and transferase activity (GO0016758) (Supplementary Figure 5A), the biological process terms flavonoid glucuronidation (GO0052696) and flavonoid biosynthetic process (GO009813) (Supplementary Figure 5B), and the cellular component term extracellular matrix (GO0031012) were among the most highly enriched terms (Supplementary Figure 5C).


[image: Figure 4]
FIGURE 4. Functional annotation of DEGs in ZBLs under drought stress. (A): Gene ontology (GO) annotation of DEGs in FJ and HJ under drought stress. (B–D): KEGG enrichment analysis of DEGs in F1 vs. F4, H1 vs. H4, and F4 vs. H4. Dot size represents the number of distinct genes, and dot color reflects the q-value.


Based on KEGG enrichment analysis, the top 20 enriched metabolic pathways are presented in the form of a bubble diagram (Figure 4). During drought stress, the DEGs were enriched mainly in plant hormone signal transduction (ko04075), starch and sucrose metabolism (ko00500), photosynthesis - antenna proteins (ko00196), photosynthesis (ko00195), ribosome biogenesis in eukaryotes (ko03008), and flavonoid biosynthesis (ko00941). Plant hormone signal transduction (ko04075) was strongly enriched in both cultivars (Figures 4B,C). In addition, KEGG analysis of DEGs between F4 and H4 showed that these genes were strongly enriched in flavonoid biosynthesis (ko00941) and phenylpropanoid biosynthesis (ko00940) (Figure 4D). Notably, phenylpropanoid biosynthesis is the source of precursors for the flavonoid biosynthesis pathway (19). These results suggested that the transcription level of flavonoid biosynthesis genes was influenced by drought stress and differed significantly between the two cultivars under drought stress.



Gene Expression and Metabolite Accumulation in the Flavonoid Biosynthesis Pathway

On the basis of the flavonoid biosynthetic pathway reported in model plants, we constructed a pathway diagram showing the expression of structural genes and the contents of flavonoids in ZBLs. In total, 30 structural genes and 9 classes of flavonoids were mapped to the pathway (Figure 5). Seven structural genes (3 ZbPALs, 2 ZbC4Hs, and 2 Zb4CLs) participated in the phenylpropanoid pathway, and 23 structural genes (2 ZbCHSs, 2 ZbCHIs, 1 ZbIFS, 2 ZbF3Hs, 1 ZbFNS, 3 ZbFLSs, 2 ZbDFRs, 3 ZbF3′Hs, 3 ZbF3′5′Hs, 1 ZbANS, and 3 ZbLARs) participated in the flavonoid pathway.
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FIGURE 5. Flavonoid biosynthesis pathway in ZBLs from two cultivars under drought stress. Gene expression is displayed in heatmaps based on the mean FPKM of three biological replicates; blue indicates low expression, and pink represents high expression. Flavonoid content is shown in heatmaps based on the abundance in the metabolite profile. Flavonoids with high abundance are indicated in red, and those with low abundance are indicated in green. PAL, phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumaroyl CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3 β-hydroxylase; DFR, dihydroflavonol-4-reducatse; FLS, flavonol synthase; FNS, flavone synthase; LAR, leucoanthocyanidin reductase; ANS, anthocyanidin synthase; ANR, anthocyanidin reductase.


Naringenin chalcone is synthesized from phenylalanine through the phenylpropanoid pathway, in which PAL, C4H, 4CL, and CHS are the key rate-limiting enzymes. It is then transformed into naringenin by CHI. The higher expression levels of two ZbCHSs and two ZbCHIs in HJ than in FJ could explain its greater content of naringenin chalcone and naringenin. Naringenin, a core metabolite of the flavonoid pathway, can be transformed into dihydroisoflavones by IFS, flavones and flavone carbonosides by FNS, and dihydrokaempferol by F3H. Dihydrokaempferol can be transformed into flavonols by FLS and into anthocyanins and flavanols by F3′H, DFR, F3′5′H, and special enzymes (ANS for anthocyanins, LAR for flavanols). The higher content of dihydroisoflavones, flavonols, and anthocyanins and the lower content of flavanols in FJ were consistent with the expression levels of the corresponding enzyme genes. However, the higher content of flavones and flavone carbonosides was accompanied by a lower expression level of ZbFNS in FJ than in HJ.



Integrative Analysis of DAMs and DEGs in Response to Drought Stress

DEGs and DAMs in H1 vs. H4 and F1 vs. F4 with Pearson's correlation coefficients (PCCs) > 0.8 were used to generate nine-quadrant diagrams (Figures 6A,B). In the diagram, genes and metabolites with no difference are located in quadrant 5; genes and metabolites with a positive correlation are located in quadrants 3 and 7, and those with a negative correlation are located in quadrants 1 and 9. Up-regulated metabolites coupled with unchanged genes are located in quadrant 2, unchanged metabolites coupled with down-regulated genes are located in quadrant 4, and unchanged metabolites coupled with up-regulated genes are located in quadrant 6. Finally, down-regulated metabolites coupled with unchanged genes are located in quadrant 8. Most DEGs were found in quadrant 2 in F1 vs. F4 (5013), and most DEGs were found in quadrant 6 in H1 vs. H4 (4913) (Figures 6C,D). However, most DAMs were found in quadrant 4 in both groups (319 DAMs for F1 vs. F4; 387 DAMs for H1 vs. H4). Notably, the DAMs in quadrants 3 and 7 were possibly regulated by the corresponding genes. In F1 vs. F4, 1831 DEGs and 76 DAMs were up-regulated in quadrant 3, and 2197 DEGs and 45 DAMs were down-regulated in quadrant 7. In H1 and H4, 1321 DEGs and 58 DAMs were up-regulated in quadrant 3, and 1875 DEGs and 29 DAMs were down-regulated in quadrant 7. With respect to flavonoids in F1 vs. F4, four individual flavonoids (hesperetin-7-O-(6″-malonyl)glucoside, syringetin, apigenin-6-C-rhamnoside, and kaempferol-3-O-arabinoside) were identified in quadrant 3, and one individual flavonoid, tricetin, was identified in quadrant 7. In H1 vs. H4, one individual flavonoid, dihydroquercetin, was identified in quadrant 3, and seven flavonoids were identified in quadrant 7 (butin, persicogenin, eriodictyol-7-O-(6″-O-galloyl)-glucoside, cyanidin-3-O-glucoside, cyanidin-3-O-rutinoside, cyanidin-3-O-(2″-O-glucosyl) glucoside, and tricetin) (Figure 6E). Among these, tricetin was present in quadrant 7 in both FJ and HJ. We performed KEGG enrichment analysis of the DEGs in quadrants 3 and 7 and found that nine DEGs were enriched in the flavonoid synthesis pathway (4 up-regulated and 5 down-regulated) in F1 vs. F4 (Supplementary Figure 6A), and six DEGs were enriched in the flavonoid synthesis pathway (1 up-regulated and 5 down-regulated) in H1 vs. H4 (Supplementary Figure 6B).
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FIGURE 6. Integrative analysis of DEGs and DAMs under drought stress in FJ and HJ. (A, B): Nine-quadrant diagram of DEGs and DAMs in F1 vs. F4 and H1 vs. H4, respectively. (C, D): The number of DEGs and DAMs in each quadrant in F1 vs. F4 and H1 vs. H4, respectively. (E): DAFs in quadrant 3 and quadrant 7 in FJ and HJ.




Co-expression Network Analysis Associated With Flavonoid Biosynthesis Under Drought Stress

To investigate the gene regulatory network of flavonoid synthesis in ZBLs, WGCNA was performed using 4426 filtered DEGs (with FPKM > 1). These DEGs were clustered into eight modules labeled with different colors (Figures 7A,B, Supplementary Figure 7A), and each module contained DEGs with similar expression patterns. The cluster heatmap of traits highlighted the DAFs that differed significantly between the two cultivars: the contents of charcone, flavanones, and flavanols were higher in HJ, and the contents of dihydroisoflavones, anthocyanins, flavones, flavonols, and flavonoid carbonosides were higher in FJ. However, there was no significant difference in dihydroflavonol content between the two cultivars (Supplementary Figure 7C). Among the eight modules, the brown module with the most DEGs (1130) and the most TFs (66) had the highest correlation with most dihydroisoflavones, anthocyanins, flavones, flavonols, and flavonoid carbonosides (r > 0.9, p < 0.001) (Figure 7C). The relationship between the module and gene significance (r = 0.97, p < e−200) suggested that the members of the brown module were well representative (Supplementary Figure 7B). In addition, the greenyellow module was positively correlated with the contents of chalcones (r = 0.61, p = 0.001) and flavanones (r = 0.64, p < 0.001), and the black module was positively correlated with flavanol contents (r = 0.061, p = 0.002). However, no modules were positively correlated with dihydroflavonol contents (r > 0.6).


[image: Figure 7]
FIGURE 7. Weighted gene co-expression network analysis of DEGs related to flavonoid content under drought stress. (A): Network heatmap. (B): Cluster dendrogram. (C): Module-trait relationship heat map. Blue indicates low correlation, and red indicates high correlation. (D): Eigengene expression profile for the brown module in different samples. The heat map above shows the expression profiles of all co-expressed genes in the brown module. The bar graph below shows the common expression patterns of co-expressed genes. (E): Co-expression network between flavonoid contents and flavonoid-related gene expression.


The DEGs in the brown module were selected for further study. Heat map analysis based on FPKM values showed that all these DEGs were up-regulated under drought stress, but their expression levels were higher in FJ than in HJ (Figure 7D). GO analysis of the brown module showed that its DEGs were significantly enriched in metabolic process in the biological process category and binding and catalytic activity in the molecular function category (Supplementary Figure 7A). KEGG enrichment analysis revealed that the ribosome and flavonoid biosynthesis pathways were most strongly enriched in the brown module genes (Supplementary Figure 7B).

A Cytoscape representation of genes with edge weight > 0.5 and five classes of flavonoids indicated that genes in the brown module were highly positively connected to flavonoid contents (Figure 7E). In the interaction network diagram, the outer layer consisted of 17 TF genes (3 bHLHs, 2 Bzips, 2 C2H2s, 1 C3H, 1 HB-BELL, 1 HB-HD-ZIP, 1 LIM, 1 MYB, 1 NF-YB, 1 RB, 1 TCP, 1 Trihilix, and 2 WRKYs), which were identified based on their orthologs in Arabidopsis and Citrus (Supplementary Figure 7C). In the middle of the network diagram, eight flavonoid synthesis genes were identified (ZbANR [EVM0027590], ZbF3'5'H [EVM008863], 2 ZbHSTs [EVM0095288, EVM0093603], ZbCHI [EVM0070967], 2 ZbCHSs [EVM0001110, EVM0064391], and ZbFLS [EVM0059890]). The TF genes and eight structural genes showed the highest node connectivity with the five classes of flavonoids, which were located at the center of the network diagram.

By the same method, one gene associated with flavonoid synthesis (EVM0070192), one gene associated with phenylpropanoid biosynthesis (EVM0046095), and one ZbbHLH gene (EVM0089951) were identified in the black module. Likewise, one structural gene associated with phenylpropanoid biosynthesis (EVM0083091), one ZbbHLH gene (EVM0090556), and one ZbMYB gene (EVM0039353) were identified in the greenyellow module.

To validate the expression patterns of these flavonoid-related genes, four hub structural genes and four hub TF genes from the WGCNA co-expression network were selected for qRT-PCR (Figure 8). Their relative expression levels in qRT-PCR were consistent with their FPKM values in the transcriptomic data, confirming the accuracy of the transcriptome data and repeatability of the expression patterns.
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FIGURE 8. (A–H) qRT-PCR validation of the expression patterns of candidate genes that participated in the regulation of flavonoid content in FJ and HJ leaves. The bar graphs present the results of the qRT-PCR, and the line graphs present the RNA-seq results. The scale on the left axis represents the relative expression level and the scale on the right axis represents the FPKM value. Data are means ± SD of three biological replicates.





DISCUSSION

ZBLs are popular among Chinese consumers as vegetables or food additives because of their high nutritional value and unique flavor. Flavonoids are a main secondary metabolite of ZBLs, and this has been verified in previous research. In addition, flavonoids are known to function as reductants in the plant's antioxidant system during abiotic stress, especially drought stress. In our research, widely targeted metabolite profiles were combined with transcriptome data to explore flavonoid accumulation and its underlying molecular regulation in ZBLs under drought stress.


Flavonoid Components in ZBLs and the Effects of Drought Stress on Flavonoids

Several studies have investigated the flavonoid components of ZBLs, and increasing numbers of flavonoid components have been identified by LC-MC (13). However, the number of identified flavonoid components in ZBLs remains quite limited. Widely targeted metabolomics is a new method that has been widely applied in food research (17, 20). To the best of our knowledge, the present study is the first widely targeted metabolomic analysis of ZBLs. The results showed that there were 231 flavonoid components in the ZBLs, and these were divided into nine classes: chalcones, flavanones, dihydroisoflavones, dihydroflavonols, anthocyanins, flavones, flavonols, flavanols, and flavonoid carbonosides (Supplementary Table 2, Figure 2A). We suspect that the diversity of flavonoids may be responsible for the various biological functions of ZBLs. Flavonols and flavones accounted for 77.9 and 86.1% of the total flavonoids in FJ and HJ (Figure 1C), indicating that they are the major flavonoid classes in ZBLs.

Flavonoid carbonosides, also called flavonoid glycosides, are a stable form of flavonoids in which sugar groups are bound to an aglycone carbon; they are vital phytochemicals in the human diet and are of great interest in human medicine (21). Vitexin and isovitexin have been reported to be active components of many traditional Chinese medicines and have a wide range of pharmacological effects, including anti-inflammatory (22), antioxidant (23) and anti-AD (AD, Alzheimer's disease) properties (24). In our research, 10 flavonoid carbonoside components were identified in leaves of FJ and HJ; isovitexin and vitexin were the most abundant flavonoid carbonosides in FJ but not in HJ. Moreover, the proportion of flavonoid carbonosides was 10.4% in FJ, higher than that in HJ (0.5%) (Figure 1C), and total flavonoids were also higher in FJ than in HJ (Figure 1B). Thus, we suspect that the leaves of FJ may have greater nutrition value for the human body and more potential for functional food production.

Flavanols are the 3-hydroxy derivatives of flavanones (25). Flavanols can be readily absorbed by the human body and are the major polyphenol antioxidants in green tea (6) and red wine (26). Preclinical studies showed that a high-flavanol dietary supplement improved cerebral blood flow and mitochondrial function, and enhanced activity in brain regions (27). In this paper, flavanols, with catechin and epicatechin as the major components, were present at higher levels in HJ (Figure 1C). Therefore, we inferred that the ZBLs of HJ may have greater potential for the development of natural functional beverages such as green tea and oral liquid.

Drought stress is a major environmental challenge for crops and influences their quality and yield, especially in water-deficit areas. Flavonoids, as stress-responsive metabolites, could alleviate the oxidative injury of abiotic stress by reducing various forms of reactive oxygen species ROS (28). Thus, plant flavonoid accumulation is generally influenced by drought stress, as demonstrated in Bupleurum chinense DC (29), Camellia sinensis (30) and rice (31). In our research, total flavonoid content increased continuously during drought stress in FJ, with elevated levels of flavanols, flavonols, flavones, and flavonoid carbonosides (Figure 1B). This result suggests that drought stress induces the accumulation of ROS in FJ plants, promoting the subsequent accumulation of flavonoids to protect the plant cell from oxidative injury. By contrast, the total flavonoid content declined under drought stress in HJ. In drought-tolerant plants, a strong ROS-scavenging system is activated under drought stress. It includes oxidative enzymes, such as peroxidase (POD), catalase (CAT), and superoxide dismutase (SOD), as well as osmoprotective substances such as soluble sugars and proline (32). As a drought-tolerant cultivar, HJ may have reduced the accumulation of ROS by strengthening the antioxidant system, and consequently, lower ROS levels obviated the need to activate flavonoid biosynthesis. Energy and reducing power are required for gene transcription and translation. In addition, the precursors of flavonoid biosynthesis may also participate in other pathways. Therefore, we speculate that the competition for energy and precursors by the strengthened ROS-scavenging system may have reduced the efficiency of flavonoid accumulation, leading to reduced flavonoid levels in HJ. Consistently, under salt stress, more carbon was allocated to flavonoids in the salt-sensitive Myrtus communis than in the salt-tolerant Pistacia lentiscu (33). Besides, tricetin was significantly downregulated with many related genes enriched in flavonoids biosynthesis in both FJ and HJ under drought stress (Figure 6), suggesting tricetin was the common flavonoid suffering damage from drought stress. A role for tricetin in drought resistance has seldom been reported. However, tricetin can be transformed into tricin by O-methyltransferases (34). Tricin accumulated under drought stress and played an important role in protecting the plant cell against abiotic stresses (35). Thus, we supposed that the reduced tricetin in ZBLs may contribute to increased accumulation of tricin in response to drought stress. Interestingly, tricin-7-O-Glucoside, one of the tricin derivatives, increased in both FJ and HJ and is negatively correlated with tricetin variation, which could support our hypothesis.



Gene Regulation Underlying Flavonoid Accumulation in ZBLs Under Drought Stress

Under environmental stresses, plant cells initiate gene expression programs at the transcriptional level, which regulate metabolite accumulation to adapt to the new conditions (36). Detailed gene expression profiles from transcriptomes can help to identify pivotal genes in targeted pathways. Here, transcriptome data revealed the molecular mechanisms underlying flavonoid content in ZBLs under drought stress. GO annotation analyses identified biological process, molecular function, and cellular component terms that were enriched under drought stress (Figure 4A), suggesting that drought stress influenced the transcription level and modulated the accumulation and transport of primary and secondary metabolites. KEGG enrichment analysis suggested that drought stress induced significant variation in the expression of genes from the flavonoid biosynthesis pathway in both cultivars (Figures 4B–D), suggesting that flavonoid variation under drought stress in ZBLs results from regulation at the molecular level.

The flavonoid biosynthetic pathway has been clearly delineated in some model plants (9, 10). Although Sun et al. (2) tentatively explored the flavonoid pathway in ZBLs, the pathway was restricted to six flavonoid components, and genes encoding F3′5′H were absent in flavonoid biosynthetic pathway in ZBLs. Here, 231 flavonoids and their related genes were used to construct the biosynthetic pathway, and 58 structural genes were identified using the NR database, including 3 ZbF3′5′Hs (Figure 5). Thus, our research supplements previous work on the flavonoid biosynthetic pathway in ZBLs. As reported previously, the overexpression of AgFNS increased the content of apigenin, a natural flavone, in celery (37), and the overexpression of MnFNS promoted flavone accumulation in tobacco leaves (38). However, we observed higher expression of ZbFNS but lower flavone content in HJ than in FJ in this research. Flavone biosynthesis may be post-translationally regulated, or the regulated FNS structural gene may not have been identified in our transcriptome data.

In the present research, the DEGs were divided into eight modules according to the similarity of their expression patterns using WGCNA (Figure 7). The brown module was most correlated with five flavonoid classes (dihydroisoflavones, anthocyanins, flavones, flavonols, and flavonoid carbonosides), indicating that candidate genes involved in the regulation of flavonoid accumulation were present in the brown module. Furthermore, the co-expression network contained five structural genes that were highly correlated with these flavonoids: ZbF3'5'H (EVM008863), ZbCHI (EVM0070967), ZbCHS (EVM0001110, EVM0064391), and ZbFLS (EVM0059890). Likewise, one structural gene (EVM0083091) was identified in the greenyellow module and two (EVM0070192, EVM0046095) in the black module. Hence, these eight hub genes were considered to be the major genes that influenced flavonoid biosynthesis in ZBLs under drought stress. Environmental factors can regulate gene expression by influencing TFs, which bind specifically to their target gene promoters (39). The MWD complex is considered to be an important regulator of gene expression in the flavonoid pathway (12). For instance, VvMYBPA2 activates the promoters of VvANR and VvLAR1, thereby promoting proanthocyanidin biosynthesis in grapevine (40). In this study, three ZbbHLHs (EVM0082914, EVM0008265, EVM0094367) and one ZbMYB (EVM0069990) were identified as highly related to structural genes and five classes of flavonoids based on WGCNA. For chalcones and flavanones, one ZbbHLH (EVM0090556) and one ZbMYB (EVM0039353) were identified; for flavanols, one ZbbHLH (EVM0089951) was identified. Consequently, these seven TF genes were considered to be important in regulating the flavonoid content of ZBLs. Although qRT-PCR results showed good consistency with transcriptome data (Figure 8), future work is required to determine the function of these genes in flavonoid biosynthesis.




CONCLUSIONS

This study represents the first integration of widely targeted metabolomic data with transcriptome data from ZBLs. In total, 231 flavonoids were identified from ZBLs, including 7 chalcones, 19 flavanones, 2 dihydroisoflavones, 10 dihydroflavonols, 3 anthocyanins, 91 flavones, 80 flavonols, 10 flavonoid carbonosides, and 9 flavanols. Flavonols and flavones were the most abundant flavonoids. The total flavonoid content increased in FJ but decreased in HJ under drought stress. In addition, our results suggested that FJ leaves were more suitable for functional food and medicine, whereas HJ leaves were more suitable for producing green tea and oral liquid. Nine-quadrant analysis identified five and eight differentially flavonoids in FJ and HJ leaves. Furthermore, eight candidate structural genes and seven TF genes that regulated flavonoid biosynthesis in ZBLs were identified using WGCNA. qRT-PCR results for eight candidate genes were consistent with the transcriptome data, verifying the accuracy of the transcriptome sequencing and the reliability of the candidate genes. In total, our research revealed the flavonoid compositions of ZBLs and shed light on the molecular regulation of flavonoid accumulation under drought stress. These results will improve the knowledge of nutrition value in ZBLs and provide a basis for the development and utilization of ZBLs in the food and nutrition industry.
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Yellow roots are of higher nutritional quality and better appearance than white roots in cassava, a crucial tropical and subtropical root crop. In this work, two varieties with yellow and white cassava roots were selected to explore the mechanisms of color formation by using comparative metabolome and transcriptome analyses during seven developmental stages. Compared with the white-rooted cassava, anthocyanins, catechin derivatives, coumarin derivatives, and phenolic acids accumulated at higher levels in yellow-rooted cassava. Anthocyanins were particularly enriched and displayed different accumulation patterns during tuberous root development. This was confirmed by metabolic comparisons between five yellow-rooted and five white-rooted cassava accessions. The integrative metabolomic and transcriptomic analysis further revealed a coordinate regulation of 16 metabolites and 11 co-expression genes participating in anthocyanin biosynthesis, suggesting a vital role of anthocyanin biosynthesis in yellow pigmentation in cassava tuberous roots. In addition, two transcriptional factors, i.e., MeMYB5 and MeMYB42, were also identified to co-express with these anthocyanin biosynthesis genes. These findings expand our knowledge on the role of anthocyanin biosynthesis in cassava root color formation, and offer useful information for the genetic breeding of yellow-rooted cassava in the future.
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INTRODUCTION

Cassava (Manihot esculenta) is one of the highly used tropical and subtropical root crops, providing staple food for more than 800 million people worldwide (1). Cassava tuberous roots are high in starch but very low in protein, micronutrients, and bioactive compounds such as carotenoids and anthocyanins (2, 3). Cassava is typically white rooted, although a few yellow landraces have been reported in Amazonia, Brazil (4). Compared with white cassava roots, yellow cassava roots usually have higher levels of carotenoid contents (2, 5), flavanones, anthocyanins, and proanthocyanidins (6). In addition to the higher nutritional values, yellow cassava roots are also gaining popularity among consumers for their striking color compared to the white cassava roots (7). To date, the molecular mechanisms of color formation in cassava tuberous roots remain elusive, which greatly limits its breeding for higher nutritional contents.

Many studies have been conducted to investigate the color formation of yellow cassava roots. For instance, Carvalho et al. (5) characterized carotenoid profiles in 23 landraces of cassava tuberous roots with white-to-yellow-to-pink color. They established potential links of low transcript abundance of LCYb and HYb to the pink and yellow landraces, respectively. Similarly, Olayide et al. (8) found that carotenoid biosynthesis genes were expressed in both yellow and white cassava roots. Still, only lycopene-ε-cyclase (LCYε), phytoene synthase 2 (PSY2), and β-carotenoid hydroxylase (CHYβ) showed higher expression in yellow roots. Welsch et al. (2) revealed that a single nucleotide polymorphism in PSY2 resulted in the accumulation of provitamin A carotenoids and induced yellow color to the cassava roots. Beyene et al. (9) enhanced β-carotene contents in cassava tuberous roots by co-expression of transgenes for deoxy-D-xylulose-5-phosphate synthase (DXS) and bacterial phytoene synthase (crtB). This resulted in color change of the cassava tuberous roots from white to yellow. These studies mainly focused on the carotenoid pathways; however, the carotenoid contents were not always higher in yellow cassava roots than white cassava roots (5), indicating that other pigments may also influence the coloring of yellow cassava roots.

Anthocyanins are well-known water-soluble phenolic pigments that color the fruits and flowers of many plants (10, 11). These pigments are present in vacuoles, and their hue and stability are usually influenced by intravacuolar environments, including pH, co-pigmentation, and complex formation with metal ions (11). In addition to the red, blue, and purple color formation, anthocyanins are reported to participate in color formation of yellow flowers in Herbaceous peony (12) and yellow peel in several fruits (13, 14). Similarly, in cassava, the anthocyanins and proanthocyanidins were more accumulated in yellow tuberous roots than white tuberous roots. Moreover, the expression of several anthocyanin biosynthesis genes, including CHI, F3′5′H, F3H, and DFR, was up-regulated in yellow cassava roots than white cassava roots (6). These results suggested that anthocyanins might also participate in the color formation of yellow cassava roots; however, the underlying key genes and regulatory networks remain unknown.

Due to the advantage of multi-omics in explaining complex biological problems, the integrated metabolomic and transcriptomic analyses have been widely applied to identify crucial genes and pathways controlling pigment accumulation in plants. For example, combined metabolome and transcriptome analyses were performed in pepper and asparagus cultivars, respectively, to demonstrate the roles of carotenoid and anthocyanin biosynthesis genes in color formation (15, 16). Similarly, the mechanisms underlying peel and pulp color formation were unveiled in pitaya fruit by an integrated transcriptome and metabolome approach, providing several candidate genes and metabolites for further functional characterization (13). In addition, network analysis of the metabolomic and transcriptomic profiles has been demonstrated as a powerful approach to uncover novel genes and regulatory pathways in potato pigmentation (17). However, no multi-omics studies have been conducted to determine the color formation in cassava tuberous roots, although there have been reports on drought response, root development, and nutritional properties (6, 18, 19).

In this work, comparative transcriptome and metabolome analyses were performed in seven developmental stages of SC205 (white-rooted cassava) and SC9 (yellow-rooted cassava), respectively, to explore the mechanisms of color formation in cassava tuberous roots. The findings will provide novel insights of anthocyanin biosynthesis on color formation in cassava tuberous roots and offer useful information for the genetic breeding of yellow-rooted cassava.



MATERIALS AND METHODS


Plant Materials and Sample Collection

Two cassava varieties, i.e., SC9 and SC205, which have yellow and white tuberous roots, respectively, were used in this study. Cassava stems were sectioned with a length of about 15 cm each and planted in the Chinese Academy of Tropical Agricultural Sciences experimental farm under normal field conditions at Danzhou, China. As described previously (18), seven experimental blocks were designed. Each block consisted of four rows, and each row was planted with seven individual plants, which were regarded as different biological replicates. The typical roots of five plants cultivated in the middle of each row were sampled at ∼9 am, respectively, at a total of seven developmental stages (S1-S7) including 100, 140, 180, 220, 260, 300, and 340 days after planting. These time points roughly represented three critical stages of early (S1-S3), middle (S4), and late (S5-S7) during cassava production (20). Only one main root was collected for each plant. Each root was dissected into pieces of ∼3 mm thick from the middle, and then 5–6 pieces were immediately frozen in liquid nitrogen and stored at −80°C until analyzed.



Metabolome Analysis

The untargeted metabolic experiments were performed at the Wuhan Metware Biotechnology Co., Ltd., as previously described (18, 21). Briefly, 100 mg powder was weighed and added to 1.2 ml 70% aqueous methanol for overnight extraction at 4°C. After centrifugation for 10 min at 10,000 g, the extracted solution was absorbed and filtrated. The quality control samples were prepared by mixing equal volumes of sample extracts and analyzed every 10 samples to monitor the repeatability. An ultra-performance liquid chromatography (UPLC) system (Shim-pack UFLC SHIMADZU CBM30A) and an MS/MS system (Applied Biosystems 6500 Q TRAP) were used to analyze the sample extracts under following conditions: UPLC column, Waters ACQUITY UPLC HSS T3 C18 (1.8 μm, 0.21 cm × 10 cm). The mobile phase consisted of pure water with 0.04% acetic acid as eluent A and acetonitrile with 0.04% acetic acid as eluent B. Sample measurement was executed with a gradient program employing the initial conditions of 95% A and 5% B. A linear gradient to 5% A and 95% B was programmed within 10 min, and the composition of 5% A and 95% B was maintained for 1 min. Subsequently, a composition of 95% A and 5% B was adjusted within 0.1 min and maintained for 2.9 min. The injection volume was fixed to 2 μL, and the column temperature was controlled at 40°C. The effluents were alternatively connected to electrospray ionization (ESI)-triple quadrupole-linear ion trap (Q TRAP)-MS.

The acquisitions of linear ion trap (LIT) and triple quadrupole (QQQ) scans were executed on a triple quadrupole-linear ion trap MS API 6500 Q TRAP LC/MS/MS system, equipped with a Turbo Ion-Spray interface (operating in positive ion mode and negative ion mode) and controlled by Analyst 1.6.3 software (AB Sciex). The ESI source operation parameters were following: ion source, turbo spray; source temperature, 550°C; ion spray voltage, 5,500 V for positive ion mode and −4,500 V for negative ion mode; ion source gas I, gas II, and curtain gas were set at 50, 60, and 30 psi, respectively; the collision gas was high. Instrument tuning and mass calibration were analyzed in QQQ and LIT modes using 10 and 100 μmol/L polypropylene glycol solutions, respectively. The acquisition of QQQ scan was executed during MRM experiment with collision gas (nitrogen) at 5 psi.

Metabolites were identified and relative quantified by searching the self-built MetWare database1 constructed based on the standard materials and purified compounds and the public databases (including MassBank, KNApSAcK, HMDB, MoTo DB, and METLIN), based on the accurate precursor ion (Q1) and production (Q3) values, m/z and MSMS spectra, retention time, and fragmentation pattern. The peak area of each chromatographic peak represented the relative content of the corresponding metabolite. All identified metabolites were used to conduct principle component analysis and orthogonal partial least squares discriminate analysis, and differentially accumulated metabolites (DAMs) were identified by setting the variable importance in projection (VIP) ≥ 1 and | log2(fold-change)| ≥ 1. Each sample was performed with three biological replications.



Transcriptome Analysis

Library construction and RNA-seq sequencing were executed at the Annoroad Gene Technology Corporation (Beijing, China). In brief, total RNA was isolated from each sample to construct transcriptome libraries using Illumina TruSeq RNA sample prep Kit (Illumina, San Diego), according to the manufacturer’s instructions. RNA-seq libraries were sequenced on an Illumina Hiseq 4000 platform to generate 150 bp pair-end reads. Each sample was performed with three biological replicates.

As previously described (22, 23), sequence quality was checked by FastQC software2. Sequencing adaptors and low-quality bases were filtered by FASTX-toolkit3. Clean reads were mapped to the cassava reference genome (version 6.1) by HISAT2 v2.1.0 (24) with default parameters and then assembled by Stringtie v1.3.4 (24) with reference genome-based strategy. Differentially expressed genes (DEGs) were identified by DESeq2 (25) setting false discovery rate < 0.05 and log2 | fold-change| > 1. Gene expression was measured in fragments per kilobase per million mapped reads (FPKM).



Metabolomic and Transcriptomic Integrative Analysis

The levels of metabolites and genes were log2-transformed for metabolomic and transcriptomic integrative analysis. The abundance patterns of metabolites and genes were determined by the standard procedure of WGCNA (26) based on the Pearson correlation coefficient and then visualized by R package “pheatmap.” Cassava genes were classified into distinct hierarchical categories using the MapMan annotation system (27) for their biological function interpretation. The significantly enriched categories were identified by Fisher’s exact test as previously reported (22, 23). WGCNA was also applied to identify the association between genes and metabolites, while Cytoscape software (28) was used for network visualization.



qRT-PCR Analysis

The qRT-PCR experiments were executed as previously described (19) to verify the expression of RNA-seq. Total RNA was isolated using RNAiso reagent (OMEGA), and then reversely transcribed to obtain cDNA using PrimeScript RT reagent Kit with gDNA Eraser (Takara, Dalian, China). Eleven genes related to anthocyanin biosynthesis were selected and analyzed by qRT-PCR. The primers were listed in Supplementary Table 1.

The qRT-PCR was executed on a Stratagene Mx3000P machine (Stratagene, CA, United States) using SYBR Premix Ex Taq (Takara, Dalian, China) with the following processes: 30 s at 95°C, then 40 cycles of 10 s at 95°C and 30 s at 60°C. A thermal denaturing step was executed to produce the melt curves for verification of amplification specificity. The cassava actin gene was used as an internal control (19). Each sample was measured in triplicates, and the relative gene expression was calculated by the 2–ΔΔCt method (23).




RESULTS


Metabolomic Profiling of Cassava Tuberous Roots With Different Colors Across the Developmental Stages

In total, 488 metabolic compounds were identified and quantified in tuberous roots of SC9 and SC205 across seven developmental stages (S1-S7, Figure 1A). These metabolites were divided into fifteen categories with the three most abundant were flavones (108), amino acid derivatives (60), and lipids (56). Principle component analysis revealed that tuberous root samples of SC9 and SC205 were separated while different replicates were closely grouped (Figure 1B), indicating high reliability of our metabolomic data and a significant impact of metabolites on the color of tuberous roots.


[image: image]

FIGURE 1. Overview of tuberous roots of SC9 and SC205. (A) Phenotypes of SC9 and SC205 tuberous roots collected at seven developmental stages from 100–340 days after planting: S1, 100; S2, 140; S3, 180; S4, 220; S5, 260; S6, 300; and S7, 340. The scale bar equals 2 cm. (B,C) Clustering of tuberous root samples based on the metabolite levels and gene expression profiles, respectively. The symbols with the same color represent different replicates of a sample.


A total of 335 differentially accumulated metabolites (DAMs) were identified by metabolomic comparisons between SC9 and SC205 at seven developmental stages, respectively (Supplementary Table 2). Most metabolites were higher accumulated in SC9 compared with SC205 from S1 to S6, while this trend was reversed at S7 (Figure 2A). On average, the categories with most DAMs were flavones (22.84%) and lipids (12.27%), followed by amino acid derivatives (8.69%), organic acids (8.10%), hydroxycinnamoyl derivatives (7.2%), phenolic acids (6.32%), nucleotide and its derivatives (5.23%), catechin derivatives (4.79%), coumarin and its derivatives (3.60%), and anthocyanins (3.57%). However, their frequencies varied slightly across different developmental stages (Figure 2B).
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FIGURE 2. Differentially accumulated metabolites between SC9 and SC205 during tuberous root development. (A) Number of all abundance-increased and abundance-decreased DAMs, which showed higher and lower metabolite levels in SC9 than SC205, respectively. (B) Category frequency of all DAMs. (C–H) Number of abundance-increased and abundance-decreased DAMs relevant to anthocyanins, catechin derivatives, coumarin derivatives, phenolic acids, hydroxycinnamoyl derivatives, and flavones, respectively.


The metabolomic changes in each category were also observed. Notably, anthocyanin-related DAMs were increased in SC9 than SC205 across all the developmental stages (Figure 2C). Likely, most DAMs related to catechin derivatives, coumarin and its derivatives, phenolic acids, and hydroxycinnamoyl derivatives were higher accumulated in SC9 than SC205 at different stages (Figures 2D–G). In addition, most flavone-related DAMs were also increased in SC9 compared with SC205 from stage S1 to S3; however, this trend was not apparent during the remaining developmental stages (Figure 2H). Together, these results revealed a comprehensive change of metabolites between yellow and white cassava roots across different developmental stages.



Developmental Effects on Metabolites in Cassava Tuberous Roots With Different Colors

A total of five groups (M1-M5) of metabolites were identified according to their profiles in SC205 and SC9 across seven different development stages (Figure 3A and Supplementary Table 2).


[image: image]

FIGURE 3. Metabolite profiles of cassava tuberous roots with different colors during seven developmental stages. (A) Metabolite profiles of SC205 and SC9 during tuberous root development. A total of five groups (M1-M5) were determined. (B) Metabolite enrichment analysis of the groups presented in panel (A). (C) Changes of metabolites relevant to anthocyanins and catechin derivatives during tuberous root development. (D) DAMs identified between five white-rooted and five yellow-rooted cassava accessions at the developmental stage S7 with at least two biological replicates. The values represent the mean ± SD, and ∗∗ and ∗ represent significant differences at P < 0.01 and P < 0.05, respectively, based on the Student’s t-test.


Metabolites from M1 were gradually accumulated from S1 to S4 and then declined until S7 in SC205, while these metabolites displayed a time-shift pattern in SC9 as they were accumulated from S1 to S6 and decreased at S7 (Figure 3A). These metabolites were significantly enriched in lipids (Figure 3B). As expected, 68% (21/31) metabolites from this group belonged to diverse forms of lysophosphatidylcholine (LPC) and lysophosphatidylethanolamine (LPE).

Metabolites from M2 were highly accumulated at late stages (S3-S6) than early stages (S1-S2) in both SC205 and SC9, while there was a sharp decrease at S7 in SC9 (Figure 3A). These metabolites were significantly enriched in amino acid derivatives (Figure 3B). A total of ten amino acids, including phenylalanine, homocysteine, methionine, tyrosine, asparagines, tryptophan, isoleucine, leucine, citrulline, and arginine, were included in this group.

Metabolites from M3 and M5 exhibited very similar patterns between SC205 and SC9 during tuberous root development, although they were highly accumulated at S4-S7 and S1-S3, respectively (Figure 3A). The metabolites from M3 were significantly enriched in anthocyanins, and anthocyanin-related metabolites such as pelargonin, procyanidin B2, and procyanidin B3 were found in this group (Figure 3C). The enriched categories of M5 were lipids and flavones (Figure 3B). A large number of metabolites relevant to monoacylglycerol (MAG, 18:1, 18:2, 18:3, and 18:4), digalactosylmonoacylglycerol (DGMG, 18:1 and 18:2), and monogalactosylmonoglyceride (MGMG, 18:2) were included in this group. In addition, flavones such as naringenin, dihydroquercetin, quercetin 3-O-glucoside, quercetin 3-O-rutinoside, kaempferol 3-O-galactoside, and kaempferol 3-O-rutinoside were also included (Supplementary Table 2).

Although no obvious trends were observed for the metabolites from M4, their levels were overall higher in SC9 than SC205. The metabolites of this group were enriched in anthocyanins, catechin derivatives, and flavones (Figure 3B). Cyanin, procyanidin A1, and procyanidin A3 relevant to anthocyanins, and gallocatechin, epigallocatechin, catechin, and epicatechin related to catechin derivatives, were found in this group (Figure 3C). Collectively, these results revealed a dynamic change of metabolites in yellow and white cassava tuberous roots during different developmental stages.

We also found that anthocyanin-related metabolites were significantly higher in SC9 than SC205 (Figure 3C). Moreover, the higher levels of anthocyanins in yellow-rooted cassava were further confirmed by metabolic comparisons between five yellow-rooted and five white-rooted cassava accessions (Figure 3D). These results suggested a significant role of anthocyanin-related metabolites in the yellow pigment formation of cassava tuberous roots.



Transcriptomic Profiling of Cassava Tuberous Roots With Different Colors Across the Developmental Stages

The samples used for metabolic assay were subjected to RNA-seq analysis, to investigate the transcriptomic mechanisms underlying color formation of cassava tuberous roots. Principle component analysis showed that transcriptomic samples of SC9 and SC205 tuberous roots were well separated, whereas three replicates of the same sample were clustered (Figure 1C). In total, ∼1,086 million clean reads were obtained after removing the adaptors and low-quality reads, and 78.1% on average were mapped to the cassava reference genome. Low-expressed genes with FPKM < 1 across samples were discarded for further analysis.

Differentially expressed genes (DEGs) were identified between SC9 and SC205 at each developmental stage, and functional category enrichment was subsequently analyzed for the up-regulated and down-regulated genes, respectively (Figures 4A,B). A total of 13,537 DEGs were identified (Supplementary Table 3). Overall, the number of DEGs was higher at S4-S7 than S1-S3, indicating that more genes were required to maintain the differentiation of tuberous roots between SC9 and SC205 at late developmental stages. In addition, the number of up-regulated DEGs was higher than those down-regulated at each stage, in accord with the changes of metabolites (Figures 2A, 4A). Functional enrichment found that secondary metabolism pathways (including flavonoids, phenylpropanoids, and simple phenols) were commonly enriched in the up-regulated DEGs at S1-S2 and S4-S6, which provided a strong hint to further investigate the expression of genes involved in phenylpropanoid-flavonoid (anthocyanin biosynthesis) pathways.
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FIGURE 4. Differentially expressed genes between SC9 and SC205 during tuberous root development. (A) Number of up-regulated and down-regulated DEGs, which showed higher and lower expression levels in SC9 than SC205, respectively. (B) Functional category enrichment of the up-regulated (suffixed with “up”) and down-regulated (suffixed with “dn”) DEGs presented in panel (A). (C) Expression profiles of anthocyanin biosynthesis genes during tuberous root development.


In total, 41 genes from fourteen key enzymes participating in anthocyanin biosynthesis were found in the cassava genome (Figure 4C and Supplementary Table 4). Fifteen of them were excluded from further analysis since they were not or low expressed during the whole developmental stages. Although similar expression patterns were observed for most of the remaining genes between SC9 and SC205, their expression levels were higher in SC9 than SC205 (especially from S3 to S6), suggesting the involvement of anthocyanin biosynthesis pathways in color formation of cassava tuberous roots.

To verify the expression levels of RNA-seq data, eleven genes involved in anthocyanin biosynthesis were examined by the qRT-PCR method in SC205. The correlation coefficients ranged from 0.86 to 0.99 between these two independent methods (Supplementary Table 1), indicating the high reliability of gene expression profiles detected by RNA-seq.



Integrative Metabolomic and Transcriptomic Analysis for Anthocyanin Biosynthesis Pathways

In total, 16 metabolites involved in anthocyanin biosynthesis were identified (Figure 5A), including three flavones (naringenin, dihydroquercetin, and afzelechin), six anthocyanins (cyanin, pelargonin, procyanidin A1, procyanidin A3, procyanidin B2, and procyanidin B3), five catechin derivatives (gallocatechin, epigallocatechin, catechin, epicatechin, and epiafzelechin), one amino acid (phenylalanine), and one hydroxycinnamoyl metabolite (4-coumarate). These metabolites accumulated at higher levels in SC9 than SC205 during tuberous root development. Correspondingly, eleven co-expressed DEGs (namely MePAL1, MeC4H1, Me4CL1, MeCHS1, MeCHS2, MeCHI, MeF3H, MeF3’5’H, MeDFR1, MeANS, and MeANR) covering the whole anthocyanin biosynthesis pathways were also identified and showed higher expression levels in SC9 than SC205 during the developmental stages (Figures 5B,C and Supplementary Table 5).
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FIGURE 5. Abundance changes of metabolites and genes relevant to anthocyanin biosynthesis during tuberous root development. (A) Summary of anthocyanin biosynthesis pathways. Heatmaps are shown where the metabolite levels changed significantly between SC9 and SC205 during tuberous root development. Co-expressed anthocyanin biosynthesis genes are indicated in blue. (B) Expression fold-change of co-expressed anthocyanin biosynthesis genes between SC9 and SC205 during tuberous root development. (C) Expression correlation of anthocyanin biosynthesis genes shown in panel (B). (D) The network of co-expressed genes and metabolites relevant to anthocyanin biosynthesis. The edges were shown by setting the threshold = 0.65. Node size represents its connectivity to other genes/metabolites. Metabolites are colored by purple, while anthocyanin biosynthesis genes and transcription factors are colored by red and green, respectively.


In addition, five flavanols (including kaempferol 3-O-glucoside, kaempferol 3-O-rutinoside, kaempferol 3-O-galactoside, quercetin 3-O-glucoside, and quercetin 3-O-rutinoside) were identified. However, they accumulated at lower levels in SC9 than SC205 during tuberous root development. Flavonol synthase (FLS) is a key enzyme involved in the conversion of dihydroflavonols (e.g., dihydrokaempferol and dihydroquercetin) to the corresponding flavonols (kaempferol and quercetin). Interestingly, in accord with the metabolic changes of the above five flavanols, we found a flavonol synthase gene (MeFLS2) exhibiting lower expression levels in SC9 than SC205 (Supplementary Table 4). These results suggested that MeFLS2 was a crucial gene controlling the metabolic flows of dihydroflavonols (such as dihydrokaempferol and dihydroquercetin) toward anthocyanin biosynthesis in cassava tuberous roots.

Together, these results revealed a coordinate regulation of anthocyanin biosynthesis at the metabolomic and transcriptomic levels.



Identification of Transcriptional Factors Modulating the Expression of Anthocyanin Biosynthesis Genes

The expression levels of genes in a co-expression network are usually regulated by the same transcriptional factors (TFs). Therefore, the eleven co-expressed anthocyanin biosynthesis genes were used as queries to perform a co-expression network analysis, to identify the crucial TFs participating in anthocyanin biosynthesis.

Two MYB members (MeMYB5 and MeMYB42), whose homologs (such as VvMYB5 and AtMYB42) were previously reported to be involved in anthocyanin biosynthesis regulation (29, 30), were identified to highly co-express with eight and nine anthocyanin biosynthesis genes, respectively (Figure 5D). Moreover, MYB cis-element was found in the 2-kb promoter region of these anthocyanin biosynthesis genes (except MeC4H1, Supplementary Table 5). MeMYB5 and MeMYB42 were also co-expressed with 4-coumarate, naringenin, and dihydroquercetin, located on the anthocyanin biosynthesis pathways (Figure 5D). These results suggested that MeMYB5 and MeMYB42 were the key TFs participating in the regulation of anthocyanin biosynthesis in cassava tuberous roots.




DISCUSSION


Discovery of Candidate Genes and Pathways for the Coloring of Cassava Roots

It is well established that the yellow cassava roots have higher nutritional values and are more popular with consumers than white cassava roots (5, 7). Thus, the primary goal of our study is to explore key genes and pathways responsible for the color formation in yellow cassava roots. This is a crucial and fundamental step for the molecular breeding of cassava varieties with improved nutrition.

In the past decades, many progresses have been achieved concerning the mechanisms of yellow cassava roots. Carotenoid pathways were found as a major factor for yellow pigmentation, and several related genes were identified and functionally characterized (2, 9). However, the carotenoid contents were not always higher in yellow cassava roots than white cassava roots (5), indicating that other genes and pathways might be involved in the yellow pigment formation of cassava roots.

With the availability of cassava genome, the members derived from a gene family or involved in a biological pathway are identified (31). However, it is still hard to systematically determine the key players without an assistance of other omics approaches (e.g., transcriptome and metabolome), which define a biosystem at distinct molecular layers (32). Multi-omics studies have been performed to identify candidate genes and pathways controlling pigment accumulation in many plants (13, 15, 16). Similar studies were also performed in cassava in response to drought, cold, root development, and nutritional properties (6, 18, 19, 33). In this study, 355 DAMs and 13,537 DEGs were reported by comparative transcriptomic and metabolomic analyses during cassava tuberous root development between SC9 and SC205 (Supplementary Tables 2, 3). Integrated transcriptome and metabolome analyses helped in the exploration of anthocyanin metabolic pathways, since many genes and metabolites referred to the anthocyanin biosynthesis showed a coordinated change between yellow cassava roots and white cassava roots (Figure 5A). In addition, MeFLS2 was determined as a vital gene controlling the metabolic flows of dihydroflavonols to the direction of anthocyanin biosynthesis in cassava roots (Figure 5A), in accordance with the roles of MlFLS in competition between anthocyanin and flavonol biosynthesis (34). By co-expression network analysis, MeMYB5 and MeMYB42 were identified as the key TFs to transcriptionally regulate anthocyanin biosynthesis genes in cassava (Figure 5D). These results expand our knowledge on yellow pigmentation formation in cassava tuberous roots and also suggest that multi-omics integrative analysis is a promising tool for discovering candidate genes and pathways especially with the availability of genome sequences.



Roles of Carotenoid Synthesis Genes in the Coloring of Cassava Tuberous Roots

Carotenoid synthesis genes have been demonstrated to involve in the color formation of cassava roots (2, 5, 8). However, the full members referred to carotenoid synthesis pathways have not yet been systematically identified and their roles in color formation remain largely unknown.

In this work, 23 genes were found from eleven gene families located on the carotenoid synthesis pathways in the cassava genome (Figure 6A and Supplementary Table 6). Three genes, including MePSY3, MeZDS2, and MeZEP2, were extremely low expressed (FPKM < 0.1) during seven stages of tuberous root development in SC205 and SC9, indicating a minimal role of these genes in cassava tuberous roots. According to their different expression patterns, the remaining 20 genes were grouped into three clusters (C1-C3, Figure 6B). The genes from cluster C1 expressed higher in SC205 than SC9, especially during S4 to S7 stages. It seems that the genes in this cluster were not relevant to the yellow formation of cassava tuberous roots; however, a previously suggested candidate gene MeLCYE was included in this group (8). The genes from cluster C2 exhibited similar expression patterns between SC205 and SC9, i.e., the expression levels were higher at stages S1 and S2 but lower at S3 to S7. Notably, MeLCYB1 from this group expressed lower in SC205 than SC9 in most of the developmental stages, supporting a possible role of this gene in the color formation of cassava roots (5).
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FIGURE 6. Expression changes of carotenoid biosynthesis genes during tuberous root development. (A) Summary of carotenoid biosynthesis pathways, in which the genes are highlighted in blue. (B) Expression profiles of carotenoid biosynthesis genes between SC9 and SC205 during tuberous root development. (C) Expression fold-change of carotenoid biosynthesis genes between SC9 and SC205 during tuberous root development. The genes suffixed with a star (∗) are up-regulated in SC9 than SC205 during most developmental stages and may participate in the yellow formation of cassava tuberous roots.


A total of six genes, including MePSY2, MeCRTISO2, MeLCYB2, MeCHYB3, MeZEP1, and MeNXS, were included in cluster C3. These genes covered most enzymes responsible for the carotenoid biosynthesis and expressed lower in SC205 than SC9 during cassava tuberous root development, with MeLCYB2 and MeNXS being the most significantly changed genes (Figure 6C). These two genes exhibited significantly higher expression levels in yellow cassava roots than white cassava roots (5). In addition, their homologs have also been characterized in color formation in watermelon and Chinese kale (35, 36), indicating a similar role of these two genes in cassava roots. A key gene MePSY2, which was responsible for cassava roots with yellow color by provitamin A accumulation (2), was included in this group. Another carotenoid synthesis gene MeCRTISO2, which expressed higher in yellow cassava roots than white cassava roots (5), was also included. Moreover, positive correlations were observed between the total carotenoid content and the expression of MeLCYB2 and MePSY2, respectively (5, 8). Together, these results strongly suggested that the six genes in cluster C3 might participate in the yellow pigment formation of cassava tuberous roots via carotenoid synthesis.



Roles of Anthocyanin Biosynthesis Genes in Color Formation of Cassava Tuberous Roots

Anthocyanins are water-soluble pigments responsible for coloring plant flowers and fruits (10, 11). To date, anthocyanin biosynthesis genes and pathways have been demonstrated to play an important role in color formation in pepper (16), cucumber (14), asparaguses (15), jujube fruit (37, 38), cowpea (39), potato (40, 41), tea (42), longan (43), and pitaya (13). In cassava, Xiao et al. (6) found that anthocyanins and proanthocyanidins were significantly lower in white cassava roots than yellow cassava roots. Although several anthocyanin biosynthesis genes were uncovered in response to stresses and leaf and root development in cassava (18, 19, 22), the changes of anthocyanins and proanthocyanidins during cassava root development as well as the related key genes and regulatory networks remain largely unknown.

In this work, six metabolites referred to anthocyanins and proanthocyanidins were higher accumulated in yellow cassava roots than white cassava roots (Figures 3C,D). Furthermore, these metabolites exhibited distinct accumulation patterns in white and yellow cassava roots during tuberous root development (Figure 3C). To demonstrate their possible roles in color formation of cassava roots, a total of 41 anthocyanin biosynthesis genes derived from fourteen enzyme families were systematically identified throughout the cassava genome (Supplementary Table 4). Excluding fifteen low- or non-expressed genes, the majority of the remaining genes were expressed higher in SC9 than SC205. Notably, eleven DEGs covering the whole anthocyanin biosynthesis pathways were co-expressed during cassava root development (Figure 5D). MePAL1 and MeANS catalyzed the first and the last steps of anthocyanin biosynthesis, respectively (44). Together with MeF3H, MeCHS1, and MeCHS2, these two genes ranked as the top hub genes in the co-expression network (Figure 5D), supporting that they were vital members in anthocyanin biosynthesis in cassava (45). These results also suggested that anthocyanin biosynthesis genes play a crucial role in the color formation of cassava roots via a coordinated expression regulation.

Anthocyanin biosynthesis genes are transcriptionally coordinated by the “MYB-bHLH-WDR (MBW)” complex that regulates their expression levels through specific cis-element binding in the promoter regions (46). Our co-expression network analysis revealed that MeMYB5 and MeMYB42 were closely related to many anthocyanin biosynthesis genes (including MePAL1, MeANS, and MeF3H). Moreover, MYB cis-element was present in the promoter region of these genes. These results suggested that MeMYB5 and MeMYB42 might regulate the expression of anthocyanin biosynthesis genes via binding to the MYB cis-element in cassava, in accordance with previous reporters in other species (29, 30). However, this conclusion has not been verified and deserves further investigations.

The ratio of anthocyanins and carotenoids was a major factor determining the fruit color (47). Although several crucial anthocyanin biosynthesis genes were identified to participate in color formation of cassava tuberous roots in this work, the relationships between anthocyanin and carotenoid biosynthesis genes were still not explored. Therefore, one feasible strategy for yellow-rooted cassava breeding is to examine the effect of candidate genes (especially for the TFs) individually by transgenic methods, and then to introduce multiple anthocyanin and carotenoid biosynthesis genes into a commercial cassava cultivar.




CONCLUSION

In summary, the mechanisms of color formation in cassava tuberous roots were investigated by metabolomic and transcriptomic approaches during seven developmental stages. Compared with white-rooted cassava (SC205), anthocyanins, catechin derivatives, coumarin derivatives, and phenolic acids were higher accumulated in yellow-rooted cassava (SC9). Anthocyanins were particularly enriched and displayed different accumulation patterns during tuberous root development. Further analysis found that 16 metabolites participating in anthocyanin biosynthesis, as well as 11 co-expression genes covering the whole anthocyanin biosynthesis pathways, showed higher accumulation levels in SC9 than SC205 at most developmental stages, suggesting a major role of anthocyanin biosynthesis in yellow pigmentation formation of cassava tuberous roots via coordinate regulation. These findings expand our knowledge of anthocyanin biosynthesis on color formation in cassava tuberous roots and offer useful candidate genes for genetic breeding of yellow-rooted cassava in the future.
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Non-alcoholic fatty liver disease (NAFLD) is a hepatic manifestation of metabolic syndrome with a global prevalence. Impaired gut barrier function caused by an unhealthy diet plays a key role in disrupting the immune-metabolic homeostasis of the gut-liver axis (GLA), leading to NAFLD. Therefore, dietary interventions have been studied as feasible alternative therapeutic approaches to ameliorate NAFLD. Resistant starches (RSs) are prebiotics that reduce systemic inflammation in patients with metabolic syndrome. The present review aimed to elucidate the mechanisms of the GLA in alleviating NAFLD and provide insights into how dietary RSs counteract diet-induced inflammation in the GLA. Emerging evidence suggests that RS intake alters gut microbiota structure, enhances mucosal immune tolerance, and promotes the production of microbial metabolites such as short-chain fatty acids (SCFAs) and secondary bile acids. These metabolites directly stimulate the growth of intestinal epithelial cells and elicit GPR41/GPR43, FXR, and TGR5 signaling cascades to sustain immune-metabolic homeostasis in the GLA. The literature also revealed the dietary-immune-metabolic interplay by which RSs exert their regulatory effect on the immune-metabolic crosstalk of the GLA and the related molecular basis, suggesting that dietary intervention with RSs may be a promising alternative therapeutic strategy against diet-induced dysfunction of the GLA and, ultimately, the risk of developing NAFLD.
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INTRODUCTION

Diets high in sugar and fats cause microbiota dysbiosis, which impairs gut immune tolerance and contributes to increased risk of metabolic disorders (1). Being the primary metabolic organ, high-fat diet (HFD)-induced impairment in the metabolic profile of the liver can promote lipogenesis and inhibit free fatty acid (FFA) oxidation, which eventually progresses to non-alcoholic fatty liver disease (NAFLD) (2). NAFLD is a hepatic manifestation of metabolic syndrome and has become one of the most common causes of liver disease worldwide (3), accounting for a considerable burden on healthcare systems (4). Intracellular fat accumulation-induced steatosis and altered metabolic homeostasis are the primary features of NAFLD (5). A high prevalence of NAFLD (33.6%) was observed in patients with inflammatory bowel disease (IBD) (6). This suggests that an integrated coordination of the gut-liver axis (GLA) exists and is important for the maintenance of immune-metabolic homeostasis. This makes the GLA a promising therapeutic target for treating NAFLD.

As disturbances in gut integrity and dysbiosis impair the physiological function of the liver along the GLA, restoration of the microenvironment in the lower gut can be a potential and efficacious approach to ameliorating NAFLD (7), including dietary interventions aimed at maintaining gut microbiota composition, mucosal function, and barrier integrity, particularly prebiotics. Resistant starches (RSs) have been widely found in food sources rich in carbohydrates, such as corn, potato, and banana, which are often processed into a broad variety of foods (i.e., breads, cereals, pasta, snacks, and beverages). RSs are indigestible carbohydrates but fermentable for gut microbiota; thus, they are widely believed to be effective prebiotics that improve the production of short-chain fatty acids (SCFAs), which benefits the gut microbiome structure and overall human health (8). Current findings suggest that dietary supplementation with probiotics, functional oligosaccharides, and dietary fibers can help maintain gut bacterial balance and improve immune homeostasis in the gut, which is potentially beneficial for NAFLD amelioration (5, 9). However, the role and underlying mechanism of RSs in ameliorating NAFLD by enhancing gut microenvironment homeostasis remain largely unknown. This review aims to provide insights into RSs as a dietary strategy to alleviate liver disease conditions of NAFLD, with a particular focus on intestinal microecological changes from the perspective of the GLA (10).



PATHOGENESIS OF NON-ALCOHOLIC FATTY LIVER DISEASE VIA THE GUT-LIVER AXIS

The underlying mechanisms for the development and progression of NAFLD are complex. The interdependence between the gut and liver forms a close integration of their molecular and physiological functions, playing a key role in the integrated pathogenesis of NAFLD, as shown in Figure 1 (10, 11). The excessive intake of high calories promotes the accumulation of fat in visceral and subcutaneous adipose tissues, where the amounts of FFAs and total glycerol are dramatically increased. As such, NAFLD eventually developed. Moreover, there is a clear causal link between NAFLD and dysbiosis of the gut microbiota. Patients with NAFLD tend to have increased intestinal permeability and microbiota dysbiosis (12, 13). Dysfunction and dysregulation of the intestinal barrier and dysbiosis impair mucosal immune tolerance, leading to systemic inflammation and disturbing liver immune metabolism homeostasis.
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FIGURE 1. Mechanism underlying the pathogenesis and physiological alterations of NAFLD. High-caloric diets lead to an imbalanced intestinal flora, which in turn elicits an impaired gut barrier function and increased permeability, followed by bacterial translocation and an increase of harmful metabolites or bacterial products that eventually enter the liver through the portal vein. These factors together promote the development of NAFLD by exacerbating hepatic steatosis, lipogenesis, and inflammatory responses. DAMPs, damage-associated molecular patterns; FFA, free fatty acid; HFD, high-fat diet; TJ, tight junctions; PAMPs, pathogen-associated molecular patterns.


The intestinal barrier is a complex functional unit composed of lumen and mucosal components (i.e., epithelial cell layer, mucosal barrier, and innate and acquired immune components), neurointestinal, vascular, and endocrine systems, digestive enzymes, and gut microbiota (14). In addition to the epithelial layer and mucus, recent evidence has characterized the gut-vascular barrier, which prevents the translocation of bacteria directly into portal circulation (15). However, the loss of gut barrier integrity and mediated translocation of the gut microbiome evokes a toll-like receptors (TLR)-mediated pro-inflammatory cascade in the liver (16–18). In addition, pathogenic bacteria from the intestinal microbiota can interactively regulate IL-17A production from immune or non-immune cells, which plays a major role in regulating gut mucosal immunity and pathogenesis of NAFLD, and thus accelerates the progression of NAFLD, a highly related complication of atherosclerosis (19–22). Moreover, pathogenic bacterial metabolites [i.e., lipopolysaccharides (LPS) and ethanol] from the lumen to the circulation rapidly relay information to the brain and damage the periphery, mainly in the liver and adipose tissues, by altering the central neurotransmitter systems (5). The vagus nerve in the gut can be directly activated by inflammatory signals to impair insulin sensitivity and hepatic steatosis associated with liver inflammation by altering the central neurotransmitter system (23). Available research demonstrates the role of enterohepatic axis dysfunction in the development of NAFLD; the underlying mechanisms can be summarized as: (1) alterations in the gut microbiome profile and immune responses; (2) the effects of gut bacterial components and metabolites, such as LPS, endogenous ethanol (EnEth), and SCFAs; and (3) the impairment of intestinal barrier function and bile acid (BA) homeostasis (24). Owing to the inflammatory tone, metabolic homeostasis and functionality of the liver are impaired, leading to an increased risk of developing metabolic disorders, particularly NAFLD.



RESISTANT STARCH

Resistant starches are defined as the total amount of starch and starch degradation products that resist digestion in the small intestine, and are therefore recognized as a typical prebiotic (25). Naturally occurring RSs are widely found in cereal grains, seeds, heated starches, and starch-containing foods (26). Furthermore, RSs are classified into five types (RS1–RS5) according to their source and processing procedure. RS1 are starch granules that occur in some indigestible plant materials, such as whole grains; RS2 are native granular starches, such as raw potatoes, green bananas, gingko, or high-amylose maize; RS3 are retrograded amylose starch or crystallized starches, such as cooked and cooled starchy foods; RS4 are chemically modified starches produced via esterification, cross-linking, or transglycosylation; and RS5 are amylose-lipid complex, amylose, and long branch chains of amylopectin from single-helical complexes with fatty acids and fatty alcohols when the starch molecules interact with lipids (27, 28). As humans do not have the enzymes to digest RSs, gut microbes ferment RSs to benefit the host by selectively stimulating the growth of intestinal epithelial cells and probiotic strains in the lower gut, thereby improving the overall health of the host (29). The gut bacterial fermentation of prebiotics increases the concentration of SCFAs in the cecum and portal vein blood, which are eventually transported through the blood circulation to various internal organs and tissues, as shown in Figure 2. Simultaneously, the altered intestinal metabolomic profiles and associated bioactive metabolites may be involved in the regulation of signaling cascades in the GLA, exerting beneficial effects on the host (Figure 2). Emerging evidence from animal studies strongly demonstrates the efficacy of RSs in the prevention or treatment of various diseases [e.g., IBD, inflammatory bowel syndrome, colon cancer, obesity, type 2 diabetes mellitus (T2DM) and cardiovascular disease]; however, the data in humans remain ambiguous. The possible mechanism of RSs in ameliorating NAFLD from the perspective of the GLA is still unknown, warranting further in-depth studies.
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FIGURE 2. RSs exert the effects on ameliorating NAFLD via restoring the gut microbiota structure and regulating bacterial metabolites through the link between gut and liver. Intake of RSs contributes to: (1) improving the growth of probiotics (e.g., Lactobacillus and Bifidobacterium); (2) promoting the production of metabolites (e.g., short chain fatty acids and glucagon-like peptide-1); (3) inhibiting harmful metabolites production (e.g., LPS and EnEth); and (4) maintaining the homeostasis of the BAs. This regulates the enterohepatic axis homeostasis by modulating flora metabolite and intestinal hormone productions to inhibit hepatic steatosis, lipogenesis, and inflammatory responses. BAs, bile acids; EnEth, endogenous ethanol; GLP-1, glucagon-like peptide-1; LPS, lipopolysaccharide; RS, resistant starch; SCFAs, short-chain fatty acids.




THERAPEUTIC POTENTIAL OF RESISTANT STARCHES ON AMELIORATING NON-ALCOHOLIC FATTY LIVER DISEASE

Lifestyle interventions, such as eating a healthy diet and regular exercise, are among the most effective and safe ways to mitigate NAFLD, as well as other types of metabolic disorders. Recent evidence has highlighted the preventive and therapeutic effects of some plant foods, particularly those rich in bioactive polyphenols, carotenoids, oleic acid, n-3 polyunsaturated fatty acids, and fiber (30–32). RSs, being food components, have physiological properties similar to those of fermentable dietary fibers. It has been found that RS intake reduces fat accumulation to improve insulin sensitivity, thereby maintaining blood glucose levels and lipid metabolic homeostasis (27, 33). A human study confirmed that RSs significantly improved insulin and low-density lipoprotein cholesterol (LDL-C) levels in obese patients (34). Furthermore, supplementation of green bananas rich in RSs in NAFLD model mice was shown to improve SCFAs production and reduce hepatic steatosis by regulating the transporters involved in lipid excretion and adipogenesis (35). A previous finding illustrated that RSs exhibit the ability to lower serum cholesterol by interacting with BAs, which might be related to the increased expression of hepatic cholesterol 7α-hydroxylase (CYP7A1) and fecal BA excretion (33). Overall, RSs may be a promising dietary approach for the alleviation of NAFLD by maintaining lipid metabolic homeostasis (Table 1). However, the understanding of how RS intake contributes to ameliorating NAFLD remains scarce. It is necessary to explore the molecular basis of RSs sustaining the integrated gut homeostasis involved in the symbiotic microbiota, mucosal immune response, and metabolism toward prevention or mitigate NAFLD. Moreover, clinical studies are needed to investigate the regulatory effects of RS intake in patients with NAFLD.


TABLE 1. Effect of RS on NAFLD.
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POTENTIAL MECHANISMS OF RESISTANT STARCHES ON REGULATING THE GUT-LIVER AXIS HOMEOSTASIS TOWARD NON-ALCOHOLIC FATTY LIVER DISEASE MITIGATION

The intestinal microecology, consisting of intestinal microbiota, intestinal epithelial cells, and the immune system, may play a role in energy metabolism (36). Recent human and rodent studies on obesity-related metabolic disorders have suggested that the gut microbiome plays a key role in NAFLD pathogenesis (37). The long-term consumption of diets high in calories and saturated fat may lead to dysbiosis in the gut microbiota. This, in turn, would evoke an imbalance in the BA pool and a dysfunctional intestinal barrier, followed by increased translocation of bacteria and accumulation of bacterial-derived products in the liver, which play significant roles in the development of NAFLD as summarized in Figure 2. RSs are an energy source for symbiotic microbiota and are fermented to release SCFAs, which in turn are beneficial for the growth of colonic cells, thus enhancing the mucosal barrier function. The regulatory effects of RSs on NAFLD mainly occur in the gut, where RSs contribute to the restoration of microbiota structure, an increase in SCFA release, and enhanced gut barrier integrity. The specific mechanisms by which RSs alleviate NAFLD by promoting overall gut health are described in the following sections.


Intake of Resistant Starches Contributes to the Modulation of the Gut Microbiota Structure

A growing body of evidence from several animal and human studies suggests a direct causal link between NAFLD and dysbiosis of gut microbiota. It has been noticed that patients suffering from NAFLD tend to have an increased intestinal permeability along with microbiota dysbiosis (12). A significantly elevated abundance of various species of gut microbiota was identified in NAFLD patients, including Firmicutes (i.e., Erysipelotrichia, Lachnospiraceae, and Lactobacillus) and Bacteroidetes (i.e., Prevotella and Parabacteroides) (38). Patients with NAFLD have a reduced population of Bacteroidetes and an increased proportion of Prevotella and Porphyromonas spp. compared with healthy individuals (39). In an animal model of NAFLD, decreased abundance of Akkermansia muciniphila was observed (40). It was also found that A. muciniphila prevents fatty liver disease by regulating the expression of genes that regulate fat synthesis and inflammation in the liver (41). Moreover, a recent human study showed that the intake of RSs promotes the abundance of A. muciniphila (42). Notably, one of the most important findings is that the microbiota of patients with NAFLD is generally enriched in gram-negative bacteria, whereas gram-positive bacterial counts are reduced, implying a reduced abundance of butyric acid-producing bacteria (7). The collective findings suggest an association between the composition of the bacterial community, the abundance of distinct taxa, and NAFLD (24).

Findings from a fecal microbiota transplantation (FMT) NAFLD mouse model showed that the gut microbiota obtained from lean mice augmented the abundance of probiotic strains, inhibited systemic inflammation, and ultimately attenuated HFD-induced steatohepatitis (43). In contrast, germ-free obese mice receiving FMT developed low-grade inflammation and hepatic macrovascular steatosis (44). The results obtained from this study demonstrated that the gut microbiota has a significant effect on the development of NAFLD, potentially related to damage to the intestinal barrier to elicit systemic inflammation and exacerbate steatosis (45). The role of the gut microbiome structure in maintaining liver homeostasis is attributed to a dynamic interaction between the gastrointestinal tract and liver.

Patients suffering from NAFLD are affected by the structural disruption of intestinal microbes via the GLA. Hence, restoration of gut microbiota structure may be beneficial for the amelioration of NAFLD. Emerging evidence from rodent and minipig models has demonstrated that RS interventions have therapeutic efficacy in attenuating HFD-induced liver damage, thereby preventing NAFLD (46). The intake of a diet rich in RSs effectively restored the composition of the intestinal microbiome (Table 2), beneficial for gut microbial communities (47). After entering the lower gut, RSs are fermented by the intestinal microbiota to release bioactive metabolites, primarily SCFAs, which contribute to improved homeostasis of host immune metabolism (48, 49). RSs are the primary energy resources for the gut microbiota, particularly for the glycolytic bacteria in the lower gut (50). The degradation of RSs by microbiomes provides SCFAs, particularly butyrate, an energy source for colonocytes to maintain the proper structure and function of the intestinal barrier (51, 52). SCFAs can travel through the gut-brain axis, across the blood–brain barrier into the central nervous system, and affect the cellular biological mechanism of neural development, thereby resulting in various physiological processes in the liver, including gluconeogenesis, insulin sensitivity, and adenosine 5′-monophosphate activated protein kinase (AMPK) activity (53, 54). Moreover, it has been found that the SCFAs pentanoate can reduce IL-17A production in CD4+ T cells by inhibiting histone deacetylase activity (55). Similarly, probiotics that synthesize SCFA, particularly acetate, are involved in reducing IL-17A in hepatic type 3 innate lymphoid cells (ILC3s) (56). It was also found that dietary intake of RS and decreased colonic IL-17A stimulate intestinal immune and endocrine responses that may alter liver health (48).


TABLE 2. Intake of resistant starch (RS)-induced alterations of gut microbiota structure.
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Notably, the abundance of butyric acid-producing bacteria is suppressed in NAFLD patients (24). This suggests that RS intervention has the potential to alleviate NAFLD features by promoting the growth of butyric acid-producing bacteria. A recent finding validated that supplementation with RS5 augments the abundance of butyrate-producing bacteria (Coprococcus, Roseburia, Bifidobacterium, and Butyrivibrio) in an HFD-induced rat model (47). Moreover, RSs derived from purple yam were found to increase the abundance of Bifidobacteria, Lactobacillus, Coprococcus, and Allobaculum while decreasing the abundance of Parabacteroides and Dorea. Among these, the alleviated abundance of probiotics, including Bifidobacteria and Lactobacillus, has been implicated in mitigating blood hyperlipidemia in an HFD-induced hamster model (57). Finally, intervention with green banana-derived RSs promoted the release of SCFAs and helped restore the gut microbiota structure by increasing the abundance of Lactobacillus, Bifidobacterium, and Enterococcus, while inhibiting the growth of Escherichia coli, which resulted in ameliorating NAFLD in an obese mouse model (35). Despite these findings, the molecular basis underlying the observed anti-NAFLD effect of RSs mediated by maintaining gut microbiota structure and released SCFA is still not well established.

In addition to maintaining the gut microbiota structure, RS intervention also contributes to enhanced gut barrier function and regulation of BA metabolic homeostasis, as well as the reduction of harmful metabolites produced by intestinal pathogens (58, 59). RSs were found to bind to BAs with high affinity, resulting in suppressed BA reabsorption in the colon and lowered intestinal cholesterol absorption (60). Furthermore, symbiotic bacteria can exploit RS fermentation to produce bacterial metabolites that prevent colonic mucin depletion, thus maintaining healthy mucosa (25, 61). Mucin, in turn, promotes host-microbe symbiosis and enhances gut barrier integrity. Taken together, RS supplementation potentially regulates the release of various metabolites by symbiotic bacteria, including bioactive peptides, BAs, and EnEth, which are beneficial to the host as vital modulators of immunometabolism (62–66). This further indicated that dietary RSs can alleviate NAFLD through the GLA.



Regulatory Activity of Metabolites Derived From the Gut Microbiota Fermentation of Resistant Starches in the Gut-Liver Axis Toward Alleviating Liver Damage in Non-alcoholic Fatty Liver Disease


Regulatory Role of Short-Chain Fatty Acids Upregulated by the Intake of Resistant Starches

The intestinal barrier protects the host against bacterial invasion while harboring commensal bacterial colonization in the lower gut. Hence, a functionally intact intestinal barrier plays a vital role in sustaining overall host health. The metabolites released by the fermentation of commensal bacteria mainly contain a variety of FFA SCFAs (i.e., acetate, propionate, and butyrate), an energy source for intestinal epithelial cells and, more importantly, key molecules involved in regulating chemo-sensing activities and subsequent cell signaling cascades in the intestinal mucosal layer, thereby sustaining gut homeostasis (67). Numerous studies have established that SCFAs are involved in regulating immune-metabolic homeostasis by activating metabolite-sensing G-protein coupled receptors (GPCRs) (67, 68). A recent study demonstrated that GPR41 and GPR43 regulate molecular events associated with inflammation, gut homeostasis, and metabolic alterations (69). Moreover, GPR43 activation has the potential to improve hepatic steatosis associated with high-fat obesity (70). Both GPR41 and GPR43 can be activated by acetate, butyrate, and propionate to regulate molecular events associated with inflammation, gut homeostasis, and metabolic alterations (69). In the liver, SCFAs stimulate GPR41 and GPR43 to activate AMPK in a peroxisome proliferator-activated receptor (PPAR)-γ-dependent manner, leading to regulation of hepatic glycolipid homeostasis via increased hepatic lipid oxidation (71). SCFA-induced serotonin release from enterochromaffin cells can influence gastrointestinal motility (72, 73). SCFAs might directly influence the brain by crossing the blood-brain barrier, reinforcing blood-brain barrier integrity, modulating neurotransmission, increasing anorexigenic neuropeptide expression, and enhancing satiety (74, 75). RS in mice markedly increases gut microbiome-derived tryptophan, a precursor of serotonin that can cross the blood–brain barrier and increase the production of cerebral serotonin; this means that the more RS intake in the diet, the more satiety can be enhanced by promoting SCFAs production while reducing caloric intake. Altogether, intake of RSs can lead to increased SCFAs by promoting mucus secretion, enhancing intestinal epithelial tight junctions (TJs), preventing dysbiosis of the intestinal microbiota, preventing endotoxins, and reducing caloric intake, inflammation, and oxidative stress in the liver, thereby lowering the risk of developing NAFLD.



Resistant Starches Exerting Modulatory Effects on Bile Acid Metabolism and Signaling

There is increasing evidence that a high correlation exists between BAs and SCFAs, and that their cross-talk involves the regulation of the interactive physiological status between the liver and the intestine (76). BAs may exist as primary BAs [i.e., chenodeoxycholic acid (CDA) or cholic acid (CA)] produced as glycine or taurine conjugates in the liver, and secondary BAs synthesized by the gut microbiota [i.e., deoxycholic acid (DCA) or lithocholic acid (LCA)] (76). Most gram-positive gut bacteria (i.e., Clostridium, Enterococcus, Bifidobacterium, and Lactobacillus) with bile salt hydrolase activity can produce secondary BAs (77). As previously mentioned, RS intake increases the excretion rate of primary BAs, leading to lowered blood LDL and total cholesterol levels. Meanwhile, RSs were found to contribute to the enhanced release of secondary BAs because of the increased abundance of Lactobacillus and Bifidobacterium (35). However, at high physiological concentrations, secondary BAs negatively affect the gut by augmenting oxidative stress and stimulating apoptosis and mutations, resulting in an increased risk of developing colon cancer (76, 78, 79). In contrast, a moderate level of secondary BAs inhibits colonic inflammation by downregulating pro-inflammatory cytokines (80). Reduced levels of secondary BAs and their production Ruminococcaceae have been detected in ulcer colitis (UC) patients, and supplementation with secondary BAs has been shown to ameliorate disease status in a TGR5 dependent manner (66, 79). It is worth noting that TGR5 activation significantly suppressed the TLR4/NF-κB pathway against inflammatory damage in the liver (81). Below toxic concentrations, a higher proportion of secondary BAs may inhibit the adipogenesis pathway and enhance bile flow in the liver, which is beneficial for preventing NAFLD (82). A recent study revealed that RSs derived from green bananas contributed to the increased abundance of Ruminococcaceae (83). This suggests a complex and integrated link between the gut microbiota and their metabolites, which collaboratively govern the host immune-metabolic responses along the GLA and related physiological alterations by the actions of GPCRs such as TGR5 or FXR. In this case, the RS-induced bacterial metabolites in the lower gut played a key role in regulating immune metabolism homeostasis via integrated cellular, molecular targets and mediated pathways along the GLA, eventually improving liver physiological functionality.



Resistant Starches Modulating the Molecular Events Involved in Immune-Metabolic Homeostasis in the Liver

The symbiotic relationship and communication between the host and gut microbiota are believed to occur via exchange of signals of bacteria-produced metabolites and molecular biomarkers synthesized by the host. The intake of RSs may have therapeutic efficacy in maintaining liver function by providing beneficial metabolites produced from colonic fermentation. More specifically, RS supplementation was shown to significantly promote the release of fecal butyrate, which has anti-inflammatory properties in the intestinal epithelium to maintain mucosal immune tolerance and enhance intestinal barrier functions by acting as a histone deacetylase (HDAC) inhibitor or signal molecule targeting GPCRs (58). It has been demonstrated that the uptake of butyrate and its synthetic derivative, N-(1-carbamoyl-2-phenyl-ethyl) butyramide (FBA), in the liver can enhance fatty acid oxidation by activating AMPK-acetyl-CoA carboxylase against fatty liver (84). In addition, butyrate exerts protective effects by activating the GPR43/β-arrestin-2/NF-κB network against LPS-induced liver injury in a mouse model (85).

Furthermore, RS intake plays a key role in maintaining BA homeostasis. A recent finding highlighted that consumption of maize RSs increased the biosynthesis of secondary BAs that enhanced cholesterol homeostasis, resulting in the mitigation of the metabolic syndrome of obesity in a dose-dependent manner (86). However, the underlying mechanism needs to be further elucidated. Unconjugated or secondary BAs can bind to a variety of receptors, including FXR, pregnane X receptor (PXR), and TGR5, to initiate signal transduction involved in regulating CYP450 enzymes, suggesting a regulatory role for BAs in host xenobiotic metabolism (87). These findings suggest that a feedback loop exists between secondary BAs and the gut microbiota structure, which is implicated in the modulation of host immune responses, energy, and xenobiotic metabolism. This ultimately results in the regulation of liver metabolic homeostasis, suggesting that dietary RSs can be a potential therapeutic strategy for NAFLD.



Resistant Starches Exerting Modulatory Effects on Endogenous Ethanol

Previous studies have shown that RSs have a positive effect on intestinal flora dysbiosis and a significant inhibitory effect on the EnEth content; the latter is higher in patients with NAFLD than in healthy individuals (43). The gut microbiomes from NAFLD patients are enriched in E. coli, which produces a high level of EnEth (88). A recent study indicated that EnEth can upregulate the expression of inflammatory cytokines and thus increase intestinal permeability to compromise intestinal barrier function (11). In addition, EnEth impedes the tricarboxylic acid cycle, which promotes fatty acid synthesis and exacerbates hepatic steatosis (5). Previous studies have shown that RSs have a significant modulatory effect in preventing dysbiosis by inhibiting the growth of intestinal pathogens such as E. coli (64, 65). Taken together, RSs may inhibit EnEth production by restoring the dysbiotic gut microbiome, thereby preventing hepatic steatosis. However, studies on the molecular basis and functional implications of EnEth in the GLA are limited. Therefore, it would be worthwhile to study this in the future.




Intake of Resistant Starches Modulates Energy Homeostasis and Related Hormone Signaling

Resistant starch supplementation has been clinically proven to effectively modulate metabolic endotoxemia, insulin resistance, and oxidative stress in patients with T2DM, implying a strong therapeutic potential of RSs (89). As the intake of RSs can improve the production of SCFAs from gut bacterial fermentation, SCFAs, key colonic metabolites of RSs, act as signaling molecules to regulate appetite and maintain glucose metabolic homeostasis by upregulating proglucagon and pro-peptide YY (PYY) gene expression, increasing the levels of plasma glucagon-like peptide (GLP)-1 and PYY, two gut secreted hormones (90). GLP-1 is an anorexigenic intestinal hormone secreted by the intestinal endocrine cells that primarily controls nutrient and food intake. RS supplementation also induces the secretion of GLP-1 and PYY to inhibit body fat accumulation in mice (91). The molecular basis of the RSs triggering GLP-1 secretion depends on the interactions of SCFAs with GPR43, similar to that of the FFA receptor (FFAR)-2 through ligand binding (63). Findings from a FFAR2–/– mouse study demonstrated that colonic fermentation of inulin increases the secretion of GLP-1 and PYY in an FFAR2-dependent manner (92). Moreover, a GLP-1 agonist was shown to restore insulin sensitivity and reduce hepatic TC, TG, and LDL-C levels, suggesting the anti-obesity potential of GLP-1 (10, 93). As previously mentioned, SCFAs, particularly propionate, can stimulate intestinal enteroendocrine cells to release PYY, which is involved in the modulation of electrolytes and water absorption in both epithelial and neuronal cells (94, 95). The above findings suggest that FFA receptors play a crucial role in sensing the release of SCFAs from colonic fermentation of RSs to regulate the secretion of the intestinal hormones GLP-1 and PYY. The release of GLP-1 and PYY in turn inhibits appetite and food intake to prevent obesity. This finding implies a possible regulatory effect of RSs consumption on glucose homeostasis. Nonetheless, the molecular basis underlying RS intake regulation of gut hormone secretion and subsequent metabolic outcomes is not fully understood; therefore, further investigations are warranted.




CONCLUSION AND PERSPECTIVES

Non-alcoholic fatty liver disease imposes a substantial economic burden on developing or developed countries worldwide. The high prevalence of NAFLD and less effective pharmaceutical treatments have led to new and alternative therapeutic approaches for NAFLD based on multiple factors, including dietary impact, gut microbiota structure, hormone secretion, and intestinal and systemic immune responses (96). The mechanism underlying the development of impaired liver function depends on the host-microbe-metabolic interplay along the GLA, a critical basis for rationalizing the use of dietary supplementation as a therapeutic strategy. A review of recent literature shows that dietary RSs, as prebiotics, contribute to the restoration of a healthy gut microbiota structure, beneficial for maintaining gut barrier integrity and mucosal immune tolerance. This eventually leads to the prevention of pathogenic invasion and endotoxemia-mediated metabolic syndrome. Moreover, gut bacterial metabolites released after RS intake promote the growth of intestinal epithelial cells and act as key molecules that interact with a broad range of sensing receptors along the GLA, including GPR41, GPR43, FXR, PXR, and TGR5. Upon ligand binding, SCFAs and secondary BA elicit a series of signaling cascades in the intestine and liver to sustain immune metabolic homeostasis (Figure 3). These findings strengthen our understanding of how interactions between the gut microbiota and host regulate immune-metabolic crosstalk in the GLA at the molecular level. This provides insights into the dietary-immune-metabolic interplay by which the gut microbiome profiles and immune-metabolic homeostasis are well maintained. However, existing studies on the health-promoting effects of RSs on NAFLD are still scarce; thus, the differences among various types of RSs in NAFLD prevention are unclear. In addition, a variety of microbiota-derived metabolites may permeate the blood–brain barrier and enter the central nervous system; however, their implication in the pathogenesis of NAFLD is still unknown. Future research on the role of RSs in NAFLD should focus on the following: (1) elucidating the effect of different types of RSs and the roles of their distinct metabolite profiles after colonic fermentation; (2) analyzing the effect of the particular metabolic profile of different RSs on microbiota composition at the species level; and (3) understanding the relationship between specific RSs and typical gut microbial strains and how they modulate factors associated with NAFLD.
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FIGURE 3. Potential mechanisms underlying RSs regulating the GLA immune-metabolic homeostasis toward NAFLD mitigation. The gut bacterial metabolites released after intake of RSs act as crucial molecules that interact with a broad range of sensing receptors along with the GLA. (1). Secondary BAs bind to TGR5/FXR receptors in the intestine, inhibiting the TLR4/NF-κB inflammatory signaling pathway to ameliorate NAFLD. (2). SCFAs binding with GPR41/GPR43 receptors in the intestine and hepatic activates PPAR-γ/AMPK signaling pathway to inhibit acetyl CoA carboxylase. As such, the production of glucose triglyceride and total cholesterol production is inhibited. (3). SCFAs can enhance the release of pro-peptide YY (PYY)/glucagon-like peptide 1 (GLP-1) by ligand binding with GPR43, which contributes to regulating appetite to maintain energy homeostasis. (4). SCFAs act as a histone deacetylase inhibitor to strengthen intestinal barrier functions, or elevate angiopoietin-like 4 secretions to reduce lipotoxicity and inflammation by potentially activating PPAR-γ. ACC, acetyl-CoA carboxylase; AMPK, adenosine 5′-monophosphate (AMP)-activated protein kinase; ANGPTL4, recombinant human angiopoietin-like protein 4; BAs, bile acids; CAT, catalase; FBA, N-(1-carbamoyl-2-phenyl-ethyl) butyramide; FXR, farnesoid X receptor; GPCR, G protein-coupled receptors; GLP-1, glucagon-like peptide 1; GPR43, G protein-coupled receptor 43; HDAC, histone deacetylase; NF-κB, nuclear factor kappa-B; PGC1α, peroxisome proliferator-activated receptor-γ coactivator-1α; PPAR-γ, peroxisome proliferator activated receptor-γ; SCFAs, short-chain fatty acids; SOD, superoxide dismutase; TC, total cholesterol; TG, triglyceride; TLR4, toll-like receptor 4; PYY, pro-peptide YY.
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Objective: Hyper-caloric intake of saturated fatty acids (SFAs) is common in modern societies, probably contributing to the epidemic of type 2 diabetes mellitus (T2DM). This study conducted two randomized controlled trials (RCTs) for developing a new indicator that can assess the nutritional status and examined its association with incidence of T2DM.

Methods: In RCT 1, healthy participants were randomly assigned into three groups, namely, control group (n = 40), overfeeding group 1 (100 g butter per day, n = 37), and overfeeding group 2 (120 g butter per day, n = 37). In RCT 2, healthy subjects were randomly assigned into two groups, namely, control group (n = 52) and high-fat group (300-extra kcal/day from diet that was designed by high-fat diet, n = 58). In the prospective cohort, 4,057 participants aged 20–74 years were enrolled and followed up over 5.3 years. Serum profiles of fatty acids and amino acids were measured.

Results: In RCT 1, serum fatty acids, including C14:0 and C18:0, increased, whereas C18:2, C20:4, C22:5, and C22:6 decreased; serum amino acids, including tyrosine, alanine, and aminobutyric acid, increased, whereas histidine and glycine decreased (p < 0.05). Among these serum fatty acids and amino acids, changes in C14:0, C20:4, tyrosine, histidine, and glycine were also observed in RCT 2. An indicator was developed based on the five fatty acids and amino acids, namely, C14:0 × tyrosine × 1,000/[C20:4 × (glycine + histidine)], and it significantly identified participants in the intervention group with area under the curve (AUC) (95% CI) being 0.85 (0.77–0.92). The indicator was significantly associated with incidence of T2DM in the prospective cohort with HRs (95% CIs) from bottom quartile to top quartile being 1,1.21 (0.82–1.77), 1.60 (1.12–2.30), 2.04 (1.42–2.94).

Conclusion: The newly developed indicator in RCTs can be used in assessing the nutritional status of hypercaloric intake of SFA and predicting the development of T2DM.

Keywords: type 2 diabetes, biomarker, serum fatty acids, saturated fat intake, serum amino acid


INTRODUCTION

The rapid increase in the prevalence of diabetes mellitus and its complications have been major global health threats. Globally, it has been estimated that 1 of 11 adults currently have diabetes mellitus, and 90% of them have type 2 diabetes mellitus (T2DM) (1). A healthy diet has been demonstrated to play a critical role in the prevention of T2DM. The association between saturated fatty acids (SFAs) and T2DM has been one of the most vexed issues in this field (2, 3). Although the short-term randomized controlled trials (RCTs) have shown that overeating SFA promotes hepatic fat storage and insulin resistance (IR) (4, 5), evidence from a meta-analysis of long-term epidemiological studies frequently shows that dietary SFA is not associated with the incidence of T2DM (6, 7).

Dietary fat has been widely considered as one of the most difficult dietary components to assess through traditional nutritional methods (8). This may be the reason for the inconsistencies in the findings from the short-term RCTs and long-term epidemiological studies. Therefore, it is important to identify biomarkers that can assess the nutritional status of hypercaloric intake of dietary SFA objectively. Previous studies frequently focused on evaluating the utility of fatty acid profiles in serum as biomarkers of dietary SFA. However, serum SFA did not correlate well with dietary intake of SFA (9). Moreover, the total circulating fatty acids and other types of fatty acids, including monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs), also influence the circulating levels of SFA. Experimental evidence from human studies shows that it is energy intake that is a key mediator of serum fatty acids, rather than dietary fatty acid intake per se. The serum profiles of fatty acids may reflect the excessive intake of energy. In addition, recent studies have reported the impact of a high-fat diet on the catabolism of the amino acids (10–12), suggesting that serum profiles of amino acids may be related to the intake of SFA. However, whether and how serum profiles of amino acids would change during feeding of SFA have not been reported in previous RCTs. Examining the serum profiles of amino acids across different interventions of SFA feeding may aid in identifying some new biomarkers that are sensitive to the dietary intake of SFA, and it may be more accurate to evaluate the nutritional status of the hypercaloric intake of SFA by combination of serum fatty acids and amino acids.

In this study, two RCTs by feeding a hypercaloric diet rich in SFA with different intervention doses and sources were performed for identifying fatty acids and amino acids that could be used to assess this nutritional status. We aimed to develop a new indicator based on serum fatty acids and amino acids and examine the association between this newly developed indicator and the incidence of T2DM in a prospective cohort.



MATERIALS AND METHODS


Participants in the Two Randomized Controlled Trials

Participants in the two RCTs were recruited from voluntary and healthy students in Harbin Medical University from March to August 2019. The RCTs were registered at www.chictr.org as ChiCTR-1900021716 and ChiCTR-1900024931, respectively. Exclusion criteria included individuals who were older than 30 years, alcohol drinkers or smokers, had dysfunction of the liver, kidney, or digestive system, dyslipidemia, hypertension or taking medications, took nutritional supplements in the past 2 months, lost weight by restricting diet in the past 6 months, and had vigorous physical activity more than 5 h/week. Based on these exclusion criteria, 23 and 31 individuals were excluded in RCT 1 and RCT 2, respectively.

The participants in the two RCTs were provided with standard meals for 3 days, and then they were randomly assigned by a biostatistician to the intervention and control groups. In RCT 1, healthy participants were randomly assigned into three groups, namely, control group (2,150 kcal/day, 25% fat and 5% SFA, n = 40), overfeeding group 1 (100 g butter per day, n = 37), and overfeeding group 2 (120 g butter per day, n = 37). The same meals during the intervention in the three groups were provided, which is shown in Supplementary Table 1. The excess calories ranging from 100 to 120 g of butter were added to the meals, which contained 76% energy provided by SFA, 20% energy provided by MUFAs, and 4% energy provided by PUFAs), and the energy and macronutrients for the three groups are presented in Supplementary Table 2. In RCT 2, healthy subjects were randomly assigned into two groups, namely, the control group (2,250 kcal/day, 20% fat and 5% SFA, n = 52) and high-fat group (300 kcal/day extra energy, n = 58). The high-fat diet contained 35% energy provided by total fat and 15% energy provided by SFA, and the detailed information in terms of food groups and macronutrients is presented in Supplementary Tables 3, 4. The percentage of energy provided by protein was similar between the two groups. All the meals in the two RCTs were finished in the student canteen under the supervision of the study dietitian with the intervention periods in the two RCTs lasting for 7 days. Before the two RCTs, the food frequency questionnaire (FFQ) surveys were conducted to collect the dietary information of each participant for evaluating their habitus of dietary intake, and used as the reference for setting the energy and macronutrients provided in the control group. The cooking menu was different between the two RCTs because of the different sources of SFA, making the energy provided in the control group of RCT 2 a bit higher than that of RCT 1 for controlling the overall carbohydrate and protein constant. Moreover, the degree of overnutrition in RCT 1 was greater than RCT 2 because RCT 1 aimed to capture more changes in the profiles of fatty acids and amino acids, and RCT 2 aimed to examine which fatty acids and amino acids could be still significantly changed if the overnutrition was relatively moderate. The overlapped serum fatty acids and amino acids between the two RCTs were used to develop the indicator for the hypercaloric intake of SFA.



Participants in the Prospective Cohort

The data of the Harbin Cohort Study on Diet, Nutrition and Chronic Non-communicable Disease (HDNNCDS) were used, which was launched in 2010, registered at www.chictr.org as ChiCTR-ECH-12002721. A total of 9,734 participants were recruited in the baseline survey of HDNNCDS. During 2015–2016, 8,913 participants completed the first in-person follow-up survey (13). Among the 8,913 participants, 4,958 participants’ blood samples were randomly selected to measure the serum profiles of fatty acids and amino acids. After exclusion of the participants who had T2DM at baseline, a total of 4,057 subjects aged 20–74 years, including 1,352 men and 2,705 women, were enrolled in both the 2010 baseline survey and the 2016 follow-up survey, with a follow-up period of 5.3 years on average.

The study designs of the two RCTs and the prospective study were approved by the Ethics Committee of Harbin Medical University. The nature and potential risks of the study were explained to volunteers before obtaining written informed consent. The investigations were conducted in accordance with the Declaration of Helsinki. The methods in this study were in accordance with the approved guidelines.



Data Collection in a Prospective Cohort

In-person interviews were administered by trained personnel using a structured questionnaire to collect information on demographic characteristics, dietary habits, lifestyles, physical conditions, and anthropometric characteristics. Current smokers were defined as those who smoked at least 100 cigarettes in a lifetime or smoked every day or currently smoked some days. Current drinkers were defined as those who consumed ≥1 alcohol every month in 12 months before the survey. Regular exercise was defined as any kind of recreational or sports physical activity other than walking for work or life performed at least 30 min for ≥3 days/week. Family history of diabetes was defined as diabetes in first- or second-degree relatives.



Anthropometric and Biochemical Measurements

The measurement of height, weight, and waist circumferences (WCs) were conducted by well-trained professionals with participants wearing light, thin clothing, and no shoes. Bodyweight and height were measured to the nearest 0.1 kg and 0.1 cm, and body mass index (BMI) was calculated as weight (kg) divided by the square of the height in meters (m2). Fat mass (FM) was measured by using the electric impedance method with a body FM analyzer (ACCUNIQ IOI-353, JAWON Medical Corporation, Korea). The blood samples were collected by venipuncture after a 12-h fast. Plasma and serum were centrifuged from the blood samples and immediately stored at –80°C for further analysis. Fasting serum (FS) glucose, triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) were determined by an automatic analyzer (Hitachi 7100, Tokyo, Japan). Serum insulin was measured by Chemiluminescence Immune Analyzer (TOSOH AIA2000, Japan). Glycosylated hemoglobin (HbA1c) was determined by high-performance liquid chromatography (BIO-RAD VARIANT 2, United States). The homeostasis assessment model for IR (HOMA-IR) updated by the University of Oxford in 2004 was used to estimate IR (14). Serum preparation for fatty acids and amino acids quantitation was carried out as previously described (15, 16). Targeted analysis of serum fatty acids was performed by the TRACE GC/Polaris-Q MS system (Thermo Finnigan, Austin, TX, United States). Targeted analysis of serum amino acids was performed by a Waters ACQUITY Ultra performance liquid chromatography (UPLC) system (Waters Corporation, Milford, MA, United States) coupled to a Waters Xevo TQD mass spectrometer (MS) (Waters Corporation, Manchester, United Kingdom). Quality control was conducted using reference standards that were run concurrently with study samples to verify batch-to-batch variation. Absolute concentrations of fatty acids and amino acids were measured with mean interassay coefficients of variation 5.9 and 6.3%.



Ascertainment of Normal Glycemia, Prediabetes, Insulin Resistance, and Type 2 Diabetes Mellitus in a Prospective Cohort

Normal glycemia was defined as baseline FS glucose <5.5 mmol/L and 2-h glucose <7.8 mmol/L. Prediabetes was defined as baseline FS glucose >5.5 mmol/L, and/or 2-h glucose >7.8 mmol/L. IR was defined as the top quartiles of baseline HOMA-IR. T2DM was defined as self-reports of a history of T2DM diagnosis, FS glucose ≥7.0 mmol/L, 2-h glucose ≥11.1 mmol/L, and/or receiving treatment for T2DM.



Statistical Analysis

The sample size in RCT 1 was determined based on changes in HOMA-IR (as the primary outcome). At a 5% significance level with 80% statistical power, a sample size of 36 per group was required to detect a 0.60 difference in HOMA-IR with an SD of 0.9. The sample size in RCT 2 was determined based on the area under the curve (AUC) for discriminating the intervention group. At a 5% significance level with 80% statistical power, a sample size of 52 per group was required to detect an AUC value of 0.65. Before analyses, the Kolmogorov–Smirnov test was used to test the normality of distributions, and variables were log-transformed when necessary. The baseline characteristics in the two RCTs and the prospective cohort were compared by Student’s t-test for continuous variables and the Chi-square test for categorical variables. Among the two RCTs, the differences (△) between the baseline values and end-point values (end-point value – baseline value) for each participant in terms of anthropometric and biochemical indicators were calculated, and the differences in the △indicators between the control group and intervention group were compared using Student’s t-test or one-way ANOVA. Meanwhile, the △fatty acids or △amino acids for each participant were also calculated, which were standardized by zero-mean normalization (Z-score) to eliminate the influence of the order of magnitude for different types of fatty acids and amino acids. After the indicator was developed, it was categorized into quartiles in the prospective cohort; the lowest quartile was used as the reference. Cox proportional hazards regression analyses were performed to examine the association between the quartiles of the indicator and incident T2DM in the total sample and subgroups of baseline normal glycemia, prediabetes, IR, men, and women. Three Cox models were conducted with adjustment for a series of covariates. In model 1, age, sex, BMI, WC, weight gain, smoke use, alcohol use, education level, family history of diabetes, energy intake, regular exercise habits, physical activity levels, and hypertension were included, and model 2 additionally adjusted for TG, HDL-C, TC, FS glucose, 2-h glucose, and HOMA-IR based on model 1. Furthermore, model 3 additionally adjusted for serum leucine, isoleucine, and valine based on model 2.




RESULTS


Baseline Characteristics of the Two Randomized Controlled Trials

In RCT 1, of the 143 participants assessed for eligibility, 120 participants were randomized, 3 dropped in the group with feeding 100 g butter and 3 dropped in the group with feeding 120 g butter during the study, and 114 participants completed the study. In RCT 2, of the 151 participants assessed for eligibility, 120 were randomized and 10 participants dropped during the intervention, leaving 110 participants in the study. The age, percentage of sex, and dietary intakes at baseline were similar in the two RCTs (Supplementary Table 5). After finishing the intervention, the energy, total fat intake, and saturated fat intake were significantly greater in the two RCTs (Supplementary Table 6).



Changes in the Body Composition and Biochemical Indicators in the Two Randomized Controlled Trials

The baseline body composition and biochemical indicators were similar across different groups of the two RCTs (Table 1). The mean absolute change of FS glucose in the intervention group of feeding 120 g of butter was significantly greater than that in the control group in RCT 1 (0.14 ± 0.37 vs. 0.33 ± 0.27; p = 0.039). Both FS insulin and HOMA-IR were significantly increased in the intervention groups compared with the control groups in the two RCTs (FS insulin: 0.38 ± 3.65 vs. 2.10 ± 4.31 vs. 2.56 ± 4.65, p < 0.05 in RCT 1; −0.72 ± 3.69 vs. 1.23 ± 3.63, p < 0.01 in RCT 2; HOMA-IR: 0.13 ± 0.79 vs. 0.50 ± 0.93 vs. 0.63 ± 0.97, p < 0.01 in RCT 1; −0.15 ± 0.81 vs. 0.29 ± 0.68, p < 0.01 in RCT 2).


TABLE 1. The anthropometric and biochemical indicators at baseline and mean absolute change after 1 week in the two RCTs.
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Changes in the Serum Profiles of Fatty Acids and Amino Acids in the Two Randomized Controlled Trials

In RCT 1, the baseline serum profiles of fatty acids and amino acids were similar across the three groups (Supplementary Table 7). The significant differences for C14:0, C16:0, C18:0, C18:2, C20:3, C20:4, C22:5, and C22:6 across the three groups after the intervention were observed (Supplementary Table 8). Similarly, △C14:0 and △C18:0 significantly increased in the intervention group with p-values being 2.94e–9 and 0.010, and the △C18:2, △C20:4, △C22:5, and △C22:6 significantly decreased in the intervention group with p-values being 0.010, 0.001, 2.45e–3, and 0.044, respectively (Figure 1A). Meanwhile, the significant differences for the γ-aminobutyric acid, tyrosine, ornithine, histidine, glycine, citrulline, alanine, and L-aminobutyric acid across the three groups after the intervention were observed (Supplementary Table 8). Also, △tyrosine, △alanine, and △aminobutyric acid significantly increased in the intervention group with p-values being 0.027, 0.001, and 0.009, respectively, and the △glycine and △histidine significantly decreased in the intervention group with p-values being 0.017 and 0.014 (Figure 1B).
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FIGURE 1. Changes in Z-scored profiles of serum fatty acids and amino acids in the two RCTs. *p < 0.05 for the differences in the Z-scored serum fatty acids and amino acids between the intervention group and control group. **p < 0.01 for the differences in the Z-scored serum fatty acids and amino acids between the intervention group and control group. (A) Changes in the Z-scored profiles of fatty acids in the RCT1. (B) Changes in the Z-scored profiles of fatty acids in the RCT2. (C) Changes in the Z-scored profiles of amino acids in the RCT1. (D) Changes in the Z-scored profiles of amino acids in the RCT2.


In RCT 2, the baseline serum profiles of fatty acids and amino acids were similar between the two groups (Supplementary Table 7). The significant differences for the C14:0, C18:2, C18:3α, and C20:4 between the two groups after the intervention were observed (Supplementary Table 8), and △C14:0 and △C16:0 significantly increased in the intervention group with p-values being 0.005 and 0.024, and the △C18:3α and △C20:4, significantly decreased in the intervention group with p-values being 0.034, and 0.010, respectively (Figure 1C). Meanwhile, the significant differences between the tyrosine, histidine, glycine, and citrulline between the two groups after the intervention were observed (Supplementary Table 8), and △tyrosine, △taurine, and △citrulline acid significantly increased in the intervention group with p-values being 0.044, 0.023, and 0.012, respectively, and the △glycine and △histidine significantly decreased in the intervention group with p-values being 0.016 and 0.01 (Figure 1D).



Assessment of the Ability for Discriminating Participants in Randomized Controlled Trial 2

Because the levels of C14:0, C18:0, C18:2, C20:4, C22:5, and C22:6 were significantly different after the intervention among the three groups, and their significant changing values in terms of △ were also observed in the intervention groups of RCT 1, we therefore further examined which of the above fatty acids could be used indiscriminate the participants who were in the intervention group in RCT 2, which is shown in Figure 2A. C14:0, C:18:2, and C20:4 could identify participants in the intervention group of RCT 2 with the AUCs (95% CI) being 0.73 (0.64–0.83), 0.62 (0.51–0.73), and 0.69 (0.59–0.79), whereas the AUCs (95% CIs) for C18:2, C22:5, and C22:6 were 0.51 (0.40–0.62), 0.52 (0.41–0.63), and 0.53 (0.42–0.64), where 95% CIs crossed 0.5, suggesting that the discriminating abilities of these fatty acids were non-significant. Meanwhile, in RCT 2, no significant changes in C18:2 were observed during the intervention; we, therefore, excluded C18:2 as described in Figure 1C and Supplementary Table 5, and calculated the ratio of myristic acid (C14:0) to arachidonic acid (20:4) (MA) based on the direction of changes of the two fatty acids to examine whether the combination of the two fatty acids could elevate the discriminating abilities for identifying the participants with a high-fat diet. The MA could identify the participants more accurately with the AUC (95% CI) being 0.80 (0.71–0.89) (Figure 2C).
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FIGURE 2. Discrimination ability of the fatty acids, amino acids, and the indicator for identifying participants in the intervention group of RCT 2 (N = 110). MA, the ratio of myristic acid (C14:0) to arachidonic acid (20:4); TGH, the ration of tyrosine to the sum of glycine and histidine; MA-TGH, multiplying MA by TGH calculated by C14:0 × tyrosine × 1,000/[C20:4 × (glycine + histidine)]. (A) Discrimination ability of the fatty acids in the RCT2. (B) Discrimination ability of the amino acids in the RCT2. (C) Discrimination ability of combined indicators in the RCT2.


Similarly, because the levels of glycine, histidine, tyrosine, alanine, and L-aminobutyric were significantly different after the intervention among the three groups, and their significant changing values in terms of △ were also observed in the intervention groups of RCT 1, we therefore further examined which of the above amino acids could be used to indiscriminate the participants who were in the intervention group in RCT 2, which is shown in Figure 2B. Glycine, histidine, and tyrosine could identify participants in the intervention group of RCT 2 with the AUCs (95% CI) being 0.65 (0.55–0.76), 0.65 (0.54–0.74), and 0.65 (0.54–0.75), whereas the AUCs (95% CIs) for alanine and L-aminobutyric were 0.55 (0.44–0.66) and 0.59 (0.48–0.70), where the 95% CIs crossed 0.5, suggesting that the discriminating abilities of the two amino acids were non-significant. Based on the direction of changes of the three amino acids, the ratio of tyrosine to the sum of glycine and histidine (TGH) was calculated to examine whether the combination of the three amino acids could elevate the discriminating abilities for identifying the participants with a high-fat diet. The TGH could identify the participants more accurately with the AUC (95% CI) being 0.77 (0.68–0.87) (Figure 2C).

Furthermore, we also examined whether the combination of these fatty acids and amino acids could elevate the discriminating abilities, and the indicator was further developed by multiplying MA by TGH (MA-TGH): C14:0 × tyrosine × 1,000/[C20:4 × (glycine + histidine)], and we found that it has more accurate discriminating ability than MA or TGH used alone with AUC (95% CI) being 0.85 (0.77–0.92) (Figure 2C).



Association of MA-TGH With the Incidence of Type 2 Diabetes Mellitus

In this longitudinal data, age, percentage of men, BMI, WC, the prevalence of hypertension, family history of diabetes, blood lipids, FS glucose, 2-h glucose, HOMA-IR, and serum BCAA at baseline were significantly greater in new cases of T2DM (Supplementary Table 9). MA-TGH was significantly associated with weight gain (r = 0.136, p < 0.001) (Supplementary Figure 1). The association of MA-TGH with the incidence of T2DM is presented in Table 2. After adjustment for age, sex, BMI, WC, smoke use, alcohol use, education level, family history of diabetes, energy intake, regular exercise habits, physical activity levels, hypertension, TG, HDL-C, TC, FS glucose, 2-h glucose, HOMA-IR, valine, leucine, isoleucine, and weight gain in model 4, MA-TGH was significantly associated with the incidence of T2DM in the total sample with HRs (95% CI) from bottom to the top quartiles being 1, 1.17 (0.82–1.72), 1.70 (1.21–2.39), and 2.09 (1.49–2.92). Meanwhile, among the participants with normal glycemia at baseline, MA-TGH was still associated with the incidence of T2DM with HR (95% CI) from bottom to the top quartiles being 1, 1.49 (0.89–2.50), 1.66 (0.99–2.77), and 2.75 (1.68–4.48) after adjustment for the covariates included in model 3 (Table 2), and sex had no effect on this association (Supplementary Table 10).


TABLE 2. HRs and 95% CI for the association between the quartiles of the indicator and incidence of T2DM in the total, normal glycemic, prediabetes, and IR samples.
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DISCUSSION

In this study, two RCTs with the intervention of hypercaloric intake of SFA from different doses and sources were conducted. In RCT 1, numbers of serum fatty acids and amino acids were significantly varied after overeating SFA. Among these serum fatty acids and amino acids, the significant changes in myristic acid (C14:0), arachidonic acid (C20:4), tyrosine, glycine, and histidine during the intervention were consistently observed in RCT 2, which showed lower discrimination ability for identifying the participants with the hypercaloric intake of SFA. An indicator of hypercaloric intake of SFA was therefore developed based on the above five serum fatty acids and amino acids. This indicator could significantly identify participants with hypercaloric intake of SFA in RCT 2, and it was associated with the development of future risk of T2DM, independent of other risk factors, particularly glucose, IR, and branched-chain amino acids. To our knowledge, this is the first study to establish an indicator based on fatty acids and amino acids, which can assess the nutritional status of hypercaloric intake of SFA, and examine its association with T2DM.

The most important finding of this study is that an indicator of hypercaloric intake of SFA was developed in this study. To achieve this, two RCTs were conducted in this study, with one for developing the indicator and the other for validation. In RCT 1, 100 and 120 g butter was provided as the main source of SFA to the participants. Compared to previous studies that reported the composition of serum FFA, this study examined the absolute changed values of serum FFA. We found that serum myristic acid (C14:0), stearic acid (C18:0), tyrosine, alanine, and L-aminobutyric acid increased, and linoleic acid (C18:2), arachidonic acid (C20:4), EPA (C22:5), DHA (C22:6), histidine, and glycine decreased among the participants in the group of 120 g butter per day, and only myristic acid (C14:0), linoleic acid (C18:2), arachidonic acid (C20:4), and EPA (C22:5) among the fatty acids and tyrosine, histidine, and glycine among the amino acids were significantly varied among the participants in the group of 100 g butter per day. This observation suggested that the number of significant changed fatty acids and amino acids gradually decreased with the stimulation of hypercaloric intake of SFA, and myristic acid (C14:0), arachidonic acid (C20:4), EPA (C22:5), tyrosine, histidine, and glycine probably had dose-response manner in relation to the hypercaloric intake of SFA from butter. These observations were consistent with previous studies, all indicating that serum long-chain SFAs increased, and serum unsaturated fatty acids decreased during hypercaloric intake of SFA (4, 5, 17–19). Also, these observations suggested that hypercaloric intake of SFA could influence the metabolic pathways of amino acids, and these amino acids were probably associated with hypercaloric intake of SFA.

Compared to RCT 1, RCT 2 adopted a more moderate degree of hypercaloric intake of SFA with a high-fat diet as the main source of SFA. We observed that myristic acid (C14:0), palmitic acid (C16:0), tyrosine, taurine, and citrulline acid increased, and α-linolenic acid (C18:3α), arachidonic acid (C20:4), histidine, and glycine were decreased. Although the different varied fatty acids and amino acids were observed, probably because of the different sources of SFA, the significant changes in myristic acid (C14:0), arachidonic acid (C20:4), tyrosine, histidine, and glycine were still observed in RCT 2, suggesting that these fatty acids and amino acids were relatively robust with the different sources of SFA. Furthermore, these fatty acids and amino acids showed relatively weak discrimination abilities for identifying the participants with the hypercaloric intake of SFA. Based on these results, this study intended to examine whether their combination could elevate the accuracy of discrimination ability. Therefore, MA-TGH, as a new indicator, was developed, and it could identify the participants who were in the group of hypercaloric intake of SFA with AUC being 0.85, suggesting that this indicator based on serum fatty acids and amino acids may be more accurate than the individual fatty acids or amino acids.

These results could be supported by several studies. Consistent results from previous RCTs have documented the association between SFA intake and serum cholesterol levels (13), which were also observed in the two RCTs of this study, and it has been reported that serum myristic acid has stronger positive cholesterolemic effects than other serum fatty acids (20). Moreover, a previous observational study has shown weak but significant positive and negative association of dietary fat with serum myristic acid (20). Cell and animal studies have indicated that myristic acid has been the first long-chain endogenous SFA in the fatty acid pathways, which can be elongated to palmitic acid by de novo lipogenesis (21), and it is more rapidly metabolized from hepatic to circulating than are other long-chain SFA (22). For arachidonic acid, previous feeding trials have shown that a low SFA diet resulted in increased serum arachidonic acid levels (23), and a high intake of SFA prompted arachidonic acid turnover in rats (24). Meanwhile, a previous study has reported that a high-fat diet could decrease tyrosine hydroxylase mRNA expression, resulting in increased plasma tyrosine (25). For glycine, the expression of pathways of glycine catabolism in the liver and urinary excretion of acyl glycines decreased in the high-fat diet (26, 27), and previous intervention studies have shown that plasma glycine decreased after 1 week of a meat diet, in which the intervention sources were mainly used red meat (28). For histidine, an intervention study has reported that histidine increased after feeding lean meat with low fat (29). Moreover, consistent results have documented the anti-inflammatory effect of glycine and histidine in obese people (30–32).

Another important finding of this study is that MA-TGH, as an indicator of hypercaloric intake of SFA, was significantly associated with future risk of T2DM, independent of other traditional risk factors, and this association was still significant in the participants who were normal glycemic. The FFQ is a relatively valid and commonly used instrument to capture diet information in observational studies. It has been found that FFQ frequently underestimates the intake of energy, and this underestimated percentage may be greater among people with obesity or T2DM, although the association between hypercaloric intake and increased risk of T2D has been abundantly documented. The serum fatty acids and amino acids used in MA-TGH have been reported to be associated with T2DM in previous population-based studies. The EPIC study across eight European countries has documented the association between myristic acids and increased risk of T2DM (33), and tyrosine has been consistently reported to be associated with IR, decreased insulin secretion, and the development of T2DM (34, 35). A pooled analysis of 20 prospective cohorts has shown that increased arachidonic acid was associated with reduced risk of T2DM (36), and a recent study based on genetic approaches has demonstrated a protective effect of glycine on T2DM, driven by a glycine-lowering effect of IR (37). It has also been indicated that histidine supplementation could improve IR and suppress inflammation and oxidative stress (38).

These findings of this study have important implications. A recent meta-analysis based on RCT has suggested that replacing dietary SFA with PUFA significantly lowered mortality risks of cardiovascular disease and all-cause (39); therefore, it is important to establish biomarkers that can objectively and sensitively assess the nutritional status of SFA. MA-TGH may aid in identifying individuals with excessive intake of SFA and developing targeted intervention plans for preventing the development of T2DM because the relationships of fatty acids and amino acids in MA-TGH with T2DM have been consistently confirmed in previous studies.

This study has several strengths. First, two RCTs with different doses and sources of SFA intervention were conducted, and the participants in the two RCTs were young medical students with high compliance. Second, the previous study has reported that it is difficult to modify the proportion of circulating fatty acids that are already accumulated in the body, probably leading that serum SFA did not correlate well with dietary intake of SFA (9). The participants in the two RCTs were relatively young, and therefore they may be more sensitive to the hypercaloric intake of SFA. Third, this study examined the association between the biomarker and incidence of T2DM with a relatively large OGTT sample of nutritional and metabolic analyses in this issue.

We also recognized that this study has certain limitations. First, the two RCTs in this study only included young, healthy Asian ethnic, which limits the generalizability of the findings. Compared with other ethnics, absorption and metabolic rates of carbohydrates tend to be higher, whereas that of fat tends to be lower in Asians (40). Future study is still needed to evaluate whether MA-TGH could be used for assessing the nutritional status of overeating SFA in other ethnics. Second, although the percentage of men and women was similar between the intervention group and control group after the randomization allocation, the percentage of women in the two RCTs was relatively high. Third, this study only examined the association between MA-TGH with T2DM in Asian ethnic; however, the associations of fatty acids and amino acids in the indicator with T2DM have been consistently demonstrated across different ethnicities (33–37). We would therefore expect that our observations would hold across other populations. Fourth, this study only examined the profiles of serum fatty acids but in the absence of data on intracellular values in the two RCTs. The serum profiles could be more easily used in clinical and epidemiological studies; however, fatty acids in adipose tissue may be more accurate. Fifth, in the prospective cohort, we could not exclude the possibility that the increased levels of MA-TGH were induced by other factors, such as genetic risk factors. The previous studies have identified a few gene polymorphisms for the fatty acids or amino acids used in MA-TGH (41–44). Therefore, future study is still needed to examine the interaction effects of the hypercaloric intake of SFA, levels of MA-TGH, and gene polymorphism on the development of T2DM to provide more comprehensive evidence for the association between MA-TGH and T2DM. Furthermore, we lacked information on the fatty acids and amino acids at the follow-up. Analyzing the changes in the levels of TAG-MA between baseline and follow-up might provide more compelling evidence for the association between this indicator and the risk of T2DM. Finally, this study did not control the energy intake between the intervention group and control group to be constant. It is unclear whether the indicator could reflect the intake of SFA under the condition that was not overfeeding. Future study with rigorously controlling the energy is warranted to validate the findings in this study.

In conclusion, this study developed and validated an indicator of overeating SFA based on changes in profiles of serum fatty acids and amino acids. The indicator was associated with the development of T2DM. These findings may have implications for the possible modifiable pathways to T2DM.
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Radish (Raphanus sativus L.) is an important Brassicaceous vegetable crop that is cultivated worldwide. The taste of radish can be described as pungent, sweet, and crisp. At present, the metabolic characteristics leading to differences in radish taste remain unclear, due to the lack of large-scale detection and identification of radish metabolites. In this study, UPLC-MS/MS-based targeted metabolome analysis was performed on the taproots of eight radish landraces. We identified a total of 938 metabolites, and each landrace exhibited a specific metabolic profile, making it unique in flavor and quality. Our results show that taste differences among the taproots of different radish landraces can be explained by changes in composition and abundance of glucosinolates, polyphenols, carbohydrates, organic acids, amino acids, vitamins, and lipids. This study reveals the potential metabolic causes of variation in the taste and flavor of radish taproots.
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Introduction

Radish (Raphanus sativus L., 2n = 2x = 18) belongs to the Brassicaceae family and Raphanus genus. It is the most widely cultivated and consumed vegetable in East Asia (China, Japan, and Korea), as well as an important economic crop worldwide. Radish cultivation China has a history of more than 2000 years (1). The long-term evolution, domestication, and artificial selection led to hundreds of distinctive landraces, with variation in root sizes, shapes, colors, and flavors (2). Radish can be used for various purposes. In northern China, some green-skinned radish cultivars, with sweet and crisp flavors, are consumed as fruits (3). In southern China, the red-skinned types, with a pungent taste, are mainly used for food coloring, cosmetics, and the medical industry (4–6). The mild white-skinned types are mainly used for cooking and stewing. Some varieties with low water content and high compact texture can be used for cooking and food processing (3).

Radishes are rich in bioactive metabolites that influence its taste. In previous studies, important secondary metabolites, such as glucosinolates (GS) and flavonoids, have attracted much attention and are characteristic in some unique Chinese radish cultivars (7–11). Different cultivars and growing conditions resulted in high variation in the profiles and content of these metabolites (8, 11, 12). In addition, fruit and vegetable flavor was greatly affected by the concentrations of carbohydrates, organic acids, and polyphenols (13–15). Studies have shown the compositions and abundance of amino acids also affected the taste (16–18). However, little information is available on the profiles of carbohydrates, amino acids, and organic acids in different radish landraces.

To date, there are few large-scale detection, identification, and quantification methods for the flavor substances in radish taproots. The reported methods mainly focus on high-performance liquid chromatography with diode-array detection (HPLC+DAD), HPLC alone or liquid chromatography-electrospray ionization-mass spectrometry (LC-ESI-MS) (19). Targeted metabolomics analysis, based on ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS), is a fast and reliable method for large-scale and comparative metabolomics studies (20).

In this study, we aimed to identify a wide range of metabolites that could contribute to taste variations among radish landraces. The UPLC-MS/MS method was performed to identify and quantify metabolites of eight radish cultivars. These metabolites included glucosinolates, phenolic acids, organic acids, lipids, vitamins, and amino acids et al. Our results provide useful data for clarifying the taste differences among radish cultivars and could further guide breeding research.



Materials and methods


Plant materials and chemicals

One double haploid (DH) line and seven advanced inbred lines of radish landraces were used in this study: Chunchangbai (CHB, DH) from Korea and Chunbulao (CBL) from Guangdong (China) with white skin and fleshed taproot, Shandongqing (SDQ) from Shandong and Jiangsuqing (JSQ) from Jiangsu (China) with green taproot flesh and green skin, Touxinhong (TXH) from Sichuan (China) with dark red skin and fleshed taproot, Nanxiang (NX) from Hubei (China) with green taproot skin and white flesh, Manshenhong (MSH) from Sichan (China) and Xuzhoulaluobo (LL) from Jiangsu (China) with light red taproot skin. CHB has a long cylindrical taproot. SDQ, JSQ, LL and TXH have an average-sized cylindrical taproot. NX, MSH and CBL have short cylindrical or oval taproots (Figure 1). All plants were grown in pots at the Institute of Best Fiber Crops at the Chinese Academy of Agricultural Sciences in December of 2020. Developed taproots (80 d after sowing) were harvested, washed with running tap water, and then cleaned with sterile water. The taproots were cut into pieces and stored at −80°C until further analysis. Each sample consisted of three replicates, and each replicate contained four individual plants.


[image: Figure 1]
FIGURE 1
 (A) Root type characteristics of eight radish landraces. (a), Chunchangbai (CHB); (b), Shandongqing (SDQ); (c), Jiangsuqing (JSQ); (d), Xuzhoulaluobo (LL); (e), Touxinhong (TXH); (f), Nanxiang (NX); (g), Chunbulao (CBL); (h), Manshenhong (MSH). Scale bar = 2 cm. (B) Soluble solids content (SSC) and acidity (pH) of eight radish landraces.


Gradient grades of methanol, acetonitrile, and formic acid were purchased from Merck Company, Germany (www.merck-chemicals.com). The internal standard L-2-chlorophenylalanine was bought from J&K Scientific Co., Ltd (www.jkchemical.com/).



Sample preparation and extraction

The sliced radish taproots were freeze-dried in a vacuum freeze-dryer (Scientz-100F, Ningbo, China) and then ground with zirconium beads at 30 Hz for 1.5 min (MM 400, Retsch, Haan, Germany). Then, 100 mg homogenized, sieved and lyophilized powder was weighed and dissolved with 1.2 mL 70% methanol extract. The sample was vortex for 30 s every 30 min, six times in total. The mixture was extracted overnight at 4°C. After centrifugation (12,000 rpm, 10 min), the supernatant was absorbed and filtered by SCAA-104 (ANPEL, Shanghai, China) with a 0.22-μm pore size. Then, the supernatant was qualitatified by high resolution mass spectrometry AB SCIEX 6600 QTOF, and AB SciEX 4500 Q TRAP UPLC/MS/MS system.

The fresh juice of each landrace was extracted for soluble solids content measurement using a Brix refractometer (LC-DR-53B, Lichen Co., Ltd., Shanghai, China); pH measurements were recorded using a pH meter (PHS-3C, INESA Scientific Instrument Co., Ltd., Shanghai, China).



UPLC conditions

UPLC was performed on an Agilent SB-C18 column (1.8 μm, 2.1 mm*100 mm). The mobile phase consisted of solvent A (pure water with 0.1% formic acid) and solvent B (acetonitrile with 0.1% formic acid). The samples were separated via a solvent gradient program, starting at 95% A and 5% B, followed by a linear gradient of 5% A and 95% B over 9 min, and maintained the final composition for 1 min. A composition of 95% A, 5.0% B was adjusted within 1.10 min and kept for 2.9 min. The flow velocity was set as 0.35 ml per min. The column oven was set to 40°C. The injection volume was 4 μl. Subsequently, the effluent was connected to an ESI-triple Quadrupole Linear Ion Trap (QTRAP)-MS.



ESI-Q TRAP-MS/MS

We used an AB4500 Q TRAP UPLC/MS/MS system, equipped with linear ion trap (LIT) and triple quadrupole (QQQ) for metabolite detection. An ESI Turbo Ion-Spray interface was operated in positive and negative ion modes and controlled by Analyst 1.6.3 software (AB Scitex, Foster City, CA, USA). The ESI source operation parameters were as follows: ion source (turbo spray, 550°C, 5,500 V /−4,500 V); gas I, gas II, and curtain gas were set at 50, 60, and 25.0 psi, respectively. The collision-activated dissociation was set to “high.” For QQQ and LIT modes, 10 μmol L−1 and 100 μmol L−1 polypropylene glycol solutions were used for instrument tuning and mass calibration, respectively. QQQ scans were acquired in the MRM experiments. The collision gas (nitrogen) was set to “medium.” For each MRM transition, de-clustering potential (DP) and collision energy (CE) were further optimized. A specific set of MRM transitions were monitored, according to the eluted metabolites at each period.



MS data and statistical analysis

MS data acquisition and processing were conducted based on previous methods (21). Metabolites were annotated based on the self-built database MWDB (Wuhan Metware Biotechnology Co., Ltd., Wuhan, China). Metabolite identification was based on the accurate mass of metabolites, MS2 fragments, MS2 fragments isotope distribution and retention time (RT). Through the company's self-built intelligent secondary spectrum matching method, the secondary spectrum and RT of metabolites in our samples were matched intelligently with the secondary spectrum and RT of the company's database one by one. The MS tolerance and MS2 tolerance were set to 2 ppm and 5 ppm, respectively. Metabolites that did not have standard products were compared with MS2 spectra in public databases or literature. Some of the metabolites without standard secondary spectra were inferred based on experience (22).

The metabolic data were processed using multivariate statistical analysis methods, including unsupervised principal component analysis (PCA), supervised multiple regression orthogonal partial least squares discriminant analysis (OPLS-DA), and hierarchical clustering analysis (HCA). PCA was performed using the statistics function prcomp within R v3.5.1 (www.r-project.org). Logarithmic transformation (log2) was performed on the MS data before OPLS-DA, and the mean was centered. OPLS-DA was carried out using R package MetaboAnalystR. The p and fold change values were 0.05 and 2.0, respectively. HCA was carried out by R package pheatmap. The number of differential metabolites was illustrated by Venn diagrams among radish samples. Using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database, with a p-value < 0.01, the differential metabolites between TXH and the other radish landraces were studied. All data were plotted by GraphPad Prism v6.01 (GraphPad Software Inc., La Jolla, CA, USA).




Results


Morphological and geographical taproot differences

The eight radish landraces were grown under uniform conditions. The morphology of the radish taproots, particularly the shape, color, and sizes, were obviously different (Figure 1A). The soluble solids content (SSC) of radish landraces ranged from 4.3% to 7.0%. CBL had the lowest SSC 4.30%, TXH and JSQ had the highest SSC 7.00% (Figure 1B). The pH of radish landraces ranged from 5.49 to 6.09 (Figure 1B).



Targeted metabolic profiling

To understand the taste differences among radish landraces, targeted metabolite analysis using UPLC–MS/MS was performed to identity comprehensive metabolic profiles of radish taproots. A total of 938 metabolites were identified, including 156 lipids, 87 phenolic acids, 87 organic acids, 118 amino acids, and derivatives that are likely to contribute to radish taste. Other primary and secondary metabolites were also identified (Supplementary Table S1).



Multivariate analysis revealed differences among the identified metabolite profiles

To assess the differences among the metabolite profiles of the eight radish landraces, we performed multivariate statistics. PCA was performed to clarify the internal structure of multiple variables on the 938 metabolites. The mixture of radish sample extracts was used as a quality control (QC) sample. The QC samples gathered in the same area, suggesting that they had similar metabolic profiles, and the analysis was stable and repeatable. The result showed the eight samples were divided into three different groups, indicating that each group had a relatively different metabolic profile. Group 1 included CHB, CBL, and MSH with white-fleshed taproot. Group 2 included JSQ, SDQ, NX, and LL, with green and white-fleshed taproot. Group 3 consisted of TXH with red skin and red-fleshed taproot (Figure 2A).


[image: Figure 2]
FIGURE 2
 PCA (A) and heat map visualization (B) of the relative differences in the metabolite profiles among different radish landraces. The sampling groups are color-coded as follows: red, TXH; green, NX; blue, CBL; purple, LL; pink, CHB; orange, MSH; yellow, JSQ; brown, SDQ; mix, the mixture of the radish sample extracts. In the heat map, each sample is represented by a column, and each metabolite is displayed in a row. Progressive colors show the enrichment level of each metabolite from low (green) to high (red).


To remove the effects of quantity on pattern recognition, we performed a log10 transformation on the peak areas of each metabolite and conducted HCA (Figure 2B). This analysis directly reflects the differences in metabolites between and within different groups. TXH, in group 3, was rich in flavonoids and carbohydrates metabolites. CHB, in group 1, was rich in tannins, organic acids, lipids, and other metabolites. MSH was rich in phenolic acids, lipids, and tannins. CBL was rich in flavonoids, lipids, nucleotides, and derivatives. LL, in group 2, was rich in organic acids, flavonoids, amino acids, and derivatives. Thus, the results of the PCA and HCA suggest these eight landraces had distinct metabolite profiles.



Differential metabolite analysis

A pairwise comparison of the eight radish landraces was carried out to determine the metabolites that lead to differences in taste. In OPLS-DA analysis (Supplementary Figures S1A–G), CBL, CHB, JSQ, LL, MSH, NX, and SDQ were clearly separated from TXH, indicating that there are major distinctions in metabolic profiles between different landraces.

To identify differential metabolites among the eight landraces, a fold change ≥ 2.0 (higher) or ≤0.5 (lower) was set, as well as variables identified as important in the projection (VIP > 1) scores, to select metabolites of interest. The screening results are presented as volcano plots (Supplementary Figures S2A–G) and Venn diagrams (Figures 3A–F). For landraces in group 1, there were 343 differential metabolites (148 higher and 195 lower) in CBL, compared to TXH; 346 (139 higher and 207 lower) in CHB, compared to TXH; and 328 (118 higher and 210 lower) in MSH, compared to TXH (Table 1). A total of 55 differential metabolites, including 18 flavonoids, 8 phenolic acids, 6 organic acids, and 6 saccharides and alcohols differed between the three landraces (Figures 3A,D; Supplementary Table S2).


[image: Figure 3]
FIGURE 3
 Venn diagrams display the overlapping and landrace-specific differential metabolites of group 1 landraces (A), group 2 landraces (B) and all eight landraces (C), respectively. Pie charts (D–F) show the biochemical categories of the differential metabolites. (D) shows the overlap metabolites of group 1 landraces; (E) represents the overlap metabolites of group 2 landraces; (F) displays the overlap metabolites of eight landraces.



TABLE 1 Differential metabolites among the eight landraces.

[image: Table 1]

With respect to the landraces involved in group 2, there were 421 differential metabolites (179 higher and 242 lower) in JSQ, compared to TXH; 329 (107 higher and 222 lower) in LL, compared to TXH; 362 (128 higher and 234 lower) in NX, compared to TXH; and 394 (169 higher and 225 lower) in SDQ, compared to TXH (Table 1). A total of 42 differential metabolites, including 26 flavonoids and 5 phenolic acids differed between the four landraces (Figures 3B,E; Supplementary Table S3). Furthermore, a total of 98 different metabolites were found in all eight landraces, including 59 flavonoids, 15 phenolic acids, and 6 alkaloids (Figures 3C,F; Supplementary Table S4).

The 938 differential metabolites among eight landraces were mapped to the KEGG database to obtain detailed information about the metabolic pathways (Supplementary Figures S3A-G). The enrichment analysis of identified metabolites that differ from TXH were mainly involved in flavonoid biosynthesis, phenylpropanoid biosynthesis, flavone and flavonol biosynthesis, and phenylalanine metabolism (Supplementary Table S5).



GS, organic acids, carbohydrates, polyphenols, and amino acids

In this study, we mainly focused on the classes of metabolites considered to be the major contributors of the difference in radish taproot taste. Each category of metabolite was analyzed based on the fold changes ≥ 2 or ≤0.5 and VIP values > 1, compared with that of TXH.


Glucosinolates

GS are sulfur- and nitrogen-containing metabolites common in the order Brassicales, and their degradation products have unique health benefits, as well as pest deterrent properties (23). The content of GS has a great influence on the unique flavor of Brassica vegetables, such as turnip (B. rapa) and broccoli (B. oleacrea) (24, 25). GS can be classified into aliphatic, aromatic, and indole GS, according to their precursor amino acids (26). GS in the taproots significantly affect the pungent taste and quality of fresh radish (23).

In our study, a total of 38 GS was detected, including 25 aliphatic GS, 8 aromatic GS, and 5 indole GS. Based on fold changes and VIP values, the concentration of 4-phenylbutylglucosinolate was most abundant in JSQ, followed by SDQ, CBL, and LL. It was the lowest in TXH. The concentration of sulforaphane was highest in CBL, MSH, and CHB, followed by LL and SDQ. It was the lowest in TXH, NX, and JSQ. The concentration of 2-hydroxy-2-methylpropylglucosinolate was more abundant in TXH, followed by JSQ, LL, MSH, NX, and SDQ. Five kinds of GS, including1-ethyl-2-hydroxyethyl GS, 5-hexenyl GS, gexyl GS, 4-methylpentyl GS, and 3-methylpentyl GS, were most abundant in LL. Nine kinds of GS, including 3-methylbutyl GS, 3-methylsulfinylpropyl GS, 6-sinapoyl-1-thioglucoside of 4-methylthiobut-3-enyl thioglucoside, 7-(methylsulfinyl) heptyl GS, 6-methylsulfinylhexyl GS, 4-hydroxyindol-3-ylmethyl GS, 3-indolylmethyl GS, 4-hydroxy-3-indolylmethyl GS, and 2-methylbutyl GS, were most abundant in SDQ. Five kinds of GS, including 6-(p-hydroxyphenylacrylic acid)-1-GS of 4-methylsulfinyl-3-butenyl thio-glucoside, 2(R)-hydroxy-2-phenylethyl GS, sinalbin, sinigrin, and 3-phenylpropyl GS, were most abundant in CHB (Supplementary Table S6).



Organic acids

We identified 87 organic acids in radish taproots, which could explain the weak acidity (pH5.49–6.04) of radish taproots. Twelve organic acids, including 3-ureidopropionic acid, succinic semialdehyde, abscisic acid, 2-hydroxyisocaproic acid, DL-pipecolic acid, methanesulfonic acid, phosphoenolpyruvate, piperonylic acid, L-citramalic acid, glutaric acid, 6-aminocaproic acid, and jasmonic acid were highly abundant and were more prevalent in CHB, compared with the other samples. Twelve organic acids, including 3-methylmalic acid, 2-acetyl-2-hydroxybutanoic acid, 2-propylsuccinic acid, adipic acid, suberic acid, quinic acid, pyrrole-2-carboxylic acid, 2-methylglutaric acid, 3-hydroxyglutaric acid, methylenesuccinic acid, 2-hydroxyglutaric acid, and pimelic acid, were highly abundant in LL. 2-Hydroxyphenylacetic acid and iminodiacetic acid were most abundant in NX. Six organic acids, including 1-pyrroline-4-hydroxy-2-carboxylic acid, 5-acetamidopentanoic acid, fumaric acid, 1-aminocyclopropane-1-carboxylic acid, 6-aminocaproic acid, and aminomalonic acid, were present in high concentrations, and their concentrations were significantly higher in JSQ. 2-Picolinic acid and isocitric acid were the most abundant in SDQ. Phenylpyruvic acid, phenyllactate, 4-pentenoic acid, and tiglic acid were most abundant in MSH. 2-Hydroxy-3-phenylpropanoic acid, creatine, 2-hydroxyisocaproic acid, and 3-guanidinopropionic acid were most abundant in CBL. Fourteen organic acids, including D-lactic acid, 2-methyl-3-oxosuccinic acid, 2-hydroxyhexadecanoic acid, succinic acid, citric acid, methylmalonic acid, 4-guanidinobutyric acid, 3-hydroxybutyric acid, D-galacturonic acid, malonic acid, (-)-jasmonoyl-L-isoleucine, α-ketoglutaric acid, DL-glyceraldehyde-3-phosphate, and oxalic acid, were most abundant in TXH, compared with the other samples (Supplementary Table S7).



Carbohydrates

We identified 72 carbohydrates in radish taproots. Among these carbohydrates, D-(-)-threose, helecin, 1,6-anhydro-β-D-glucose, D-(+)-cellobiose, D(+)-melezitose, O-rhamnoside, dambonitol, D-arabinose, D-fructose, D-galactaric acid, D-galactose, D-glucose, D-mannose, D-saccharic acid, D-sorbitol, erythrose, gluconic acid, isomaltulose, L-xylose, N-acetyl-D-mannosamine, and raffinose were most abundant and enriched in TXH. Eleven carbohydrates, including 3-phospho-D-glyceric acid, D-fructose-1, 6-biphosphate, D-glucoronic acid, D-glucosamine, D-maltose, D-pinitol, D-saccharic acid, glucose-1-phosphate, N-acetyl-D-glucosamine-1-phosphate, and sedoheptulose, were more prevalent in CHB than the other landraces. 2-Dehydro-3-deoxy-L-arabinonate and D-arabinono-1,4-lactone were more abundant in LL than the other samples. 3-Methyl-1-pentanol, D-melezitose, and L-gulono-1, 4-lactone were more abundant in CBL. Turanose, lactobiose, and D-lactulose were more abundant in MSH. D-Panthenol, maltotriose and ribitol were highly abundant and had accumulated in SDQ. Sucrose-6-phosphate was more prevalent in JSQ and NX than the other samples (Supplementary Table S8).



Polyphenols

Research shows that polyphenols cause bitterness, color, and astringency in beer and other beverages (15). These compounds can be classified as hydroxycinnamic and hydroxybenzoic acid derivatives (phenolic acids), flavanols, flavanol glycosides, and prenylated flavonoids (27). Studies have shown that several phenolics, including ferulic acid, p-coumaric acid, and protocatechuic acid can cause astringency (28). Flavanol monomers, such as catechin and epicatechin, are shown to be more bitter than astringent (29, 30).

In our study, 2-hydroxycinnamic acid was most abundant in MSH and CBL, followed by CHB and SDQ. The lowest concentration was found in TXH and LL. 4-Hydroxybenzoic acid was significantly reduced in CHB, JSQ, LL, NX, and SDQ. 5-Glucosyloxy-2-hydroxybenzoic acid methyl ester was significantly more abundant in LL. 4-O-Glucosyl-4-hydroxybenzoic acid was significantly reduced in CHB, JSQ, LL, MSH, NX, and SDQ. Dihydroferulic acid, ferulic acid, and isoferulic acid were significantly reduced in LL, NX, and SDQ. p-Coumaric acid methyl ester and p-coumaric acid-4-O-glucoside were more abundant in TXH. p-Coumaric acid was most abundant in MSH, followed by CBL and CHB. The lowest concentration was found in LL. Protocatechuic acid-4-O-glucoside was significantly reduced in MSH and SDQ. Epicatechin was abundant in MSH, CBL, CHB, NX, JSQ, LL, and SDQ but absent in TXH. Catechin gallate was most abundant in MSH, followed by CBL, JSQ, and LL. Epicatechin gallate was significantly enriched in NX (Supplementary Table S9).



Amino acids

We identified 118 amino acids in the radish taproots. Among them, 34 were most abundant in JSQ, including 3-cyano-L-alanine, 5-oxo-L-proline, 5-oxoproline, cis-4-hydroxy-D-proline, cyclo (Phe-Glu), cycloleucine, DL-tryptophan, L-allo-isoleucine, L-arginine, L-arginine (hydrochloride), L-aspartic acid, L-azetidine-2-carboxylic acid, L-citrulline, L-cystine, L-glutamine, L-homomethionine, L-isoleucine, L-leucine, L-methionine, L-norleucine, L-ornithine, L-phenylalanine, L-tryptophan, L-valine, L-γ-glutamyl-L-leucine, N-acetyl-DL-phenylalanine, N-acetyl-L-tyrosine, N-alpha-acetyl-L-asparagine, nicotianamine, N-α-acetyl-L-ornithine, trans-4-hydroxy-L-proline, γ-glutamyl-L-valine, γ-glutamylmethionine and γ-glutamylphenylalanine. Seven amino acids, such as 10-formyltetrahydrofuran, 5-aminovaleric acid, L-glutamine-O-glycoside, L-homocitrulline, methiin, N-acetyl-beta-alanine and S-adenosylmethionine were highly abundant and prevalent in CHB. Seven amino acids, including 2, 6-diaminooimelic acid, histamine, L-lysine, L-tyrosine, S-methyl-L-cysteine, γ-glutamyltyrosine, and γ-L-glutamyl-S-methyl-L-cysteine were most abundant in NX. Five amino acids, including 1-methylpiperidine-2-carboxylic acid, cyclo (Ala-Gly), L-isoleucyl-L-aspartate, L-prolyl-L-leucine and N-acetyl-L-aspartic acid were most significantly enriched in CBL. Three amino acids, including L-aspartic acid-O-diglucoside, L-cysteine, and L-proline, were most abundant in SDQ. Three amino acids, including N6-acetyl-L-lysine, N-acetyl-L-phenylalanine, and trimethyllysine, were most significantly enriched in MSH. Nicotinuric acid, N-acetyl-L-threonine, S-(5'-Adenosyl)-L-methionine chloride, and γ-Glu-Cys were most abundant in LL. S-allyl-L-cysteine was most abundant in TXH (Supplementary Table S10).



Vitamin

We identified 24 vitamins in radishes. Among these vitamins, thiamine (vitamin B1) was highly abundant in CHB. Dehydroascorbic acid and pyridoxine-5'-O-glucoside were most abundant in JSQ, followed by CHB, NX, and SDQ. 4-Pyridoxic acid-O-glucoside, D-pantothenic acid, calcium pantothenate, and 4-pyridoxic acid were most abundant in NX. Biotin was the most abundant in LL (Supplementary Table S11).



Lipids

Lipids provide energy, give special flavor and taste to food, and are essential substances in human health. In this study, we identified 76 lipids. Based on fold changes and VIP values, nine lipids, including lysoPE 15:1 (2n isomer), lysoPC 17:2, lysoPC 18:1 (2n isomer), lysoPC 15:1, lysoPC 14:0, docosanoic acid, lysoPC 18:2 (2n isomer), lysoPC 18:2 and lysoPC 18:1, were most abundant in MSH. Nine lipids, including 2R-hydroxy-9Z, 12Z, 15Z-octadecatrienoic acid, 3S-hydroxy-9Z, 11E, 15Z-octadecatrienoic acid, lysoPE 16:0 (2n isomer), lysoPC 15:0, lysoPC 12:0, lysoPC 16:0, LysoPE 15:0 (2n isomer), lysoPC 15:0 (2n isomer), and 9, 12, 13-TriHOME, were most abundant in CHB. Eight lipids, including 9, 10, 11-trihydroxy-12-octadecenoic acid, 7S, 8S-DiHODE, 13-KODE, 12, 13-DHOME, (9Z, 11E)-octadecadienoic acid, 9-hydroxy-10, 12, 15-octadecatrienoic acid, and 9, 10, 13-trihydroxy-11-octadecenoic acid, were most abundant and accumulated in CBL. Eight lipids, including 1-α-linolenoyl-glycerol-2, 3-di-O-glucoside, 2-α-linolenoyl-glycerol-1-O-glucoside, 1-α-linolenoyl-glycerol-3-O-glucoside, 2-linoleoylglycerol, choline alfoscerate, linoleic acid, 1-oleoyl-Sn-glycerol, and 4-Oxo-9Z, 11Z, 13E, 15E-octadecatetraenoic acid, were most enriched in JSQ. Six lipids, including PE (oxo-11:0/16:0), 2-linoleoylglycerol-1, 3-di-O-glucoside, 2-linoleoylglycerol-1-O-glucoside, 1-linoleoylglycerol-3-O-glucoside, 1-(9Z-octadecenoyl)-2-(9-oxo-nonanoyl)-sn-glycero-3-phosphocholine and 2-aminoethylphosphonic acid, were most abundant in SDQ. 2-α-Linolenoyl-glycerol and 1-α-linolenoyl-glycerol were most abundant in NX. Ethyl 9-hydroxy-10, 12-octadecadienoic acid was most abundant in LL (Supplementary Table S12).





Discussion

Radish is an important economic crop worldwide. Previous studies on radish metabolites mainly focused on specific classes of metabolites, such as glucosinolates, anthocyanin and flavonoids (8, 11, 31–33). However, the differences in metabolic profiles of radish cultivars have not been fully understood until now. In this study, we performed a UPLC-MS/MS-based targeted metabolomic analysis to understand the differences in taste between eight representative landraces, with various shape, color, and uses. A total of 938 metabolites were identified, and more than 300 metabolites were significantly and differentially accumulated in TXH and the other landraces. Therefore, this study provides novel insights for understanding the taste differences among the taproots of different radish landraces.

Each landrace has a specific metabolic profile, making it unique in taste and different in use. TXH with red skin and red flesh, is widely used in food coloring and pigment extraction industries. In our study, 19 anthocyanins (such as pelargonidin- and cyanidin-based derivatives) were significantly abundant in TXH, which was consistent with a previous study (11). Furthermore, 21 carbohydrates and 14 organic acids were significantly enriched in TXH, which contribute to the desirable taste with slight sweet and sour flavors (Brix 7.00%, pH 5.49) (Supplementary Tables S6–12).

MSH and LL, with red taproot skin, are widely used in kimchi and cooking. In our study, 9 lipids, 4 organic acids, 3 amino acid, 3 polyphenols, 3 carbohydrates, and 3 amino acids were significantly abundant in MSH, making it distinctive from the other landraces. Twelve organic acids, 5 GS, 4 amino acids, 2 sugars, 1 lipid, and biotin were most abundant in LL, which could explain the slightly pungent taste (Brix 4.80%, pH 6.09) (Supplementary Tables S6–12).

CHB and CBL, both with white skin and white flesh, are widely used in cooking and stewing. In our study, 12 kinds of organic acids, 11 carbohydrates, 9 lipids, 7 amino acids, and 5 GS were most abundant in CHB, which contribute to its sweet and sour taste (Brix 5.20%, pH 5.91). Eight lipids and three carbohydrates were most abundant in CBL, resulting in a mild taste (Brix 4.30%, pH 5.87) (Supplementary Tables S6–12).

SDQ and JSQ with green skin and green flesh are widely used as fruits and vegetables. In our study, 9 GS, 6 lipids, 3 carbohydrates, 3 amino acids, and 2 organic acids were significantly abundant and accumulated in SDQ, which results in a strong pungent and crisp taste (Brix 6.60%, pH 5.94). Thirty-four amino acid, 8 lipids, 6 organic acids, and 2 vitamins were most abundant in JSQ, contributing to its sweet and crisp flavors (Brix 7.00%, pH 5.93) (Supplementary Tables S6–12). NX, with green-white skin and flesh, is widely used in cooking and processing. In our study, 7 amino acids, 4 vitamins, 2 lipids, and 2 organic acids were most abundant in NX, which impart a light sweet crisp taste (Brix 6.10%, pH 5.74) (Supplementary Tables S6–12).



Conclusions

In this study, UPLC-MS/MS-based metabolic analysis was performed successfully to systematically compare taste differences between the taproot of TXH and the other landraces. This work provides new insights into the differences in compositions and abundances of metabolites in radish taproot. We proposed that the difference in composition and concentrations of glucosinolates, carbohydrates, organic acids, amino acids, polyphenols, vitamins, and lipids might be the underlying causes of the differences in taste among the taproot of different radish landraces.
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The food waste generated by small and medium agro-industrial enterprises requires appropriate management and valorization in order to decrease environmental problems and recover high-value products, respectively. In this study, the Camelina sativa seed by-product was used as a source of glucosinolates. To begin, the chemical profile of the extract obtained using an international organization for standardization (ISO) procedure was determined by UPLC-HRMS/MS analysis. In addition, an extraction method based on ultrasound-assisted extraction was developed as an alternative and green method to recover glucosinolates. Main parameters that affect extraction efficiency were optimized using a response surface design. Under optimized conditions, the extract showed an improvement in extraction yield with a reduction in organic solvent amount compared to those obtained using the ISO procedure. Finally, the extract obtained with the ultrasound-assisted method was purified, tested on human colorectal cancer cell lines, and showed promising results.
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Introduction

Several epidemiological studies suggest a relationship between cruciferous vegetable intake and risk of several types of cancer. Higher intakes of cruciferous vegetables (more than three servings per week) have been associated with significant reductions in the risk of lung, stomach, and colorectal cancers, and with less consistent reductions in the risk of prostatic, endometrial, and ovarian cancers (1–4). Recent studies indicate that glucosinolates and their breakdown products including indoles and isothiocyanates have a beneficial health effect and may contribute to reduction of neurodegenerative and cardiovascular diseases when taken as part of the diet [(5–7); Le (8, 9)]. Glucosinolates (GLSs) are secondary metabolites produced by cruciferous plants. They accumulate at a high concentration in many species belonging to the Brassicaceae family. Nowadays more than 120 different glucosinolates have been identified in many plants such as mustard, cabbage, cauliflower, broccoli, and radish. The composition and concentration of GLSs have been shown to vary from one species to another and in a single variety depending on plant environment, crop conditions, age, and health (10–12). GLSs play an important role in plant protection (13, 14). In fact, these compounds remainin active unless they interact with an enzyme called myrosinase, which converts them into glucose and aglycones first and then into other molecules such as nitriles or isothiocyanates (15). The glucosinolate-myrosinase system is used as defense against the aggression of external plants, and for these reasons GLSs are also used as natural pesticide and biofumigation agents (16, 17). Different chemical and biological properties are the reason why these plant secondary metabolites attract the attention of several researchers (18). Camelina sativa L. is one of the plants in which GLSs are found. C. sativa appears to be an interesting agricultural crop because of its good oil yield with an omega-3 fatty acid content, which makes it a promising alternative source of essential fatty acids (19). C. sativa seed-press cake (PC) represents a co-product of a food chain particularly rich in interesting compounds such as glucosinolates, which could be used in the pharmaceutical, cosmetics, and food industries and whose valorization makes the entire supply chain environmentally and economically sustainable (19). However, in order to exploit Camelina sativa PC as a source of bioactive compounds, it is necessary to develop adequate extraction methods to reduce time, cost, and environmental pollution (20). Current GLS extraction methods involve several time-consuming and potentially hazardous steps. These steps are lyophilization, tissue disruption, and a long and laborious extraction protocol involving double extraction with boiling aqueous methanol.

In this study, a green extraction procedure was developed for recovery of glucosinolate compounds from by-products of C. sativa seeds. Initially, the international standard method ISO9167-1 (21) usually used for GLS extraction in order to obtain a reference extract characterized by ultra-pressure liquid chromatography (UPLC) coupled with a high-resolution mass spectrometry (HRMS) detector. After the chemical characterization, an extraction method based on ultrasound assisted (USA) technology using green solvents (water and ethanol) was developed. The main parameters of ultrasound-assisted solid liquid extraction (USAE) were carefully optimized using an experimental design to improve the extraction efficiency and reduce the consumption of organic solvents. Under optimized extraction conditions, the developed method demonstrated better efficiency than those obtained using the ISO procedure. Furthermore, a rapid procedure based on solid phase extraction (SPE) was applied on the USA extract to purify and concentrate glucosinolate compounds. Finally, the anticancer activity of the purified extract was measured in vitro on human colorectal cancer cell lines by viability assay to evaluate putative nutraceutical properties. Enriched glucosinolate fractions displayed selective cytotoxic activities against tumor cell lines but not against healthy lines and showed promising results for future studies.



Materials and methods


Standards and materials

MS-grade solvents used for UPLC analysis, acetonitrile (MeCN) water (H2O), and formic acid (HCOOH), were provided by Romil (Cambridge, United States); analytical-grade solvents methanol (MeOH) and ethanol (EtOH) were supplied by Sigma-Aldrich (Milan, Italy). Water was purified using a Milli-Q system (Millipore, Bedford, United States). Acetic acid (Sigma-Aldrich) and ammonium hydroxide solution were provided by Sigma-Aldrich (Milan, Italy). Glucoarabinin potassium salt, glucocamelinin potassium salt, and homoglucocamelinin potassium salt were purchased from Extrasynthese (Lyon, France). Stock standard solutions (1 mg ml–1) of each compound were prepared using methanol and stored at 4°C. Diluted solutions and mixtures were made in MeOH:H2O 1:1, (v:v).



Samples

Camelina sativa PC was supplied by FlaNat Research srl (Milan, Italy). After cold oil extraction, the PC by-product was immediately finely blended using a knife mill, Grindomix GM-200 (Restek GmbH, Germany) operated at 6,000 rpm for about 30 short cycles of approximately 15 s each to prevent the samples from heating. The ground samples were sieved through a test sieve in the range of 300–600 μm to obtain a powder with homogeneous particle size distribution and stored in the dark at -80°C in polyethylene bags until analysis.



Optimization of ultrasound-assisted extraction

Extraction of GLS compounds from PC was performed by ultrasound-assisted solid liquid extraction (USAE). For each extraction, 1 g of finely ground sample was placed in a 50-ml polypropylene tube, and an extraction solvent was added to the sample. Then, the tube was gently shaken by hands for a few seconds and immersed in an ultrasonic bath (frequency 35 kHz; power 60–120 W; Sonorex TK 52; Bandelin electronic, Berlin, Germany). During the extraction, the temperature of the water bath was continuously monitored and adjusted to maintain a constant temperature of 30°C. At the end of each extraction cycle, lasting 5 min for each, the samples were centrifuged (ALC centrifuge PK 120; Thermo Electro Corporation, San Jose, CA, United States) at 19.8 g. The supernatant was collected with a Pasteur pipette, filtered (Whatman No. 1 filter), and analyzed by UPLC-HRMS. To select the best extraction conditions, a central composite experimental design (CCD) was performed using Statgraphic Centurion XVI Version 16.1 (Rockville, MD, United States). The effect of four independent factors on extraction efficiency and the total amount of EtOH were studied through an experimental design. The range for each factor was selected by preliminary experiments. In particular, a response surface Box-Behnken design 2-factor interaction was carried out considering three variables at three different levels (low, medium, and high): solvent volume (vol) at 5, 10, and 15 ml; number of cycles (n°) 2, 3, and 4; and composition of solvent (EtOH%) 40, 60, and 80%. Four response variables were individually considered in the optimization of the extraction conditions: the extraction yield of each GLS was expressed as μg g–1of dry matter (ug/g DM) and total ethanol used (ml). A total of 16 experiments (16 points of the factorial design, 4 center points, and 6 freedom degrees) were carried out in a randomized run. Optimal experimental conditions that independently maximized extraction efficiency and minimized the total amount of EtOH used were obtained from a fitted model. Analysis of variance (ANOVA) was conducted to evaluate the statistical significance of independent variable contributions and their first-order interactions. The experimental matrix design, with the experimental conditions of each independent variables, and the results of experimental GLS extraction yield (μg/gDM) and total EtOH used (ml) from 16 selected combinations of the independent variables, are reported in Table 1.


TABLE 1    Experimental conditions of the response surface design and experimental values of the response variables.
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Purification of glucosinolates by solid-phase extraction

A solid-phase extraction procedure was developed in order to obtain an extract rich in GLSs and to perform cellular assays. Briefly, strong anion exchange (SAX) Mega Bond Elute NH2 cartridges (1 g) were activated with methanol and equilibrated with 1% acetic acid in water. The ultrasound-assisted solid liquid extract was loaded onto an NH3+ cartridge and washed with 5 ml of MeOH 1% acetic acid; finally, the glucosinolate fraction was eluted with 10 ml of freshly prepared H2O 2% NH4OH solution. The purified extract was evaporated to dryness in a vacuum evaporator at 40°C, dissolved in water at a concentration of 1 mg ml–1, and filtered with a 22-μm PES filter before cellular assays.



Qualitative and quantitative analyzes by high-resolution mass spectrometry (HRMS)/MS analysis

Qualitative and quantitative analyzes of GLSs were carried out using an acquity UPLC system coupled with a Xevo G2-XS QT mass spectrometer (Waters Corp., Milford, MA, United States). The mass spectrometer equipped with an electrospray ion source (ESI) was used in negative and positive ionization modes to acquire full-scan MS, and spectra were recorded in the range of 50–1,000 m/z. The source parameters were as follows: electrospray capillary voltage 2 kV, source temperature 150°C, and desolvation temperature 600°C. The cone and desolvation gas flow was 20 and 900 L h–1, respectively, and a scan time of 0.3 s was employed. Cone voltage was set at 70 V and source offset at 20. The mass spectrometer was calibrated with 0.5 M sodium formate, and 100 pg μl–1of standard leucine-enkkephaline at m/z 554.2615 was infused with the flow of column at 5 μl min–1 as the lock mass and acquired for 1 s every 30 s. The total ion current (TIC) used for qualitative analysis was acquired, and an MS/MS spectrum of each compound at different collision energy was acquired and compared to reference standards on which GLS identification was performed. A quantitative analysis was performed using multiple reaction monitoring (MRM) data acquisition mode and by monitoring three characteristic fragments for each target compounds of the [M + H]- ion of glucoarabinin (506.1523 > 442.14, 248.11, and 96.96) glucocamelinin (520.1684 > 456.16, 262.12, and 96.96), and homoglucocamelinin (534.1819 > 470.18, 276.14, and 96.96) and ramping collision energy from 25 to 30 V to produce abundant product ions before detection. In order to quantify the GLS compounds in the extracts, an external standard calibration was conducted six points between 0.01 and 10 μgmL–1. Each level was acquired in triplicate. An analysis of variance (ANOVA) was carried out to test the regression curves, and the linear model was found appropriate over the concentration range (R2 values > 0.9992). Precision and intraday repeatability were also estimated in all the concentration levels with a coefficient of variation lower than 5%. The results of the quantitative analysis for each analyte were expressed as μg g–1of dry matter (DM). The Mass Lynx software (version 4.2) was used for instrument control, data acquisition, and processing.



Cell cultures

CCD841 (ATCC® CRL-1790™) healthy human mucosa cell lines and CaCo-2 (ATCC® HTB 37™) human colorectal cancer cells were grown in an EMEM medium supplemented with heat inactivated 10% fetal bovine serum (FBS), 2 mM L-glutamine, 1% non-essential amino acids, 100 U ml–1penicillin, and 100 μg ml–1 streptomycin. E705 (kindly provided by Fondazione IRCCS Istituto Nazionale dei Tumori, Milan, Italy) and SW480 (ATCC® CCL-228™) human colorectal cancer cells were grown in an RPMI 1640 medium supplemented with heat-inactivated 10% FBS, 2 mM L- glutamine, 100 U ml–1penicillin, and 100 μg ml–1streptomycin. All the cell lines were maintained at 37°C in a humidified 5% CO2 incubator. ATCC cell lines were validated by short-tandem repeat profiles that are generated by simultaneous amplification of multiple short-tandem repeat loci and amelogenin (for gender identification). All the reagents for cell cultures were supplied by Lonza (Lonza Group, Basel, Switzerland).



Viability assay

Cell viability was investigated using an MTT-based in vitro toxicology assay kit (Sigma, St. Louis, MO, United States) according to the manufacturer’s protocols. The different cell lines were seeded in 96-well microliter plates at a density of 1 × 104 cells/well, cultured in a complete medium, and treated after 24 h with 400 and 800 μg ml–1of glucosinolate purified extract. After 48 h at 37°C, the medium was replaced with a complete medium without phenol red containing 10 μl of 5 mg ml–1MTT [3-(4,5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide]. After 4 h of additional incubation for CCD841 and 2 h for CRC cells lines, formazan crystals were solubilized with 10% Triton X-100 and 0.1 N HCl in isopropanol, and the absorbance was measured at 570 nm using a microplate reader. Cell viabilities were expressed as a percentage against the untreated cell lines used as controls. Two types of statistical analyzes were used using R (version 4.0.0) and GraphPad Prism 8. A general linear model (GLM) was used to evaluate the dose-dependency of the cell lines, while a 2-way ANOVA with Tukey multiple comparison test was conducted to understand differences between the lines at the same concentration of the extract. The significance threshold was set at p = 0.05.



Enzyme assays

To evaluate the effect of glucosinolates on enzymatic activities, CRC cell lines and healthy cell lines were seeded at 1 × 106 cells/100 mm dish and treated for 48 h with the extract at 400 and 800 μg ml–1. The cells were rinsed with ice-cold PBS and lysed in 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 5 mM EDTA, 10% glycerol, and 1% NP-40 containing protease inhibitors (1 μM leupeptin, 2 μg ml–1aprotinin, 1 μg ml–1pepstatin, and 1 mM PMSF). Homogenates were obtained by passing the cells 5 times through a blunt 20-gauge needle fitted to a syringe and then centrifuging them at 15,000 g for 30 min at 4°C. Enzyme activities were assayed on supernatants. Glutathione S-transferase (GST) was measured as reported in Habig (Habig et al., (22)) using 1 mM reduced glutathione (GSH) and 1 mM 1-chloro-2,4-dinitrobenzene (CDNB) as substrates in the presence of a 90-mM potassium phosphate buffer (pH 6.5),and the reaction was monitored at 340 nm. Superoxide dismutase (SOD) was measured using an indirect method according to Vance [Vance et al., (23)]. This technique is based on the ability of SOD to compete with ferricytochrome c for superoxide anions generated by the xanthine oxidase system and, thus, to inhibit the reduction of ferricytochrome c. Briefly, the protein samples were incubated with 0.01 mM ferricytochrome c in 10 mM HEPES-Tris (pH 7.5), 0.1 mM EDTA, 0.01 mM xanthine in 1 mM NaOH, and xanthine oxidase at a final concentration of 0.006 U/ml. Under these conditions, one unit of SOD is the amount of enzyme able to yield a 50% decrease in the rate of ferricytochrome c reduction followed at 550 nm. All the assays were performed in triplicate at 25°C with a Jasco V-550 spectrophotometer and analyzed with the Spectra Manager (version 1.33.02) software of Windows. A linear model was chosen for statistical analyzes of enzymatic assays to evaluate differences against a control set at fold = 1. The significance threshold was set at p = 0.05.




Results and discussion

Initially, a chemical characterization of phytochemical compounds in the Camelina seed by-product was performed by UPLC-HRMS. The full ms chromatograms are shown in Supplementary Figure 1, and a list of the tentatively identified phytochemicals numbered according to elution order is shown in Supplementary Table 1. The untarget analysis in negative ion mode allowed for identification of 11 metabolites belonging mainly to two classes, polyphenols and glucosinolates. The results of the qualitative analysis was in accordance with literature data (24–27). However, among all the compounds found in the extract, our attention was focused on glucosinolates. The analysis of chromatogram in full MS and MS/MS mode allowed for us to identify the presence of three main glucosinolates in the extract, which were assigned as glucoarabinin, glucocamelinin, and homoglucocamelinin. The identification was based on retention time and UV and MS/MS spectra and finally confirmed with commercial standards. The results of the qualitative analysis were in accordance with literature data (25, 28, 29). The individual and total GLS contents in Camelina sativa seeds were investigated using an international standard method (ISO 9167-1) with some slight modifications and avoiding the desulfation step. A quantitative analysis of the ISO method was carried out using a selective MRM method, and the results showed that the amount of glucoarabinin, glucocamelinin, and homoglucocamelinin was 304.3 ± 62, 403.3 ± 23, and 262.6 ± 87 μg g–1DM, respectively.


Optimization of glucosinolate extraction


Selection of solvent composition

Given the interesting content of GLSs in the extract of C. sativa PC, especially considering that the matrix used is an industry by-product, we decided to develop and optimize a green extraction method based on ultrasound-assisted extraction (USAE) to improve extraction yield and reduce the use of chemicals and environmental impact. As commonly reported in the literature, one of the most important parameters that affect the extraction efficiency in USAE process is the composition of the extraction solvent. For this reason, to replace methanol with a green solvent such as EtOH (generally recognized as safe) and to select a solvent composition to be used in the further experimental design, preliminary experiments were carried out by increasing from 0 to 100 the organic solvent percentage (ethanol and methanol) in water, and GLS content was monitored. The other parameters of USAE, namely, solvent volume, extraction cycle, and extraction time were kept constant at 10 ml, 2 cycles, and 5 min, respectively. The results indicate that an extraction solvent with water content higher than 80% formed a mucilaginous agglomerate that makes injection in the chromatographic system impossible. However, as shown in Figure 1, the quantitative trend of monitored GLSs is comparable using both methanol and ethanol. GLS content increases proportionally to the increase in organic solvent from 20 to 60%, but beyond this value it begins to decrease. Based on these results and considering that the behavior of methanol and ethanol was comparable, EtOH in the range of 40 to 80% was selected as extraction solvent in the next optimization step because of its lower environmental impact and toxicity.
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FIGURE 1
Glucosinolate peak area vs. organic solvent percentage, ethanol (solid line) and methanol (dashed line).




Response surface design

After the preliminary experiments were carried out to select the organic solvent and its content, a response surface methodology (RSM) was used to maximize the extraction of GLSs and at the same reduce the consumption of the organic solvent. In this study, the influence of the three independent variables (solvent volume, solvent composition, and extraction cycles) on the extraction efficiency of each glucosinolate and on total EtOH consumption was simultaneously evaluated by a Box-Behnken 2 factor interaction design. GLS contents (μgg–1DM) were considered as response variable to be maximized and total consumption of EtOH (ml) as variable to be minimized considering that reduction of the organic solvent has a positive influence on the cost of the analysis and on environmental impact. Table 1 reports the total volume of EtOH used and the amount of glucosinolates for each run provided by the CCD used as a response variable. The statistical parameters of the experimental design are summarized in Table 2.


TABLE 2    Analysis of variance of the regression model.

[image: Table 2]

Based on the results, the model showed a high correlation (R2 ≅ 98%), indicating a slight variance of the data and a good prediction of the model with respect to all the considered response variables. Two independent variables, percentage of EtOH and its volume, had a significant influence on both GLS extraction and volume of total EtOH (p < 0.05) while the extraction cycles had a significant influence only on the extraction efficiency of homoglucocamelinin and on the volume of EtOH. Moreover, the quadratic effect of multiple parameters as well as the interaction among many parameters was statistically significant (p < 0.05) for the response variables considered (Table 2). As shown in the desirability plot (Figure 2), the volume of the extraction solvent linearly influences the desired effect; in fact, by increasing the extraction volume from 5 to 15 ml, there is an increase in desirability. Regarding the percentage of EtOH, the desirable effect increases proportionally to the increase in organic solvent from 40 to ≅70%, but beyond this value it begins to decrease. This result was also in agreement with those obtained in our preliminary results. Finally, the optimized conditions to maximize the extraction of glucosinolate compounds and at same time reduce the consumption of organic solvents were calculated as EtOH 65%, cycles 2, and solvent volume 5 ml. After selecting the optimized extraction conditions to evaluate the improvement in extraction efficiency, these results have been comparted with those obtained using the ISO method. A quantitative analysis of the three glucosinolates was carried out by UPLC-HRMS using the external standard method. The calibration curve of glucosinolates in the concentration range of.1–10 μg ml–1 were used to quantify their content in both extracts. The external standard calibration curves for all the analytes provided good linearity within the investigated concentration range with correlation coefficients (R2) ranging from 9993 and 9998. The quantitative analysis of the extract obtained by using USAE shows that the content of glucoarabinin, glucocamelinin, and homoglucocamelinin were 1,525.6 ± 53, 3,544.6 ± 209, and 615.5 ± 68 μg g–1DM, respectively. This result highlights a huge increase in extraction efficiency for all target compounds, in particular, the recovery of glucoarabinin, glucocamelinin, and homoglucocamelinin increased by 501, 878 and 234%, respectively. These results can be explained by the increased chemical stability of glucosinolates under the milder extraction conditions of the developed USAE method, compared to the ISO procedure which uses methanol at 75°C as extraction solvent. These conditions can cause thermal degradation of glucosinolates as highlighted by some authors (30–33).
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FIGURE 2
Desirability plot for total glucosinolate extraction as functions of ethanol percentage and total solvent volume.





Purification of glucosinolates

Given the high content of GLSs in Camelina sativa PC, we decided to develop an efficient protocol based on solid phase extraction (SPE) to obtain a purified extract and test cell activity while preventing other compounds from interfering with results. USA extract 140 mg of was diluted in 10 ml H2O and 1% HCOOH and loaded into an SPE column. After the loading, a washing solution using 10 ml H2O and 1% HCOOH was passed through the SPE cartridge to remove non-retained compounds, while the GLSs were eluted using 10 ml of H2O and 2% NH4OH.

Both wash and elution fractions were collected, and each one was analyzed by UPLC-HRMS-DAD to detect the presence of GLSs and verify the purity of the SPE extracts. The results of HRMS chromatographic profiling of elution fractions, crude extract, and reference standard compounds are shown in Figure 3. The chromatographic analysis suggests that the developed SPE procedure allowed to selectively purify the GLSs, avoiding losses of compounds of interest in the washing step. In general, the results show that USAE coupled with the SPE procedure allow to obtain a high purity of GLS molecules from Camelina sativa PC. An overall balance in the extraction, isolation, and purification processes suggests that approximately 800 mg of purified GLS extract can be recovered from 10 g of PC used.
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FIGURE 3
UHPLC full MS chromatograms of ultrasound-assisted solid liquid extraction (USAE) under optimized conditions before (black line) and after (red line) purification by solid phase extraction (SPE).




Antiproliferative effect of purified glucosinolate extract

Initially, screening was performed to define the concentrations of purified extract to be used in MTT viability tests. Among the concentrations tested in the range of 100 to 1,000 μg ml–1, the experimental results suggested to select a concentration range of 400–800 μg ml–1 for further experiments. Four different cell lines were selected to perform MTT assays and evaluate cell viability after a 48-h treatment through mitochondrial activity. The cell lines chosen were healthy colorectal mucosa CCD841 cell lines and three colorectal cancer cell lines with peculiar mutations or behaviors. In particular, CaCo-2 and E705 show no hyperactivating mutations in the KRAS, NRAS, BRAF, and PIK3CA genes, with the E705 cell line carrying a silent mutation in the PIK3CA gene, whereas SW480 carries a hyperactivating mutation in exon 2 of the KRAS gene. The Caco-2 and SW480 cell lines do not respond to cetuximab, a MoAbs against EGFR, while the E705 cell line is sensitive to cetuximab (34). A general linear model analysis on MTT assays demonstrated that the purified extract had a significantly dose-dependent antiproliferative effect on the three tumor cell lines (p < 0.001), and that no significant effect (p > 0.07) on the healthy cell lines was found, demonstrating specific selectivity against the tumor cell lines. The 2-way ANOVA analysis (Figure 4) using the healthy cell lines as control showed a strong effect at the 800 mg ml–1 concentration on the E705 and SW480 cells, where the viability dropped to 40%. Subsequently, to clarify the possible mechanisms involved, two enzymes involved in reactive oxygen species (ROS) detoxification, superoxide dismutase (SOD), and glutathione S-transferase (GST) were assayed. SOD converts the superoxide radical (O2⋅–) into hydrogen peroxide (H2O2), while GST is an enzyme that transfers glutathione to xenobiotic substrates. We hypothesize that the extract acts as a stressor element by increasing oxidative metabolism. Upon extract addition, the healthy cells respond physiologically by increasing the activity of the enzymes, but the tumor cell lines do not. Figure 5 shows the increase in both enzymes’ activity: at the highest extract concentration, SOD is increased by 4-fold (p < 0.05) and GST by 2-fold (p < 0.05) in healthy CCD841 cells. Caco-2 and SW480 maintain the basal level of these enzymes after treatment with both extract concentrations (p > 0.05). E705 shows an opposite behavior: the activity of the two enzymes is decreased by 0.5 fold already at 400 μg ml–1of extract for SOD (p < 0.05) and 800 μg ml–1for GST (p < 0.05).
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FIGURE 4
MTT viability assays on four cell lines treated with Camelina sativa extracts at two concentrations by 2-way analysis of variance (ANOVA) statistical analysis (ns, not significant, * = p < 0.05, ***p < 0.001, and ****p < 0.0001).
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FIGURE 5
Fold increase in (A) superoxide dismutase (SOD) and (B) glutathione S-transferase (GST) activity after 48 h of treatment. The statistical analysis used a linear model against a fold control equal to 1 (*p < 0.05, ***p < 0.001, and ****p < 0.0001).





Conclusions

For the first time, a green methodology based on the use of the USAE method with green solvents has been developed to obtain glucosinolates with high purity from Camelina sativa seed by-product. The effect of extraction parameters on GLS content in the raw extract and the reduction of organic solvent were optimized using an experimental design. The volume of the solvent and the percentage of ethanol show the main effect on the selected response variables. Under optimized conditions, the procedure allowed for enormous recovery of compounds compared to the ISO method. Based on our results, approximately 800 mg of enriched GLS extract can be obtained from 10 g of Camelina sativa PC subjected to USA extraction followed by SPE purification. The purified extract, rich in glucoarabinin, glucocamelinin, and homoglucocamelinin, showed an interesting chemopreventive action against different colorectal cancer cell lines without affecting the healthy cell lines. However, the exact mechanism of action of the purified extract on the tumor cell lines needs further studies to be clarified with a view to developing new sustainable treatments for patients with cancer refractory to conventional chemotherapy. Moreover, the glucosinolate extract can increase the activity of two of the most important enzymes involved in cell defense against oxidative stress, SOD and glutathione S-transferase, thus showing antioxidative properties, which could be exploited in cancer and oxidative stress prevention. The developed method can be considered a suitable green protocol to obtain nutraceutical products with interesting and promising anticancer activities from a natural and cheap food by-product.
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Flavonoids are important secondary metabolites, active biomolecules in germinating beans, and have prominent applications in food and medicine due to their antioxidant effects. Rutin is a plant flavonoid with a wide biological activity range. In this study, flavonoid (rutin) accumulation and its related molecular mechanisms in germinating common bean (Phaseolus vulgaris) were observed at different time points (0–120 h) under salt stress (NaCl). The rutin content increased from germination onset until 96 h, after which a reducing trend was observed. Metabolome analysis showed that salt stress alters flavonoid content by regulating phenylpropanoid (ko00940) and flavonoid (ko00941) biosynthesis pathways, as well as their enzyme activities, including cinnamyl-alcohol dehydrogenase (CAD), peroxidase (POD), chalcone isomerase (CHI), and flavonol synthase (FLS). The RNA-seq and quantitative real-time PCR (qRT-PCR) analyses also showed that these two pathways were linked to changes in flavonoid content following salt treatment. These results reveal that salt stress effectively enhanced rutin content accumulation in germinating beans, hence it could be employed to enhance the functional quality of germinating common beans.
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Introduction

The common bean (Phaseolus vulgaris L.) is an annual legume crop that has been cultivated in temperate and semitropical regions for ~8,000 years (1). Common beans constitute an essential part of the human diet not only because of their protein-rich seed but also because they contain active phytochemicals, which are beneficial for health (2), including proteases, galacto-oligosaccharides, phytic acid, and flavonoids (3).

Flavonoids are an abundant and biologically active family of natural plant products that offer a range of health benefits (4). For instance, several flavonoids have anticancer functions, both in vitro and in vivo (5, 6). Some of the reported mechanisms by which flavonoids exert their anticancer functions include (1) preventing new cancer cell development, (2) restraining carcinogens that turn into activation sites, and (3) preventing compound metabolism and reducing their toxicity (7). Recently, with the ever-growing food quality concerns, the international market has shown a growing interest in flavonoid production, with high demand and a growing compound rate of 16.5%.

Plants are the most common material used for flavonoid extraction (7). These flavonoids have a C6–C3–C6 carbon skeleton with two phenyl aromatic rings, along with a heterocyclic ring (8). Flavonoids can be split into several subclasses according to basic skeleton substitution and B-ring attachment, such as chalcones, stilbenes, aurones, flavanones, flavones, isoflavones, phlobaphenes, dihydroflavonols, flavonols, leucoanthocyanidins, proanthocyanidins, and anthocyanins (9, 10). Rutin (C27H30O16) is a relatively large and representative flavonoid in leguminous crops (11–13), which could also be used as a representative flavonoid for studying plant nutrition (14). In plants, certain flavonoids, including rutin, have been proven to play an important role in plant growth, development, hormone signaling, facilitating pollen–tube germination, plant–microorganism interactions, and biotic and abiotic stresses (15, 16).

Legumes are potential raw materials used for producing flavonoids for nutritional and dietary applications (4). However, abiotic stress (e.g., drought, salt, and cold) can affect the flavonoid biosynthetic pathway by regulating flavonoid transport and the expression and accumulation of related proteins, finally affecting the flavonoid content in plants (17). Previous studies have shown that salt stress significantly inhibits the germination of legume crops (including Lathyrus sativus, Vicia sativa, Vigna radiata, and Vigna unguiculata) but increases the flavonoid content in their seeds (18). Besides, another study reported significant differences in the flavonoid content and anti-inflammatory effects of soybean when seeds were germinated under different abiotic stress treatments (19). It has also been reported that abiotic stress could increase the content of total phenolic compounds and total flavonoids in soybean (Glycine max) and mung bean (V. radiata) sprouts (19, 20). Therefore, the regulation of flavonoid biosynthesis is considered an important regulatory mechanism of legume crops in response to salt stress (18). In another study, Gu et al. (21) demonstrated that moderate drought stress treatment could increase flavonoid content in plants. From a nutritional viewpoint, it could be concluded that exposing plants to appropriate stress treatment is an effective strategy for increasing the flavonoid content in food. However, few studies have reported the correlation between germinating common beans and flavonoids. This study determined the accumulation of rutin (used as the representative flavonoid in the common bean) in different common bean tissues at different germination stages under salt stress. Furthermore, the effect and mechanism of salt stress on total flavonoid accumulation in common bean sprouts were evaluated through metabolome and transcriptome analysis. The results presented herein provide a theoretical basis and new insights for improving the flavonoid content of common bean sprouts.



Materials and methods


Common bean materials and treatments

A local common bean cultivar (Longjiang Black Yun) was used as testing material, and its seeds were provided by the National Coarse Cereals Technology Engineering Research Center (Heilongjiang, China). The seeds were surface-sterilized with sodium hypochlorite (NaClO) and washed three times with distilled water. Germination was done in a germination box (BSC-250, Boxun, Shanghai, China) at a constant temperature of 25°C without light. Salt stress was simulated using 70 mmol/L NaCl (22) and was added at different times, as illustrated in Supplementary Table 1. The seeds were exposed to salt stress for 0, 24, 48, 72, 96, and 120 h for sprouting, and the germinating common beans were sampled to measure the rutin content. Different tissues with the highest flavonoid content in the germinating common beans were isolated since they were most suitable for further research. Flavonoid extraction was done using the method described by Liu et al. (23), while the rutin content was determined using HPLC (AB SCIEX, shimadzuLc-20A, MA, USA) from the Customs Quality Inspection Center (Dalian, Liaoning, China), using rutin (C27H30O16) (SR8250, Solarbio, Beijing, China) as the reference (24–26). The standard rutin curve is shown in Supplementary Figure 1.



Metabolome and transcriptome analysis

Bean sprouts, without cotyledons, in the 3d+S treatment were taken at three time points (3d+S-0h, 3d+S-12h, and 3d+S-24h) and used as test samples for metabolome and transcriptome analysis, with three biological replicates at each time point. The hours (0, 12, and 24 h) represent the time salt stress was introduced at 3 days. The broadly targeted metabolome was determined using the UPLC-ESI-MS/MS system (Nexera X2, SHIMADZU, Japan) and ESI-Q TRAP-MS/MS (4500 QTRAP, Applied Biosystems, USA) from Matwell Biotechnology Company (Wuhan, China) (Supplementary Figure 2). The HPLC conditions included liquid-phase chromatographic column (Waters ACQUITY UPLC HSS T3 C18 1.8 μm, 2.1 mm * 100 mm), mobile phase (phase A was ultrapure water with 0.04% acetic acid while phase B was acetonitrile with 0.04% acetic acid), flow rate (0.35 ml/min), column temperature (40°C), and injection volume (4 μl). The mass spectrometry conditions included an electrospray ionization temperature of 550°C, a mass spectrometer voltage of 5,500 V, and a curtain gas pressure of 30 psi. Each ion pair in a triple quadrupole was scanned according to the optimized declustering potential and collision energy (27). The reagents (including methanol, acetonitrile, and ethanol) were bought from Merck (Darmstadt, Germany), while the standards were bought from Sigma (Sigma-Aldrich, Shanghai, China). The blank reagent sample was run during the detection process in order to clean the detection residue. The qualitative analysis of metabolites in samples was based on the MetWare database, so the isotopic and repeating signals (including K+, Na+, and NH[image: image]) were removed. The metabolite identification method was based on a self-built database, including standard products and experimental samples. The secondary mass spectrometry data were collected based on the mass spectrometry MIM-EPI mode, and the unique Q1 (molecular ion), Q3 (characteristic fragment ion), RT (chromatographic retention time), DP (declustering potential), and CE (collision energy) of each metabolite were constructed by combining with manual analysis of the spectrum. Subsequently, the experimental samples were quantitatively detected using the multiple reaction monitoring (MRM) mode, which could eliminate nontarget ion interference and increase the accuracy and reproducibility of the quantification (27). After screening, the Analyst 1.6.3 software was used to process the mass spectrometry data, and the MultiQuant software to open the sample off-machine mass spectrometry file to integrate and calibrate the chromatographic peaks. The peak area of each chromatographic peak represents the relative content of the corresponding substance. The quality control (QC) in this study was used with mixed samples and internal standards (L-2-chlorophenylalanine, CAS: 103616-89-3) using the processing method applied for the samples. During the instrumental analysis, a QC sample was inserted into every 10 detection and analysis samples to monitor the repeatability of the analysis process. Fold change (FC) and VIP value analysis were used to find differentially altered metabolites (DAMs), and the screening conditions for DAMs were VIP ≥ 1 and FC ≥ 2 or FC ≤ 0.5 (28). The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to annotate the information from the DAMs (29), with the p-value set to <0.05.

Also, the bean sprouts without cotyledons at three time points (3d+S-0h, 3d+S-12h, and 3d+S-24h) were used as transcriptome samples with three biological replicates at each time point. The transcriptome of samples was determined using HiSeq X Ten (Illumina, CA, USA) from the Biomarker Company (Beijing, China), and the transcriptome data were analyzed on the BMKCloud platform. The TopHat2 software (30) was used for sequence alignment of clean reads with a reference genome, while fragments per kilobase of transcript per million fragments mapped was used to measure the transcript or gene expression levels (31). The FC and false discovery rate (FDR) were calculated to determine the differentially expressed genes (DEGs). The value of FC was the average value in each group, which was calculated by merging three biological replicates in one treatment. The screening conditions for DEGs were FC ≥ 2 and FDR < 0.01 (28). The KEGG database was used to annotate the information from the DEGs (29), with the p-value set to < 0.05.



Physiology and qRT-PCR analysis

Enzyme activities, including cinnamyl-alcohol dehydrogenase (CAD) (32), peroxidase (POD) (33), chalcone isomerase (CHI) (34), and flavonol synthase (FLS) (35), in the enriched pathways were determined with an ELISA Kit (Michy, Suzhou, China), and data were acquired using a microplate reader (SpectraMax® 190, Molecular Devices, CA, USA). The data were then analyzed using ANOVA at a significance level of p < 0.05 on the SPSS19.0 platform.

The RNA of each sample was extracted with the TreliefTM RNA Pure Plant Kit (TSP412, Tsingke, China), and a NanoDrop (OneC, Thermo, USA) was used to detect quality and concentration. Quality RNA was reverse-transcribed into cDNA with the Evo M-MLV RT Premix (Accurate-Biotechnology, AG11706, Hunan, China). Primers of DEGs enriched in CAD (Phvul.002G144800 and Phvul.003G029500), POD (Phvul.001G143300, Phvul.007G008400 and Phvul.008G249900), and FLS (Phvul.003G216600) were designed using Primer Premier 5.0, while Pvactin-11 was selected as the reference gene; the primer sequences are shown in Supplementary Table 2. The qRT-PCR program was conducted on a Light Cycler 480II (Roche Diagnostics, Switzerland), using a Hieff UNICON® Universal qPCR SYBR Green Master Mix (Yeason, 11184ES03, Shanghai, China). Subsequently, the relative gene expression level was computed using the 2−ΔCt method (36).




Results


The rutin content in germinating common bean

The rutin content of common beans without germination was significantly lower (1.99 mg/ml; p < 0.05) at different germination times compared to common beans with germination. The rutin content of common bean sprouts at different germinating times increased with time and peaked at 96 h, after which a reducing trend was observed. Compared with other germination times, the periods from 72 to 120 h were more suitable for germinating bean sprouts due to the rutin content, while 96 h could be considered optimal (Figure 1A). Bean sprouts at 96 h were divided into two parts for the determination of flavonoid content (Figure 1B); cotyledons and sprouts (including epicotyl and hypocotyl). Sprouts had a significantly (p < 0.05) higher rutin content than cotyledons (Figure 1C). The rutin content in different tissues revealed that sprouts are a suitable target tissue for further research.


[image: Figure 1]
FIGURE 1
 The rutin accumulation trend in germinating common beans and tissue analyses. (A) The variation curve of rutin accumulation at different germination times; (B) schematic illustration of different tissues that were sampled; (C) the rutin content in different tissues of germinating common beans. Lowercase letter(s) indicate significant differences (α = 0.05). Each black point represents the average value of replicates.




Effects of salt stress on rutin content

The rutin contents under different salt exposure times were determined in this study. The result revealed differences in rutin content accumulation at different periods of salt addition. Compared to the treatment without salt (4 days), the rutin content of 2d+S and 3d+S treatments increased, while that of treatments 0d+S and 1d+S decreased (Figure 2). Short-term salt stress, thus, accelerated rutin content accumulation more than long-term stress, and the 3d+S treatment could be used as an optimal treatment to study the mechanism of rutin content accumulation.


[image: Figure 2]
FIGURE 2
 The rutin content in different treatments. Different columns represent different treatments, and dark to light color represents the salt addition time from long to short. Lowercase letter(s) indicate significant differences (α = 0.05). Each black point represents the average value of replicates.




Metabolome and transcriptome analysis

The study added a time point (12 h) to enhance broad target metabolome accuracy, with three time points (3d+S-0h, 3d+S-12h, and 3d+S-24h) in the 3d+S treatment, and each time point had three biological replicates. The raw data were uploaded to the Zenodo database (doi.org/10.5281/zenodo.6820497). A total of 732 metabolites were detected; the detailed information, including Q1, Q3, Rt, molecular weight, and ionization model, is shown in Supplementary Table 3. The overlay analysis of the QC-TIC diagram and the sample multipeak detection of MRM analysis diagram (Figure 3) showed that the data had good reproducibility and reliability, hence they could be used for further analysis.


[image: Figure 3]
FIGURE 3
 The overlay analysis of the QC-TIC and multipeak detection in MRM analysis of the metabolome. (A) The ion current of one sample, as revealed by mass spectrometry detection. (B) A multipeak detection plot of the metabolites in the multiple reaction monitoring mode.


In the comparison of 3d+S-0h vs. 3d+S-24h, 86 DAMs were increased while 55 were decreased (Supplementary Table 4). In the comparison of 3d+S-0h vs. 3d+S-12h, 62 DAMs were increased, while 63 were decreased (Supplementary Table 5 and Table 1). In this study, the DAMs in 3d+S-0h vs. 3d+S-24h and 3d+S-0h vs. 3d+S-12h had been combined together for analysis. A total of 189 DAMs were obtained after removing 77 duplicate DAMs, while 68 DAMs were associated with flavonoids after removing 36 duplicate flavonoid DAMs. In these, 68 DAMs were associated with flavonoids, five types of flavonoids (i.e., flavone, flavonol, flavonoid, flavanone, and isoflavone) had different expression levels (Figure 4), and each compound tested by HPLC-MS is listed in Supplementary Table 6. Rutin made up one DAM metabolome, and its content increased significantly. The KEGG enrichment was analyzed for two comparisons. In 3d+S-0h vs. 3d+S-12h, eight pathways had a p-value < 0.05 and could thus be used as enrichment pathways (Table 2). In 3d+S-0h vs. 3d+S-24h, five pathways had a p-value < 0.05 and could thus be used as enrichment pathways (Table 3). Four candidate pathways were found in the metabolomics analysis, namely, phenylpropanoid biosynthesis (ko00940), flavonoid biosynthesis (ko00941), flavone and flavonol biosynthesis (ko00944), and biosynthesis of secondary metabolites (ko01110).


TABLE 1 The number of differentially altered metabolites (DAMs).

[image: Table 1]
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FIGURE 4
 The heatmap of differentially altered metabolites associated with flavonoids. Different colored modules on the heatmap represent different types of flavonoids, while the order from top to bottom is 3d+S-0h, 3d+S-12h, and 3d+S-24h. Blue to red color represents expression from low to high.



TABLE 2 The enriched pathways of differentially altered metabolites (DAMs) compared 3d+S-0h vs. 3d+S-12h in KEGG analysis.
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TABLE 3 The enriched pathways of differentially altered metabolites (DAMs) compared 3d+S-0h vs. 3d+S-24h in KEGG analysis.

[image: Table 3]

The samples of three time points, i.e., 3d+S-0h, 3d+S-12h, and 3d+S-24h in the 3d+S treatment, were used for RNA-seq. The data quality was sufficient for follow-up analysis (Supplementary Table 7) and data were uploaded to the NCBI database (PRJNA746732) (Supplementary Table 8). In the comparisons of 3d+S-0h vs. 3d+S-12h, and 3d+S-0h vs. 3d+S-24h, a total of 1,230 and 1,450 DEGs were found, of which 812 and 904 DEGs were upregulated, respectively, and 418 and 546 were downregulated, respectively (Table 4). All DEGs were analyzed in KEGG enrichment, respectively. A total of 16 pathways were enriched in 3d+S-0h vs. 3d+S-12h (Table 5, while 13 pathways were enriched in 3d+S-0h vs. 3d+S-24h (Table 6). In the transcriptome analysis of 3d+S-0h vs. 3d+S-12h, and 3d+S-0h vs. 3d+S-24h, seven candidate pathways were found. From the combined metabolome and transcriptome results of enriched KEGG pathways, phenylpropanoid biosynthesis (ko00940) and flavonoid biosynthesis (ko00941) responded to salt stress by accumulating flavonoids.


TABLE 4 The number of differentially expressed genes (DEGs).
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TABLE 5 The enriched pathways of differentially expressed genes (DEGs) compared 3d+S-0h vs. 3d+S-12h in KEGG analysis.
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TABLE 6 The enriched pathways of differentially expressed genes (DEGs) compared 3d+S-0h vs. 3d+S-24h in KEGG analysis.
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Analysis and verification of pathway mechanisms

The mechanisms of pathways enriched under salt stress are presented in Figure 5. Phenylpropanoid biosynthesis was the upstream pathway in which the metabolites, such as caffeate, scopoletin, sinapic acid, and sinapyl alcohol, were differentially expressed and directly affected the downstream pathway (flavonoid biosynthesis). Also, DEGs were enriched in some enzymes, including 4-coumarate-CoA ligase (4CL), caffeoyl-CoA o-methyltransferase, CAD, and POD. The flavonoid biosynthetic pathway was also enriched as the downstream pathway of phenylpropanoid biosynthesis, and the DEGs were enriched in some enzymes, such as FLS, CHI, and dihydroflavonol-4-reductase. A heatmap of DAMs (such as rutin, cosmosiin, luteolin, garbanzol, and quercetin) showed a significant change in the flavonoid biosynthesis pathway. Analysis of these two pathways revealed that the phenylpropanoid and flavonoid biosynthesis pathways could be crucial in salt stress response by promoting flavonoid accumulation.


[image: Figure 5]
FIGURE 5
 The enriched pathways analyzed by metabolomics and transcriptomics. The brown box represents the phenylpropanoid biosynthesis pathway, while the purple box represents the flavonoid biosynthesis pathway. The modules with red borders are differentially expressed genes (DEGs) enriched modules, while the red words with black circles are differentially altered metabolites (DAMs). Blue to red color represents expression from low to high.


Herein, enzyme activity analysis in DEG-enriched points and qRT-PCR analysis was also done. Four enzyme activities that were DEG-enriched were tested. The results showed that salt stress significantly changed the activities of CAD, POD, CHI, and FLS (Figure 6). Besides, the DEGs heatmap showed that DEGs' expression associated with the enzymes differed significantly following salt exposure. Also, six different DEGs in these two pathways, which were enriched in CAD (Phvul.002G144800 and Phvul.003G029500), POD (Phvul.001G143300, Phvul.007G008400 and Phvul.008G249900), and FLS (Phvul.003G216600), were selected for qRT-PCR analysis while their expression and functional analysis are shown in Supplementary Table 9. The results showed that the values of |log2(FoldChange)| expression were all >1 (Figure 7), suggesting that these six genes had a significant expression change at the transcriptional level. Metabolome and transcriptome results revealed that phenylpropanoid and flavonoid biosynthesis responded to salt stress by promoting flavonoid accumulation.


[image: Figure 6]
FIGURE 6
 The enzyme activities in the enriched pathways at three time points. Lowercase letter(s) indicate significant differences (α = 0.05). Each black point represents the average value of replicates. (A) CAD activity; (B) POD activity; (C) CHI activity; (D) FLS activity; (E) the heatmap of differentially expressed genes (DEGs) enriched in these four enzymes. Blue to red color represents low to high expression.



[image: Figure 7]
FIGURE 7
 The qRT-PCR analysis of RNA-seq results of six differentially expressed genes (DEGs) from enriched pathways. The white grids represent the qRT-PCR results, while the gray grids represent the RNA-seq results. The red line represents the value of the |log2(FoldChange)|; a value >1 indicates that the genes were DEGs. Each black point represents the average value of replicates. (A) The |log2(FoldChange)| value of 3d+S-0h vs. 3d+S-12h; (B) the |log2(FoldChange)| value of 3d+S-0h vs. 3d+S-24h.





Discussion


Flavonoid trends in germinating common beans

Seed germination is the beginning of most plant life cycles. When seeds (including legumes) begin to germinate, they break dormancy and restore physiological function, which induces metabolism and produces secondary metabolites and other nutrients (37). Rutin is often used as a flavonoid standard in botanical research (26, 38–40) because of its high content in legumes (41, 42). Similarly, the metabolome analysis conducted in this study revealed that germinating common beans have high levels of rutin. Here, the rutin content in germinating common beans initially increased, which illustrates that the beans were activated from hibernation and produced flavonoids (43). The rutin content then decreased after 96 h, which might be related to tissue differentiation after plant germination (44). Other nutrients in germinating beans also show similar trends; for instance, the γ-aminobutyric acid (GABA) content in germinating adzuki beans (Vigna angularis) showed increasing and decreasing, of which the highest content was at 48 h (37). The polyphenol content in germinating mung beans (V. radiata) also showed similar trends, and day 3 was the best time because it had the highest polyphenol content (45). Similarly, Lu and Guo (46) demonstrated that the vitamin C content of beans was at the highest level on day 3 and also showed an increasing and decreasing trend. Flavonoids (represented by rutin in this study) are important intermediates in plants' physiological metabolism, and their content also changes significantly during seed germination (47). Although secondary metabolites show these trends, the time elapsed for the levels to peak varies among species. This phenomenon might be because different nutrient types have different accumulation mechanisms, while different genotypes, or even different legume species, could also affect optimal times. In this study, rutin levels peaked at 96 h, which could be used as the optimal germination time.



Short-term salt stress promotes rutin accumulation

Abiotic stress could influence grain quality and composition in crops (48) and significantly affect the flavonoid content in plants because flavonoids are an important regulator of plant responses to abiotic stress (49). As common abiotic stress, salt stress is important and accelerates the accumulation of certain plant metabolites (50, 51). Several studies have demonstrated that 70 mmol/L NaCl is the appropriate salt concentration for inducing salinity stress in the common bean (22, 52). Rutin is an important class of secondary metabolites widely found in plants and contributes to plant growth and development (16). Previous studies demonstrated that rutin content increases under stress, especially abiotic stress (42, 52, 53). Numerous studies found that flavonoids, including rutin, significantly accumulate under abiotic stress in many plant species, including Arabidopsis, maize (54), tomato (55), and green tea (56). However, flavonoids, including rutin, are stressful substances, and prolonged stress does not necessarily enable continued flavonoid accumulation (57). The antioxidant levels in soybean during drought showed an alternating increasing and decreasing trend, suggesting that short-term drought could rapidly enhance antioxidant intensities, while long-term droughts might cause plants to gradually adapt to these stresses and stop enhancement (58). Also, plant antioxidant enzyme activities showed a similar trend under abiotic stress, which revealed that short-term stress could increase plants' secondary metabolite production, while secondary metabolites under long-term stress might return to a lower level (59). In contrast, stress might inhibit plant germination and reduce flavonoid accumulation. The salt-tolerant common bean germinated better than the salt-sensitive variety, while oxidase enzyme activities of salt-sensitive variety produced insignificant differences at the sprouting stage, limiting plant growth and vitality (52). Here, short-term salt stress was more conducive to rutin accumulation in germinating common beans, and 3d+S could be used to study the mechanism of rutin accumulation under salt stress.



The mechanism of flavonoid (rutin) accumulation under salt stress

In this study, phenylpropanoid and flavonoid biosynthesis were the two pathways that responded to salt stress and promoted flavonoid accumulation. Interestingly, phenylpropanoid biosynthesis was studied by a botanist researching the effects of abiotic stress on plant growth (60). Furthermore, phenylpropanoid biosynthesis is the pathway by which most flavonoids are produced, while enzyme activities in the phenylpropanoid biosynthetic pathway could alter the flavonoid accumulation rate (16). A key enzyme in phenylpropanoid metabolism is 4CL, which responds to abiotic stress, and the 4CL genes have a function in regulating resilience (61). CAD is the final enzyme-catalyzed step in the phenylpropanoid biosynthesis pathway, and CAD activity is affected by salt stress, thus affecting the flavonoid accumulation rate (62). POD is a large family of plant-specific oxidoreductases, and POD activity can change significantly under salt stress (63).

As the downstream pathway of phenylpropanoid biosynthesis, flavonoid biosynthesis is an important pathway for flavonoid accumulation (16). Some enzymes in the flavonoid metabolic pathway, such as CHI and FLS, have also been implicated in flavonoid accumulation and abiotic stress response (64). CHI catalyzes the conversion of bicyclic chalcone into tricyclic (2S)-flavanone and is linked to salt stress (65). FLS mediates the oxidation of dihydroflavonol to flavonol, while FLS gene upregulated and increased flavonoid content under salt stress (66). In this study, enzyme activities and expression levels were determined. The results revealed that salt stress affected the expression level of genes in the phenylpropanoid and flavonoid biosynthesis pathways and influenced the activities of CAD, POD, CHI, and FLS, which might be linked to flavonoid accumulation (Figure 8).


[image: Figure 8]
FIGURE 8
 Schematic illustration of the mechanism of the flavonoid accumulation in germinating common beans under salt stress. The brown box represents the phenylpropanoid biosynthesis pathway, while the purple box represents the flavonoid biosynthesis pathway. Red arrows represent upregulation, while green arrows represent downregulation.





Conclusion

In this study, rutin accumulation trends in germinating common beans were researched, and 96 h was the most suitable germination time because the sprouts had the highest rutin content. Sprouts (including epicotyls and hypocotyls) had more rutin content than cotyledons, hence they could be used as a target research tissue. Short-term salt treatment was more favorable for flavonoid accumulation than long-term salt treatment. Furthermore, metabolome and transcriptome analysis during short-term salt treatment revealed that phenylpropanoid and flavonoid biosynthesis are the enriched pathways that respond to salt stress and promote flavonoid accumulation. This study provides a rationale for germinating common beans and gives a new insight into the molecular mechanism of flavonoid accumulation in common beans under salt stress.
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Dendrobium moniliforme (L.) Sw. is a valuable herbal crop, and flavonoids are primarily distributed as active ingredients in the stem, but the composition and synthesis mechanisms of flavonoids in different growth years are not clear. The accumulation of flavonoids in D. moniliforme from four different years was investigated, using a combined metabolomics and transcriptomics approach in this study. The phenylpropanoid and flavonoid biosynthetic pathways were significantly enriched in the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of differentially expressed genes (DEGs) and differentially accumulated metabolites (DAMs). The widely targeted metabolomics technique revealed a total of 173 kinds of flavonoid metabolites. The metabolomics data confirmed the trend of total flavonoids (TF) content in stems of D. moniliforme, with chalcone, naringenin, eriodictyol, dihydroquercetin, and other flavonoids considerably up-accumulating in the third year. Twenty DEGs were detected that regulate flavonoid synthesis and the expression of these genes in different growth years was verified using real-time quantitative PCR (qRT-PCR). Furthermore, a comprehensive regulatory network was built for flavonoid biosynthesis and it was discovered that there is one FLS gene, one CCR gene and two MYB transcription factors (TFs) with a high connection with flavonoid biosynthesis by weighted gene co-expression network analysis (WGCNA). In this study, the correlation between genes involved in flavonoid biosynthesis and metabolites was revealed, and a new regulatory mechanism related to flavonoid biosynthesis in D. moniliforme was proposed. These results provide an important reference for the farmers involved in the cultivation of D. moniliforme.
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Introduction

Dendrobium is an epiphytic orchid whose stems are commonly used for the generation of nutritional beverages and food raw material (1). It has the effects of nourishing the kidney, hydrating the lung, benefitting the stomach; therefore, it is a type of plant with high development and utilization value (2). In the past, Dendrobium moniliforme (L.) Sw. was commonly employed as an attractive plant (3). The distribution of wild D. moniliforme is mainly in tropical and subtropical regions of Asia, such as China, Japan, South Korea, and Myanmar (4). In recent years, many studies have revealed that D. moniliforme also has medicinal value, including anti-inflammatory and antioxidant properties (5). Many studies have demonstrated that D. moniliforme includes a wide range of beneficial secondary metabolites, such as alkaloids (6) and flavonoids (7). The flavonoids in D. moniliforme are an important part of its pharmacological activity and an important index for evaluating D. moniliforme quality. Flavonoids are important secondary metabolites in plants, which have been proven to exert healthy functions in the human body and to have significant pharmacological effects such as anti-inflammatory, immunosuppressive, and antioxidant (8). Researchers discovered that the amount and composition of flavonoids change between species according to factors such as habitat, growth stage, and tissues (9). Therefore, due to the diversity of flavonoids and the complex laws of their distribution in different plants, it is significant to explore the flavonoid composition and biosynthetic pathways of D. moniliforme for different growth years.

As perennial plants, the content of medicinal components in Dendrobium spp. varies with the year of harvesting. Therefore, the active components in medicinal plants of different growth years should be evaluated in order to obtain high quality and optimal benefits of the herbs. At present, the most studies on the harvesting period of Dendrobium are reported on D. officinale, D. huoshanense and D. nobile; however there are few reports on D. moniliforme (10). People have greatly overlooked the potential of D. moniliforme as a medicinal plant. In summary, in this study, the D. moniliforme stems were used as the research object, and the transcriptome combined with the metabolome was analyzed so as to select the key genes that might affect the flavonoid synthesis in D. moniliforme. Some DEGs involved in flavonoid synthesis were also selected for real-time quantitative PCR (qRT-PCR) to prove the reliability of transcriptome data and further analysis. In addition, weighted gene co-expression network analysis (WGCNA) was used to obtain modules with high correlation of flavonoids, and screened the key genes involved in flavonoid biosynthesis. The data obtained in this study will provide important information for future research on the accumulation of flavonoids in D. moniliforme and provide a theoretical basis for determining the ideal harvesting year of D. moniliforme.



Materials and methods


Plant materials and determination of total flavonoids and alkaloids

Dendrobium moniliforme (L.) Sw. were cultivated artificially and gathered in the greenhouse of Anhui Tongjisheng Biotechnology Co., Ltd. In terms of culture conditions, the samples were consistent with previous research (11). The stems of D. moniliforme were collected from 1-year-old (Stem length: 17.35 ± 3.87 cm; stem diameter: 1.98 ± 0.54 cm), 2-year-old (Stem length: 22.47 ± 2.59 cm; stem diameter: 2.33 ± 0.48 cm), 3-year-old (Stem length: 27.7 ± 6.92 cm; stem diameter: 2.67 ± 0.52 cm), and 4-year-old (Stem length: 30.45 ± 3.58 cm; stem diameter: 3.64 ± 1.32 cm) plants, respectively, as the research object (Supplementary Figure 1). We removed the leaves and partial roots from the stems to get the clean stems. To extract ribonucleic acid (RNA) and metabolites, all materials were frozen in liquid nitrogen at -80°C. To determine the total alkaloids (TA) and total flavonoids (TF), all materials were washed and dried. Furthermore, in this study, all experiments were carried out in three biological replicates.

TF and TA were extracted and measured using a plant flavonoid kit and a plant alkaloid kit (Suzhou Comin Biotechnology Co., Ltd., Suzhou, China), respectively.



Widely targeted metabolomics profiling

The frozen samples (systematic samples maintained in a temperature of -80°C) were crushed with a zirconia head at 30 Hz for 15 min using a blender mill (MM 400, Retsch). The powder was then weighed and extracted overnight at 4°C with 1.0 mL of 70% aqueous methanol. The supernatant was collected and filtered (microporous membrane filters with pore sizes of 0.22 μm) before LC-ESI-MS/MS analysis after centrifugation at 10,000 g for 10 min. An LC-ESI-MS/MS system was used to examine the sample extracts (HPLC: Shim-pack UFLC Shimadzu CBM30A system1; MS: Applied Biosystems 6500 Q TRAP).2 Qualitative and quantitative mass spectrometry analysis of metabolites in samples was based on the KEGG compound database, the MetWare database (MWDB), and multiple reaction monitoring (MRM). Metabolite identification is based on the accurate mass of metabolites, MS2 fragments, MS2 fragment isotope distribution and retention time (RT). The secondary spectrum and RT of the Metware company’s database are intelligently matched one by one, and the MS tolerance and MS2 tolerance are set to 20 and 20 ppm, respectively. For each treatment group, three biological replicates were examined individually. The samples were evaluated using Yang’s methods under the following HPLC conditions (12).

Principal component analysis (PCA) was used to investigate the specific accumulation of D. moniliforme metabolites in different growth years using R.3 The data were normalized, and all samples were examined using a cluster heatmap, which was then generated. The following conditions were used to screen differentially accumulated metabolites (DAMs): foldchange ≥ 2 and foldchange ≤ 0.5, VIP ≥ 1, and the up and down regulation of differential metabolites was compared between different comparison groups. The mean values of the relative content of the differential metabolites in each group were standardized by z-score and then subjected to K-means clustering analysis to analyze trends in the relative content of metabolites in distinct subgroups.



Ribonucleic acid extraction, Illumina sequencing, and differentially expressed genes analysis

According to the manufacturer’s instructions, total RNA of D. moniliforme was extracted using the OmniPlantRNA kit (CWBIO, China), mRNA libraries of each sample were constructed, and the libraries were sequenced using Illumina platform. RNA extraction, library construction and sequencing were carried out as described by Yang’s method (12). Using the HISAT2 software, the filtered reads were mapped to the reference genome (13).4 As a measure of transcription or gene expression, fragments per kilobase of transcript per million mapped reads (FPKM) were utilized. The DESeq2 was used to find differentially expressed genes (DEGs) (14), and the filter condition was | log2(fold change)| > 1, with p-value < 0.05. TopGO and clusterprofiler were used to enrich all DEGs in Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) to better understand the function and critical pathway of DEGs.



Gene co-expression network construction

WGCNA was conducted by using R software package. Before constructing the network, the RNA sequencing data was examined to eliminate low-quality genes and low-quality samples. Then, the Pearson correlation coefficients of all DEGs were calculated and the appropriate soft threshold ß was automatically selected (15). The Pearson result weighted by ß exponent was transformed into adjacency matrix (16). Then, the adjacency matrix was transformed into topological overlap (TOM) matrix and TOM was used to demonstrate the similarity expression of genes. Finally, hierarchical clustering method is used to generate a hierarchical clustering tree of DEGs, and similar modules are combined (17). Hub genes are commonly used for highly connected genes, which have a high level of connectivity in the co-expression module. Depending on the size of the module, the top 20 genes with the strongest connection have been designated as hub genes, and genes were further examined in these modules. Cytoscape (v.3.6.1) was used to build and visualize a network of gene-gene interactions.



Integration analysis of transcriptome and metabolome

According to the metabolite content and gene expression value in the stem of D. moniliforme at different growth years, the DEGs and the DAMs of flavonoid biosynthesis pathway in each comparison group were analyzed. First, pathway analysis was used to analyze the DEGs and DAMs related to flavonoid biosynthesis. Moreover, in order to better understand the relationship between transcriptome and metabolome, DEGs and DAMs were mapped to the KEGG pathway database to obtain their common pathway information.



Real-time quantitative PCR validation

Eleven DEGs were screened for qRT-PCR using specific primers designed by Oligo7 software. Supplementary Table 1 lists the primers that were used in this study. qRT-PCR was performed on the ABI 7500 Real-time PCR system (Applied Biosystems) according to the manufacturer’s instructions. 2–ΔΔCT method was used for relative quantitative analysis of the data, and the internal reference gene was Actin (18). Three replicates were analyzed for each sample to ensure reproducibility and reliability (Supplementary Figure 2).



Statistical analysis

The differences between multiple groups were analyzed using a one-way ANOVA followed by Duncan’s multiple comparisons test. The experimental data were expressed as the mean ± standard deviation, p-values less than 0.05 were regarded as statistically significant. SPSS 22.0 software was used for statistical analysis and GraphPad Prism 8.0 software was used for drawing. In this study, all experiments were conducted in three biological replicates.




Results


Measurement of total flavonoid and alkaloid contents in Dendrobium moniliforme

In order to determine the accumulation of flavonoids and alkaloids in the stems of D. moniliforme in different years, their contents in different growth years were measured. In general, the contents of flavonoids were very variable at different growth stages. As seen in the Figure 1, the flavonoid content increased from 1Dm to 3Dm, peaked at 3Dm then dropped in the fourth year. The highest flavonoid in the stem of D. moniliforme was 11.13 mg.g–1 DW and the lowest 3.35 mg.g–1 DW (Figure 1). The flavonoid content of 2-year-old, 3-year-old, and 4-year-old D. moniliforme was significantly different from that of 1-year-old D. moniliforme. The trend of the content of alkaloids in stems of D. moniliforme in four different growth years was similar to that of the contents of flavonoids. The alkaloid content increased in the first 3 years, reached the maximum value of 0.61 mg.g–1 DW in the third year, and decreased in the fourth year (Figure 1). They are all significantly higher than that in the first year. The results suggested that the third year of D. moniliforme growth could be an essential stage of accumulation of flavonoids and alkaloids.
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FIGURE 1
Determination of total flavonoids and alkaloids in the stem of D. moniliforme. (A) Content of total flavonoids in stems of D. moniliforme with different growth years; (B) contents of total alkaloids in stems of D. moniliforme with different growth years. The asterisk “*” indicates statistical differences in the same indicator between different growth years by a t-test, with a significant difference of p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001). Error bars represent standard deviations (n = 3).




Metabolite profiling of different growth years of Dendrobium moniliforme

In order to explore the metabolic changes during the different growth years of D. moniliforme, metabolic analysis on the stems of D. moniliforme with four growth years was carried out by using widely targeted metabolomics. 767 metabolites were identified from 1Dm, 2Dm, 3Dm and 4Dm, indicating that the spectrum of D. moniliforme metabolites was diverse in different growth years. Supplementary Tables 2–7 listed all the metabolites identified in all samples. PCA was used to evaluate 12 samples in order to gain a preliminary understanding of the overall metabolic difference. The analytical results show that there are significant differences between each group, but no significant differences within the group (Supplementary Figure 3A). The biological repeats were all gathered together, indicating that the metabolomic data is highly reliable. The heatmap results revealed that flavonoids accumulated at a high level in 3 and 4Dm (Supplementary Figure 3B). The maximum expression of organic acid was found in 2Dm, compared with the samples of other years. Furthermore, lipids, amino acids and derivatives, alkaloids, nucleotides and derivatives, quinones and terpenoids were more abundant in 2Dm and 4Dm than in 1Dm and 3Dm.

A K-means cluster analysis was performed on 366 metabolites in four developmental stages. The nine figures showed obvious cluster changes of metabolites, and the change trend is shown in Supplementary Figure 3C. Furthermore, these 366 metabolites contained 63 flavonoids. Notably, 61.9% of TF were found in Clusters 4, Cluster 7 and Cluster 8. Interestingly, in the metabolite expression trends of these three clusters, the levels of expression of metabolites in 3 and 4Dm were higher than in 1 and 2Dm. A total of 480 DAMs were identified (Supplementary Figure 3D). The most up-accumulated DAMs were found in 1Dm vs. 4Dm, the least up-accumulated DAMs were found in 3Dm vs. 4Dm. While 2Dm vs. 3Dm had the most down-regulated DAMs, 3Dm vs. 4Dm had the least down-regulated DAMs. According to Supplementary Figure 3D, the highest number of DAMs was found in 1 and 2Dm, while the lowest number of DAMs was found in 3Dm vs. 4Dm. In Supplementary Figure 4, the top 10 up-accumulated and down-accumulated metabolites with significant differences were listed.



Ribonucleic acid sequencing and identification of differentially expressed genes

The RNA-Seq data were submitted to NCBI with accession number PRJNA776418. Transcriptome analysis was used to identify DEGs in stems to better understand the molecular basis of D. moniliforme. The DEGs among different comparison groups of D. moniliforme can be seen using the volcano figure (Supplementary Figure 5). There were 3,734 DEGs in six comparison groups (1Dm vs. 2Dm, 1Dm vs. 3Dm, 1Dm vs. 4Dm, 2Dm vs. 3Dm, 2Dm vs. 4Dm, 3Dm vs. 4Dm) using | Log2FC| > 1 and p-value < 0.05 as screening criterion. The largest number of DEGs were discovered in 2Dm vs. 3Dm (2,183). The lowest amount of DEGs were found in 3Dm vs. 4Dm (228).



Gene ontology and Kyoto encyclopedia of genes and genomes enrichment of differentially expressed genes

The functions of the DEGs were categorized according to the classification of the GO database. As shown in Supplementary Figure 6, “Biosynthetic processes” was the most enriched subcategory in the biological process (BP) category, followed by “Metabolic processes.” The most enriched subcategories in the molecular function (MF) category were “Transferase activity” and “Transporter activity.” DEGs are typically found in “Membranes” and “Cell walls” in the cell component (CC) category.

To understand the biological functions of DEGs, the transcriptome sequencing data were blasted to the KEGG database (Supplementary Figure 7). Among the top 20 enriched pathways, the largest proportion of DEGs was located in the “Metabolism pathway,” while “Environmental information processing,” and “Organismal systems” were in the second and third place. Among them, “Phenylpropanoid biosynthesis” and “Starch and sucrose metabolism” were significantly enriched in all comparison groups, except for 3Dm vs. 4Dm. “Fructose and mannose metabolism” was significantly enriched in both the 1Dm vs. 3Dm and 2Dm vs. 4Dm. In both 1Dm vs. 3Dm and 3Dm vs. 4Dm, “Tropane, piperidine and pyridine alkaloid biosynthesis” were remarkably enriched. In Supplementary Figure 8, the top 20 KEGG pathways are listed.

KEGG enrichment analysis showed that many DEGs are associated with metabolic pathways. Secondary metabolism-related pathways are important in medicinal plants. In this study, secondary metabolism-related DEGs in 1Dm vs. 2Dm, 1Dm vs. 3Dm, 2Dm vs. 4Dm, 3Dm vs. 4Dm, and 3Dm vs. 4Dm were classified as 34, 49, 47, 56, 57, and 11 secondary-metabolic KEGG pathways. Among them, 56, 57, and 11 ts. In this study, meivatives, quiee gene was e appropriate soft threshold ractfour growth years of D. moniliforme.



Identified metabolites and genes involved in flavonoid biosynthesis pathway

As shown in Figure 2, there have been identified a total of 20 DEGs involving the flavonoid biosynthetic pathway. Overall, the levels of expression of two CHS genes (LOC110105249, LOC110105073), one F3’H gene (LOC110096779), one FLS gene (LOC1100114984), and one OMT gene (LOC110101682) were higher in 3Dm or 4Dm than in 1 and 2Dm. However, the expression of some genes upstream of the flavonoid biosynthetic pathway was higher in 1 and 2Dm than in 3Dm or 4Dm, such as PAL, 4CL and C4H. In order to verify the reliability of transcriptomic results, 17 DEGs involved in flavonoid biosynthesis were further selected for qRT-PCR analysis. qRT-PCR results were basically consistent with RNA-seq results, indicating the validity of RNA-seq results (Supplementary Figure 2G).
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FIGURE 2
The flavonoids biosynthetic pathway of D. moniliforme. The heatmap shows the expression patterns of DEGs and DAMs during flavonoid biosynthesis. The rectangles represent the expression changes of DEGs and the circles represent the expression changes of DAMs. The color scale indicates the relative amounts of DEGs and DAMs. Darker colors indicate higher expression. Pink represents up-regulated DEGs, and blue represents down-regulated DEGs. Red represents up-regulated DAMs and green represents down-regulated DAMs. Key enzyme gene abbreviation: C4H, cinnamate 4-hydroxylase; PAL, phenylalanine ammonia lyase; 4CL, 4-coumarate: CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavonoid 3-hydroxylase; F3’H, flavonoid 3’-hydroxylase; FLS, flavonol synthase; IFS: isoflavone synthase; FNS, flavone synthase; OMT, O-methyltransferase.


There have been identified a total of 34 DAMs related to the flavonoid biosynthetic pathway. The DAMs content revealed diverse trends of expression each year, but most metabolites were most expressive at 3 and 4Dm, except keampferol, dihydrokaempferol and flavones. In addition, keampferol was more expressed in 1 and 3Dm than 2 and 4Dm, while dihydrokaempferol was exactly the opposite of keampferol; that is, it was more expressed in 2 and 4Dm than 1 and 3Dm.



Gene co-expression network analysis

To investigate the gene regulatory network of flavonoid synthesis in D. moniliforme stems, co-expression analysis and network construction for 3,734 DEGs were performed. The analysis yielded nine different modules (black, blue, brown, green, gray, pink, red, turquoise and yellow) in a dendrogram, where modules are clusters of highly correlated genes that are co-expressed within the same module (Figure 3A). To detect the interactions between gene models, network heatmap for co-expression modules was performed. The heatmap of the co-expression network is in red, indicating high DEG co-expression within the module and low co-expression outside the module (Figure 3B). The modules associated with TF, TA, and different growth years (Year) were identified from the above modules (Figure 3C). The results showed that four modules were highly correlated with TF, TA, and Year, including yellow, brown, turquoise and black gene modules, while the rest of the modules were less correlated with TF, TA, and Year. Among them, turquoise and black gene modules were significantly positively correlated with Year, and yellow and brown gene modules were significantly negatively correlated with Year.
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FIGURE 3
Weighted gene co-expression network of D. moniliforme. (A) Clustering dendrogram of DEGs, with dissimilarity based on the topological overlap, together with assigned module colors. The clustered branches represent different modules, and each line represents one DEG. (B) The heatmap of connectivity of eigengenes. (C) Module-trait associations. Each row corresponds to a module characteristic gene (eigengene), and each column corresponds to a trait. Each cell contains a corresponding correlation coefficient and p-value. (D–G) D. moniliforme transcriptome co-expression network diagram: (D) Yellow module; (E) brown module; (F) turquoise module; (G) black module.


In the co-expression networks, hub genes are highly co-expressed with other genes and play important roles in key pathways. 20 hub genes were identified in each of the yellow, brown, turquoise, and black modules (Figures 3D–G), and these hub genes were highly connected. In Supplementary Figure 9, a heatmap of the expression of hub genes in the four modules was performed. In both turquoise and black modules, hub genes had high expression in 3Dm and 4Dm. The expression of hub genes in the yellow and brown modules was higher in 1Dm and 2Dm than in 3Dm and 4Dm. Overall, this result was generally consistent with the variation of flavonoid and alkaloid contents in D. moniliforme. In-depth analysis revealed that the black module identified one FLS gene (LOC110114894) involved in flavonoid biosynthesis, which had strong connectivity with other hub genes, which further indicated that FLS genes are key genes in flavonoid biosynthesis. In yellow and turquoise modules, two MYB transcription factors (TFs) (LOC110103484 and LOC110093022) regulating flavonoid synthesis were found. In addition, in the turquoise module, a key enzyme cinnamoyl-CoA reductase (CCR, LOC110107374) involved in lignin synthesis was identified.



Integrated metabolomic and transcriptomic analysis

To assess the relationship between transcriptome and metabolome, the KEGG pathway enrichment results were integrated (Figure 4). KEGG pathways were classified into 5 categories, including Cellular Processes, Environmental Information Processing, Genetic Information Processing, Human Diseases, Metabolism, and Organismal Systems. Among them, the Metabolism class has the most genes. The results showed a high enrichment of metabolism-related pathways in all comparison groups, such as, “Flavonoid biosynthesis,” “Phenylpropanoid biosynthesis,” “Fructose and mannose metabolism,” “Tropane, piperidine and pyridine alkaloid biosynthesis” and “Starch and sucrose metabolism.” Among them, “Flavonoid biosynthesis” and “Phenylpropanoid biosynthesis,” which are involved in flavonoid synthesis, were significantly enriched in 1Dm vs. 2Dm, 1Dm vs. 3Dm, 1Dm vs. 4Dm, 2Dm vs. 3Dm, 2Dm vs. 4Dm (Figure 4). The “Fructose and mannose metabolism” and “Starch and sucrose metabolism” pathways involved in polysaccharide synthesis were significantly enriched in 1Dm vs. 4Dm, 1Dm vs. 3Dm, 2Dm vs. 3Dm, 2Dm vs. 4Dm. The “Tropane, piperidine and pyridine alkaloid biosynthesis” pathways involved in alkaloid synthesis were significantly enriched in 1Dm vs. 3Dm and 3Dm vs. 4Dm. These are all related to the synthesis of important medicinal components of D. moniliforme. Moreover, based on the metabolite results, it is known that flavonoid compounds were significantly higher in 3Dm and 4Dm. Meanwhile, the transcriptome results showed a more significant effect of phenylpropanoid biosynthesis in each comparison group, while the phenylpropanoid pathway is upstream of the flavonoid pathway. In summary, both DAMs and DEGs were significantly correlated with the flavonoid synthesis pathway.


[image: image]

FIGURE 4
Scatterplot of KEGG pathway enrichment for transcriptome and metabolome. The circles indicate genes and the triangles indicate metabolites. The horizontal axis is the gene ratio and the vertical axis is the pathway terms. The larger the point, the greater the number of DEGs or DAMs involved. The pathways related to flavonoid, polysaccharide and alkaloid biosynthesis are marked with red boxes. (A) 1Dm vs. 2Dm; (B) 1Dm vs. 3Dm; (C) 1Dm vs. 4Dm; (D) 2Dm vs. 3Dm; (E) 2Dm vs. 4Dm; (F) 3Dm vs. 4Dm.





Discussion

The differential metabolites of the stems of D. moniliforme at four growth years were detected. A total of 480 DAMs were identified, including 107 types of flavonoid metabolites, mainly flavonoids and flavonols. It is worth noting that 3Dm and 4Dm have much higher expression levels of key flavonoids, such as eriodictyol, kaempferol, quercetin, and isorhamnetin than 1Dm and 2Dm. These metabolites have been reported to have antioxidant (19), anti-inflammatory (20), prevention and treatment of cardiovascular diseases (21), anti-tumor (22), kidney protection (23) and other medicinal properties. Compared with those of our previous studies, the numbers of species of flavonoids metabolites in D. moniliforme were fewer than those in D. huoshanense (24). The accumulation pattern of flavonoids was different in different species of Dendrobium. In D. huoshanense, flavonoids showed a tendency of accumulation, and the content of flavonoids was the highest in stems of 4-year-old, whereas in D. moniliforme, the content of flavonoids was the highest in 3-year-old stems, but decreased in 4-year-old stems. Meanwhile, the content of flavonoids in stems of 3-year-old D. moniliforme was 11.13 mg.g–1 DW, which was higher than that in stems of 4-year-old D. huoshanense (8.94 mg.g–1 DW). Therefore, D. moniliforme is more suitable as an antioxidant to scavenge free radicals in the human body than D. huoshanense. Meanwhile, the best effect was obtained from 3-year-old D. moniliforme. The results of this experiment illustrate the great potential of D. moniliforme as a food and cosmetic ingredient.

With the advancement of sequencing technology and the growing volume of transcriptome data, WGCNA analysis allows for the quick and efficient identification of genes or TFs associated with specific traits. In this study, the WGCNA was used to screen out a FLS gene (LOC110114894) that is highly correlated with flavonoid accumulation, regulates the biosynthesis of flavonoids, and influences the production of related secondary metabolites including kaempferol and quercetin. This is consistent with the results of previous studies with findings on the transcriptional regulation of FLS genes in species such as Vitis vinifera (25), Camellia nitidissima (26), and Scutellaria baicalensis (27), which also found that FLS is a key enzyme in the flavonol biosynthesis pathway, significantly correlated with total flavonol content, and its high expression promoted the accumulation of flavonols (28). This gene was also found in the transcriptome of D. huoshanense. The results of transcriptome sequencing and qRT-PCR results showed that the expression level of FLS in D. moniliforme was higher than that in D. huoshanense. Therefore, we hypothesized that the expression level of FLS affected the biosynthesis level of flavonoids in Dendrobium.

MYB transcription factors (TFs) are of great interest because of their importance in repressing or activating the transcription of genes related to the biosynthesis of anthocyanins, proanthocyanidins, flavonols, and other flavonoid biosynthesis in plants (29). In this study, one MYB1R (LOC110103484) and one MYB86 (LOC110093022) were identified as hub genes, indicating that they play an important role in regulating flavonoid metabolism. In tobacco, Arabidopsis and other plants, MYB1R has been reported as transcriptional repressors of anthocyanin biosynthesis (30, 31). In our study, overexpression of MYB1R was hypothesized as one of the reasons for the deficiency of anthocyanins. Furthermore, MYB86 was found to be up-regulated in the first and second years, while down-regulated in the third and fourth years. Gao et al. found that MYB86 was up-regulated during initial fruit development, which may promote the accumulation of anthocyanin, and this may explain the up-regulation of MYB86 in the first and second years (32). It was found that cinnamoyl-CoA reductase (CCR) is the entry point of phenylpropanoid pathway into lignin pathway (33). In this study, a key enzyme involved in lignin synthesis, CCR (LOC110107374), in the turquoise module was identified, suggesting that lignin plays a key regulatory role in the synthesis of flavonoids. This has been confirmed in Arabidopsis, tobacco, peach and other plants (34–36).

Also, a regulatory network for flavonoid biosynthesis in D. moniliforme stems was built to visualize the role of flavonoid synthesis genes in the pathway (Figure 2). The synthesis of flavonoids starts from the phenylpropanoid metabolic pathway, which is one of the most well-studied secondary metabolic pathways (37). The phenylpropanoid metabolic pathway contains enzymes such as PAL, C4H, and 4CL, which catalyze the conversion of phenylalanine to coumaroyl-CoA (38). Figure 2 shows that genes PAL, C4H, and 4CL were significantly up-regulated in D. moniliforme in first and second years; meanwhile, lignin in the downstream pathway was not found. Numerous studies have shown that MYBs play an significant regulatory function in the synthesis of lignin and flavonoids (39). Zhang et al. found that most R2R3-MYB contribute to flavonoid synthesis at the expense of repressing lignin synthesis (40). A large number of MYB TFs were found in the transcriptome data. So, these MYB TFs were speculated to inhibit the production of lignin and affect the expression of genes like PAL, C4H, and 4CL in different growth years of D. moniliforme.



Conclusion

In summary, this study revealed the changes of flavonoids and related genes in different growth years, and constructs a regulatory network of flavonoid synthesis. The results showed that FLS occupies an important position in the biosynthesis of flavonoids. Also, the biosynthetic pathway of flavonoids is influenced by lignin biosynthesis, and a decrease in lignin biosynthesis may provide more substrates for flavonoids. MYB TFs also have a regulatory role in the flavonoid biosynthesis pathway. Transcriptomic and metabolomic data showed a gradual increase in flavonoids in the stems of D. moniliforme with increasing growth years. Considering factors such as time and cost, the best harvesting period for D. moniliforme is the third year. This study provides important data for farmers and processors involved in the D. moniliforme cultivation industry and provides new theory and evidence for determining the optimal harvesting period for D. moniliforme.
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Microwave heating technology performs the characteristics of fast heating, high efficiency, green energy saving and easy control, which makes it deeply penetrate into the food industry and home cooking. It has the potential to alter the appearance and flavor of food, enhance nutrient absorption, and speed up the transformation of active components, which provides an opportunity for the development of innovation foods. However, the change of food driven by microwave heating are very complex, which often occurs beyond people's cognition and blocks the development of new food. It is thus necessary to explore the transformation mechanism and influence factors from the perspectives of microwave technology and food nutrient diversity. This manuscript focuses on the nutritional macromolecules in food, such as starch, lipid and protein, and systematically analyzes the change rule of structure, properties and function under microwave heating. Then, the flavor, health benefits, potential safety risks and bidirectional allergenicity associated with microwave heating are fully discussed. In addition, the development of new functional foods for health needs and future market based on microwave technology is also prospected. It aims to break the scientific fog of microwave technology and provide theoretical support for food science to understand the change law, control the change process and use the change results.

KEYWORDS
 microwave heating, innovation foods, nutritional macromolecules, flavor, safety risks


Introduction

The microwave technology was first employed in the food business in the 1970s, and it is most widely used for thawing and drying foods. With the development of microwave technology, it began to be utilized in the puffing, sterilization and alteration of foods. The advent of microwave puffing method offers an opportunity to create an expanded snack product, which can change the food texture, and better preserve the nutrients and rich flavor. In 1976, Pillsbwry company of the United States introduced microwave popcorn for the first time, and then microwave foods such as potato chips, cakes, noodles, etc. appeared on the market in the mid to late 1990s. These foods have the characteristics of fast heating speed, low oil content, high product quality, uniform heating and environmental protection. Based on the above advantages, it is now very popular in daily life. However, different views believe that microwave heating will destroy the nutrients in the food and produce unknown substances, which also have potential health risks. For this purpose, this paper summarizes the effects of microwave on macromolecule nutrients (starch, lipid and protein) in food, in order to answer whether microwave heating has a negative effect on food nutrition, and to provide a comprehensive overview of the most recent research findings in order to provide a theoretical foundation for promoting microwave use in the food industry.



Starch

Carbohydrate-rich foods and root vegetables, such as rice, wheat, corn, and yams, are examples of starchy foods. Microwave heating affects the vibration of groups in starch molecules through both thermal and non-thermal effects. The temperature effect affects the vibration intensity of polar groups in starch molecules, whereas the non-thermal effect primarily affects the vibration intensity of skeleton modes like the glucoside bond and pyran ring, as well as skeleton groups like C-O and C-O-H (1, 2). Microwave stimulates the development of free radicals at the C1 and C6 locations in starch molecules, as well as the structural modification of C1 free radicals, resulting in the production of more free radicals (3). Furthermore, the microwave sensitivity of different starch molecules varies, owing to differences in starch crystal structure and amylose concentration (4). Due to the heat resilience of amylopectin, which creates the waxy starch, waxy corn starch is less impacted by microwave heating (5). However, the features of microwaves that promote slow starch digestion are tightly related to microwave power and starch moisture: The fundamental reason for the creation of resistant starch is starch recombination generated by high-power microwaves, and the higher the water content in a given range, the higher the gelatinization degree and swelling power, and the higher the digestibility.


Structure

The starch system is a polycrystalline one. The crystallization area and amorphous area, the two main components of starch, alternate to form the semicrystalline area, which then alternates with the amorphous lamella to form starch particles. The structure of starch granules is shown in Figure 1. Microwave heating changes the polycrystalline structure of starch, mostly from ordered to disordered, and hence affects crystallinity, surface morphology, and other significant aspects. Microwave treatment, on the other hand, reduces the conversion of starch structure from ordered to disordered as compared to traditional heating. Amylopectin is the semi-crystalline portion of starch, and its molecular structure is the most important component in determining starch's physical qualities (6). Amylopectin degradation can be separated into two stages and is aided by microwave heating (7). The major degradation occurred in internal chain (amorphous region) at the first stage, the external chain (crystalline region) mostly destroyed at the second stage (6). The external chains (A chain) and short B chain of amylopectin are twirled into a double helix and exist in the crystalline domain, which affects the crystallinity. The inner chain is primarily seen in amorphous lamellae. The amorphous structure is primarily made up of amylose. Microwave treatment causes starch to transform from an ordered to a disordered structure, however the microwave's thermal and non-thermal actions have different impacts on starch structure. The rapid heating effect causes the double helix structure of amylopectin molecules to become more closely arranged in the crystalline layer, compressing the amorphous layer, whereas the non-thermal effect can protect the amorphous layer from the damage caused by rapid heating by causing irregular lamellar structure alternation (2). As a result of the combined action of microwave's fast heating effect and non-thermal effect, the influence of microwave on the ordered and disordered structure of starch is somewhere between conventional slow heating and fast heating. For example, following microwave heating, the content of amorphous structure of potato starch rose by 29% compared to the original starch, while the quantity of double helix structure reduced by 22%, both of which were between the fast and slow heating samples.


[image: Figure 1]
FIGURE 1
 The structure of starch granule.


The change in starch crystallinity crystallization type reflects the influence of microwave on starch crystal structure. In general, microwave heating lowers the crystallinity of starch, as shown in Table 1. After microwave heating, the relative crystallinity of white sorghum, maize, and other starches, for example, was seen to decrease (above 300 W). However, because of the thick structure, waxy corn starch crystallinity remained intact following microwave treatment (5). Natural starch crystallinity varies with plant kinds from various sources, however there are primarily four types (A, B, C and V-type). The majority of the change generated by microwave heating is from type-B to type-A, shown in Figure 2. Microwave heating, for example, transformed the crystallinity pattern of potato and Canna edulis Ker starch from type-B to type-A (13, 14), as shown in Figure 3. However, after using an optimized microwave-enzymatic hydrolysis process (800 W, 90 S), the crystal structure of potato starch changed from type-B to type-C (16). Because type-C is the intermediate state of continuous change from type-A to type-B, which can be transformed in some special methods or under predetermined conditions, and can also be regarded as a mixture of type-A and type-B, this change also conforms to the general change law of transformation from type-B to type-A.


TABLE 1 Effect of microwave treatment on starch crystallinity in food.
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FIGURE 2
 Crystal pattern of natural starch (type-A on the left and Type-B on the right).



[image: Figure 3]
FIGURE 3
 X-ray diffraction (XRD) of Indian horse chestnut starch granules. N, native; MW, microwaved (15).


The existence of a significant number of intermolecular and intramolecular hydrogen bonds is strongly related to the structure stability of natural starch, and microwave heating can impact them primarily by modifying the water distribution and dynamic process in the granules (9, 17). The thermal stability of starch before gelatinization is determined by the quick heating action of microwaves, which can impede the breaking of hydrogen bonds between starch and water molecules, altering the macroscopic physical and chemical properties of starch (18). However, the vibrating motion of the polar molecules, on the other hand, promotes the breaking of hydrogen bonds, and the effect is generally stronger than the microwave's quick heating effect (19). Microwave's non-thermal effects on starch are limited to microcosmic features such molecule polarization, skeleton compactness, and water distribution in multilayer structures.

Because microwave treatment alters the structure and crystallinity of starch, it also alters the surface morphology and properties of the starch, such as viscosity, gelatinization, swelling force, oxidation resistance, and digestibility.



Starch grain morphology

Microwave treatment can degrade the integrity of starch particles, increasing the number of concave or folds on their surface, shown in Figures 4, 5. Because the weakest section of the particle breaks when it absorbs water and expands to a certain level, the internal starch polymer flows out of the fractured part and separates the particle shell, causing the surface to fold. For example, after microwave heating, there were many depressions or folds appeared on the starch grains surface of cassava and chestnut (9). At the same time, microwave heating causes the polarization cross characteristic of starch granules to vanish. The polarizing cross in the granules is caused by the radial arrangement of amylose and amylopectin. The difference in density and refractive index of crystal and amorphous structure reveals anisotropy when viewed with a microscope under polarized light, demonstrating birefringent phenomena. Because the vibrational motion of the polar water molecules breaks the lamellar arrangement during the microwave heating process, the particles' birefringent vanishes altogether (21, 22). The polarized cross of potato and white sorghum, for example, vanished following microwave treatment (23, 24).


[image: Figure 4]
FIGURE 4
 Scanning electron micrographs (SEM) of maize starch granules. N, native; MW, microwaved (20).



[image: Figure 5]
FIGURE 5
 Morphological changes of starch grains treated by microwave.




Properties
 
Viscosity

When heated, starch becomes more viscous. The hydrogen connections between the starch molecules in crystalline region and the starch molecules in amorphous region are broken when water molecules enter during heating. The starch-protein interaction vanishes, and the double helix straightens to generate a separation state, destroying the amylopectin crystal structure. This causes amylose with a tiny structure to exudate from the particles, resulting in increased viscosity and transparency. After microwave heating, for example, there were apparent aggregation and bonding behaviors between starch particles of chestnut and lotus seed (16).

However, the dissolved viscosity of microwave-processed starch food (dry, puffed) is frequently lower than that of conventional dry food. The starch viscosity with this treatment decreases after a period of increase, and the peak viscosity is lower than the final viscosity of untreated starch, as shown in Table 2. This is related to the degradation of starch particle structure and a decrease in relative crystallinity, which prevents starch from absorbing or binding water (16). Microwave may also encourage the creation of a double helix structure of the long chain segment of amylopectin or build a compound with other dietary components such as lipid and protein to prevent starch from expanding. At the same time, it was shown that as microwave treatment progresses, intermolecular and intramolecular hydrogen bonds in starch increase, implying enhanced starch association, reduced amylose exudation, and lower viscosity (26, 27).


TABLE 2 Effect of microwave treatment on starch viscosity in food.

[image: Table 2]

Furthermore, the apparent viscosity of microwave-treated starch decreases with increasing shear rate and exhibits shear thinning behavior, which is linked to the progressive orientation of molecules in the flow direction and the breaking of hydrogen bonds formed in the amylopectin-amylopectin-water structure during shear (28, 29). After microwave treatment, the viscosity of starch is lowered, reducing the taste unpleasantness caused by high viscosity of food. Furthermore, the starch hardness is improved, making microwave method more suitable for the production of biscuits and other chewable foods that require a specific amount of hardness.



Expansion force

The interaction between the starch chains in amorphous domains and starch chains in crystalline region could be reflected by the value of swelling power, which depends on properties of amylose and amylopectin such as the molecular weight, relative content, branch length and degree of branching. Under conventional heating, the expansion force of starch will increase with the increase of heating temperature, but microwave heating can inhibit expansion by increasing contacts between amylose and amylopectin molecules, preventing water molecules from entering the inner region and reducing amylose dissolution (30). Because amylose works as a diluent, a high concentration of amylose or binding molecules will limit the expansion (31). At the same time, physical interactions between food's key components are common. These interactions may encourage the formation of V-type starch-lipid complexes or terpolymer starch-lipid-protein complexes with bigger molecular and weight structures from starch, lipids, and proteins, shown in Figure 6. These compounds can also prevent water molecules from entering the starch, reducing its swelling potential (32, 33). Aside from that, changes in other food elements throughout the microwave cooking process will have an indirect impact on expansibility. For example, in late microwave processing, protein forms a rigid gel network (34, 35). Furthermore, during microwave heating, the molecular vibration and rapid increase in temperature will cause the particles to rupture and form a polymer film covering the surface of the particles, preventing expansion. Simultaneously, because granule hydration does not keep up with granule expansion, the resulting stress induces granule rupture (26). When microwave heating was employed to treat wheat starch dispersions, for example, the grains fractured due to a lack of gelatinization expansion (22).


[image: Figure 6]
FIGURE 6
 Starch forms a complex with proteins and lipids.




Gelatinization

When starch is heated, it absorbs water, swells, and disperses throughout the solution, forming an extremely thick paste known as starch gelatinization. Gelatinization is defined as the breakdown of hydrogen bonds, the loss of association, and the separation of the double helix when water is introduced into starch grains. The starch molecules are then distributed in water, resulting in a hydrophilic colloid solution.

The gelatinization mechanism and rheological properties of starch can be affected by microwave treatment. Two crucial parameters in the gelatinization process are gelatinization temperature and gelatinization enthalpy. The lowest temperature necessary for starch gelatinization is the gelatinization temperature. And, to some extent, the gelatinization enthalpy can reflect the energy needed to separate the double helices structures (13). Microwave gelatinization is often characterized by an increase in gelatinization temperature and a decrease in gelatinization enthalpy (ΔH). Corn, Chinese chestnut starch and other starches, for example, increased in gelatinization temperature while ΔH dropped under microwave treatment, as shown in Table 3. Microwave causes starch molecules to reorganize, resulting in tighter crystal regions, delaying the commencement of starch gelatinization. At the same time, as the microwave expansion force and amylose dissolution diminish, the starch gelatinization decreases. Microwave-treated lotus seed starch, for example, had a tight crystal zone structure and reduced amylose dissolution, altering the rheological properties of starch paste (38). Reduced starch gelatinization can improve food tensile strength and formability, as well as boost product crispness and strength. Microwave pizzas from the American Peel business and microwave pre-fried items from the Nichirei firm, such as Kelekai and Tianbuluo, for example, are both more crisp.


TABLE 3 Effect of microwave treatment on starch gelatinization parameters in food.
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In addition, compared with the conventional heating treatment, which only leads to the gelatinization of the particle surface, microwave treatment will completely destroy them, because the microwave energy will affect the water molecules existing in the crystalline area of starch particles and enhance the cracking (39).



Oxidation resistance

Microwave-treated starch exhibits a greater DPPH free radical scavenging activity. One of the explanations is the lowering of free radical reactivity caused by the synthesis of new double bonds during starch breakdown. The phenolic compounds, on the other hand, may take precedence over the starch oxidation reaction. Microwave heat treatment can help to free bound phenolic chemicals in materials and increase phenolic exposure. The DPPH clearance of chestnut starch, for example, increased from 18.89 to 29.02 percent (14). The increased antioxidant activity of starch serves to lower the degree of oxidation of lipids and other dietary components, preventing peroxide damage to the body.



Digestibility

Heat treatment improves the digestibility of starch in general. Because heating leads to wide cracks and deep cavities on the granule surface, which facilitates access for the starch hydrolyzing enzymes to starch chains and accelerates the digester process (25). However microwave treatment can diminish the digestibility of starch, causing it to have slow digesting properties, as seen in rice and lotus seeds, which compared with conventional heating, have both increased their resistant starch (RS) and slow digestibility starch (SDS) (40).

The process by which the microwave slows the pace of starch digestion can be explained in two ways. On the one hand, after microwave heating, amylopectin degrades to create additional amylose and forms an amylopectin-polyphenol complex with polyphenols in the system, resulting in a high-amylose, heat-resistant, and slow-digesting product. To lotus seed, for example, could produce a heat-stable slowly digestible high-amylose maize starch by adding certain amount of tea polyphenols (26). At the same time, an increase in amylose molecular weight can cause glucan chains to recombine and form an organized semi-crystalline region structure, slowing digestion. High-power microwave treatment, compared to typical cooking storage, enhances the molecular sequence and cyclical amorphous crystal structure, according to studies. This alteration encourages the creation of amyloid chain domains with a medium density accumulation and delayed digestion (41). In conclusion, the sluggish digestion of starch is caused by the breakdown of amylopectin and the creation of high amylose. After microwave treatment, the amylose and RS contents of potatoes increased to 35.06 and 27.09%, respectively (42). These are also the reasons why waxy and low-amylose rice's starch hydrolysis in life is often faster and more complete than intermediate- and high-amylose rice's.

Microwave-induced reductions in starch digestibility, on the other hand, can be related to changes in starch's multistage structure during digestion. Not only does digestion hydrolyze the starch matrix, resulting in porous substrates and a reduction in polycrystalline and nanoscale order, but it also reorganizes the starch chain, resulting in a crystalline transition from untreated starch type-A to type-B and the formation of new molecular structures. As a result, matrix hydrolysis and molecular recombination, which occur simultaneously during the process, play a major role in starch digestion. Unlike normal starch, the microwave processed starch's polycrystalline component is preferentially digested (43). However, when compared to starch treated with ordinary heating, microwave-treated starch has a higher molecular recombination ability during digestion, resulting in slower digestion. Conversion from type-B to type-A+B (type-C) can also enhance the concentration of RS while decreasing digestibility by increasing crystallization area and resistance to enzymatic hydrolysis (27, 44).

After microwave heating, the content of resistant and slow digestible starch increases, and it is not enzymatically hydrolyzed in the small intestine, but it can be fermented with volatile fatty acids. As a result, it can lower the body's glycemic index and weight, making it ideal for diabetics and beauty enthusiasts.

It is not difficult to find that the particle shape, crystallinity, rheological behavior, gelatinization temperature, enthalpy and digestibility of starch all depend on the starch type and its moisture content, microwave treatment time, treatment temperature and absorbed microwave energy. Therefore, future research should systematically focus on the physical, chemical and structural changes of different kinds of starch under microwave treatment under different parameters, so as to better understand the specific changes related to the parameters of starch during microwave heating, which will be more helpful to predict the overall behavior of starch on this microwave processing, and help design and improve the processing of starch and starch products and the quality of final products.





Lipids

Daily high fat food is mainly the food with high oil content and fried, including peanut, fatty meat, animal viscera, butter products and so on. Because lipids have a low specific heat and heat up quickly, they are particularly vulnerable to microwave heating. Microwave heating, on the other hand, has a lower impact on oil than traditional heating. The polar molecules content in the oil is lower, but it is the main heating under microwave, because microwave heating can convert mechanical energy generated by asymmetric vibrations of polar molecules into heat energy. To minimize lipid oxidation, microwave energy can also inactivate lipoxygenase and eliminate hydrogen peroxide. Microwave treatment, for example, lowered the oxidation rate of rice bran oil when compared to traditional heating (45).


Structure

Microwave heating will trigger lipids oxidation, leading to lipid polymerization and thermal oxidative decomposition. However, compared with conventional heating, microwave has a lower degree of lipid oxidation, because on the one hand, heating will accelerate oxidation, and on the other hand, microwave can enhance the antioxidant capacity of lipids and delay oxidation. Microwave-treated vegetable oils, in general, produce hydrogen peroxide and secondary oxidation products quickly. Because lipid secondary metabolites can harm the body, lipid oxidation should be prevented as much as possible during food processing. Furthermore, lipolysis, which might result in a rise in acid, is a significant alteration in lipid during microwave heating. Lipolysis, lipid polymerization, and heat oxidative breakdown will all have an impact on lipid composition and characteristics.



Lipid composition

Fats and lipoids are two types of lipids. Because lipolysis and lipid oxidation are common, the total content of lipids, as well as the contents of fats and lipoids, are all reduced following microwave treatment, while the quantity of fatty acids is increased and the composition of fatty acids changes, the oxidation process of polyunsaturated fatty acids is shown in Figure 7. The content of crude fat and phospholipid in trichosanthis seed, for example, dropped after microwave treatment, whereas the content of free fatty acids increased (46).
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FIGURE 7
 Oxidation process of polyunsaturated fatty acids (taking linolenic acid as an example).


Temperature, oxygen, the unsaturated fatty acid ratio, and other factors influence lipids loss during microwave therapy. Because of the high temperatures and copious oxygen involved in heating, baked foods lose substantially more phospholipids than microwaved foods. Phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidic acid (PA), and sphingomyelin (SM), which are abundant in polyunsaturated fatty acids, were more affected by microwave than other components in black egg yolk (47). In addition, other factors, such as water evaporation from the treatment process, also affect lipids content, because lipids oozes out when water evaporates. For example, the lipids loss of hot air drying fish was more serious than that of microwave drying fish (48).

Microwave treatment of free fatty acids in food can increase their content and change their composition. Monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) proportions decrease, whereas saturated fatty acids (SFA) and trans fatty acids (TFA) proportions increase. The rapid oxidation of lipids and the loss of water in the microwave process, which fatty acids spread and exchange between fat and water, causes this occurrence. The retention rate of unsaturated fatty acids is higher when compared to standard cooking and drying methods such as baking and air drying (49). Buckwheat and other foods arfter microwave, for example, had a larger PUFA proportion than that after conventional heating, although they had lower total lipids content, SFAs, MUFAs, and PUFAs under microwave, as shown in Table 4 (51).


TABLE 4 Effect of microwave treatment on lipid composition in food.
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Furthermore, the content of unsaturated fatty acids influences microwave heating rate, with the larger the content, the faster the heating rate. Sunflower oil, for example, which has a larger proportion of unsaturated fatty acids, heats up faster, whereas peanut oil, which has a lesser content, heats up more slowly (53).



Acid value and peroxide value

The acid value and peroxide value of lipids in microwave foods have a significant impact on food safety. The more fat is oxidized, the more chemicals like aldehydes, ketones, and acids are generated, causing more cell damage. Cells can be damaged by partial oxidation products of lipids, SFA, hydroperoxides, and malondialdehyde, however, MUFA and PUFA can protect cells (54).

The content of fatty acid grows as lipids decompose, and the acid value of the oil increases as the microwave intensity and time increase, but the pace of growth is sluggish. On the other hand, the peroxide value follows a zigzag pattern of increasing-decreasing-increasing. Because of their instability, peroxide, the main result of lipid oxidation, is transitory. When lipids are heated in the microwave, they oxidize and breakdown to create peroxide, which is quickly degraded into oxidized secondary products as the temperature rises. The peroxide value tends to rise when the rate of peroxide generation exceeds the rate of peroxide decomposition; otherwise, it tends to fall. Furthermore, as the heating temperature and duration increase, the acid value of fatty foods increases, and the degree of influence is related to the unsaturated degree of oil. For example, following microwave heating, the acid value of tea seed oil increased and was related to temperature and heating duration. Meanwhile, the peroxide value rose first, then fell, and the larger the microwave power, the shorter the time it took to reach its maximum value (55).

Because of the quick disintegration of the primary product hydroperoxide, various subsequent products can represent the oxidation degree of lipids in addition to acid and peroxide values. Microwave heating usually further degrades lipids via fission, dehydration, and the generation of free radicals, resulting in hydrocarbons, ketones, and aldehydes, among other things. Malondialdehyde is a common secondary product of lipid oxidation, and its synthesis is influenced by the temperature, power, and duration of microwave heating. The concentration of malondialdehyde increases initially and subsequently drops during microwave heating, which is related to its volatility (56).

Although the acid value and peroxide value of dietary lipids will invariably rise as a result of microwave processing, but compared with conventional heating, the acid value and peroxide value are lower, and we can reduce the degree of lipid oxidation by controlling temperature, power, time, water and other factors. Food treated with a short time microwave, for example, had much lower carbonyl value and trans-fatty acid level than food treated with a long time microwave (57).



Lipid oxidation

Microwave heating boosts lipid antioxidant capability and lowers lipid peroxidation. The following are the three main mechanisms: Microwave heating, for starters, can produce antioxidant active molecules to take part in the reaction of free radicals prior to the lipids. The other option is to lower the amount of reaction catalyst needed by improving metal chelating capacity. Third, by decreasing the action of oxidase, it can prevent the enzymatic oxidation of lipids.

To begin with, microwave heating promotes the formation of antioxidant active components in oil, such as carotenoids, phenolic compounds, and other chemicals. This is because microwave heating causes intense movement of polar molecules, which breaks the cellular structure of the food matrix and allows digestion enzymes to enter. The extraction rate then increases as the biological accessibility of these components improves (58). Microwaves also cause the protein's phenolic binding sites to be disrupted, allowing additional phenol to be released. These active chemicals take part in the reaction of free radicals before they react with lipids, removing free radicals and preventing lipid oxidation (59). At the same time, vitamin E has been associated to free radical disruption events and the formation of antioxidant dimers, and the retention rate of water-soluble and thermally unstable vitamins, such as vitamin E, is higher after microwave cooking than after conventional heating (60, 61). For example, after microwave processing, the total phenol content of trichosanthes seed oil increased, resulting in improved antioxidant capacity (46). Although the phenolic compounds of rice bran treated by microwave decreased slightly, the antioxidant capacity was still increased due to the enhanced extraction effect of carotenoid and chlorophyll (45).

Microwaves also increase lipid oxidation indirectly by changing the protein characteristics of foods. It can, for example, accelerate the Maillard reaction, boost proteins' metal chelating ability, and inhibit the activity of lipid oxidase. The lipoxygenase activity of trichosanthis seed oil, for example, was reduced by 90.30% after microwave heating (46). Apart from that, a minor amount of amino acid derivatives was discovered in the fat of the bran after microwave cooking, which could be Maillard reaction products and could be used as antioxidants to preserve oil from oxidation (45).

Microwave pretreatment and crushing is currently employed in the oil processing sector because it not only improves oil extraction rates, but also boosts oil oxidation resistance, reducing the impact of oil oxidation on flavor and safety.




Protein

Protein is the building block of life and one of the most important nutrients for the human body. Microwave heating, in contrast to traditional heating, uses a combination of thermal and non-thermal effects to alter complicated protein structures by disrupting intramolecular interactions. These alterations will then have an impact on the characteristics of proteins.


Structure

By creating free radicals and larger or smaller molecules during microwave heating, electric and electromagnetic fields can cause conformational changes in proteins, damaging the primary, secondary, tertiary, and quaternary structures of proteins, the secondary structure and intramolecular forces of proteins is shown in Figure 8. Compared with conventional heating, microwave can accelerate the unfolding of proteins. Under high-powered microwave heating, the protein disulfide link breaks, exposing the hydrophobic core residue to the solvent, and the protein depolymerizes. The percentage of ordered and disordered structure will shift during this process, primarily from ordered to disordered. Because the hydrogen connection between carbonyl (C=O) and amino (-NH2) contributes to the stability, the α-helix has a regular ordered structure, and the more of it there is, the more stable the protein's secondary structure is (62, 63). The following are the structural alterations in proteins caused by microwave treatment: Random coil rises, α-helix decreases, β-sheet and β-turns increase first and subsequently decrease. In other word, the α-helix changes to β-sheet and β-turns throughout this procedure, while the β-chain changes to random coil (64). A possible mechanism is proposed: the various effects of microwave synergistically weaken the previously intra-molecular and inter-molecular forces including hydrogen bonding, disulfide bonding, and hydrophobic interactions, which led to the formation a new structure by the rearrangement of the molecular forces (65). For example, under microwave heating treatment of lotus seed and pigeon bean flour, the ordered structure of protein decreases and the disordered structure increases, as shown in Table 5.
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FIGURE 8
 Secondary structure and intramolecular forces of proteins.



TABLE 5 Effect of microwave treatment on protein structure in food.
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However, during the treatment procedure, microwave may cause glucan glycosylation, which is aided by protein. The effect of the microwave on the secondary structure of the protein will be reduced, and only the tertiary structure will be affected. Because high quantities of dextran crowd the system and produce steric hindrance, which prevents excessive denaturation. For example, after the Maillard reaction was triggered by microwave, no substantial modifications in the secondary structure of rice protein were identified (67). Furthermore, the Maillard process was discovered to transform the protein structure from disorder to order to some extent. In the microwave-induced Maillard reaction of rice residue protein, for example, the α-helix increased while the β-sheet and β-turns decreased (74).

Microwave treatment can alter the structure of proteins, which can affect properties such as hydrophobicity, digestibility, emulsification, foaming, gel resistance, oxidation, and allergenicity. Also affected is the Maillard process between protein and decreasing sugar, shown in Figure 9. For example, a high β-sheet and α-helix ratio causes digestive enzymes in the gastrointestinal tract to be less accessible, resulting in poorer protein value and utilization.
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FIGURE 9
 Effect of microwave heating on protein structure and properties.




Properties
 
Hydrophobicity

Protein hydrophobicity rises when heated with high-powered microwaves. At the same time, compared with conventional heating, a higher degree of hydrophobicity can be obtained (75). This is because when polar protein molecules collide, free radicals are produced, causing disulfide bonds to dissolve and sulfhydryl groups to form. Protein hydrophobicity increases as the total sulfhydryl group content increases (76). The majority of hydrophobic residues are found in the interior of protein's structural structure (4, 77). As the structure unfolds during microwave treatment, more non-polar amino acids are exposed on the surface, increasing the hydrophobicity (76). At the same time, the repulsion of more homogeneous charges on the protein surface will limit molecule aggregation, reduce particle size, and increase the stability of the solution due to the increased Zeta potential of microwave protein solution. The degree of enrollment of hydrophobic groups decreases at this period, but surface hydrophobicity rises (78). The protein water solubility of soybean meal, for example, reduced from 94.4 to 48.1% following microwave treatment, whereas the disulfide bond content increased by 42% (79).

However, after a period of microwave heating, protein hydrophobicity decreases rather than increases. On the one hand, this is because certain sulfhydryl can be converted to disulfide bonds with the help of active free radicals, resulting in a reduction in overall sulfhydryl group content and hydrophobicity. In the presence of oxygen, the sulfur group becomes more reactive, and the distance between the groups shrinks, making disulfide bonds easier to form (80). The hydrophobic residues, on the other hand, are prone to aggregation when microwaved at high power or over long periods of time (81). For example, as microwave power and time were increased, the surface hydrophobicity of beef proteins increased at first, then reduced slightly (13).

After microwave heating, the hydrophobicity of protein increases and the interaction with low polar solvents becomes stronger, so it is more suitable for cake ingredients, salad seasonings and other oil-based ingredients. Protein hydrophobicity also has an impact on its antioxidant, foaming, gelation, and oil absorption abilities, and these properties are linked to the appearance and flavor of food. As a result, in the food processing process, careful attention should be paid to the time and power of microwave treatment to avoid excessive protein denaturation and aggregation caused by excessive power and heating time, excessive protein denaturation and aggregation will alter the hydrophobic properties and cause the final product's appearance and flavor to differ from expectations.



Digestibility

The digestibility of protein can be improved by microwave treatment. One of the most important reasons is that microwaves can alter enzyme function, resulting in increased protein-protease interaction. Microwaves alter enzyme activity in four main ways. (1) Microwave treatment inhibits thermally unstable enzymes due to heat denaturation (82). (2) Due to molecular rearrangement and protein unfolding, microwave may render specific protein locations more vulnerable to enzymatic hydrolysis. (3) The microwave-treated protein sample's reduced particle size can provide greater surface area and expose more cleavage sites for digesting protease activity. (4) After microwave treatment, a protein with a high Zeta potential developed, which helped to stabilize the protein suspension and prevent protein aggregation in water, increasing the number of exposed particular sites and the likelihood of protein-protease interaction (73). For example, after microwave heating, the protein of lotus seed unfolded, exposing more cleavage sites and increasing the degree of hydrolysis (6).

Protein unfolding and exposure to the enzyme reaction can also be caused by conventional heating. However, conventional hydrolysis takes longer to achieve the same degree of hydrolysis as microwave. This is because microwave non-thermal coupling can promote the breaking of non-covalent bonds in protein molecules, speeding up protein unfolding. Protein hydrolysis is best above 70°C, according to some studies, but protease is inactivated at this temperature, so it must be kept below 65°C. The final enzymatic hydrolysis result demonstrates that microwave heating with both thermal and non-thermal effects is clearly better to traditional heating using a conduction heat source (83).

However, as the microwave temperature, time, and power are increased, the digestibility of the protein decreases, because the increased heat treatment leads in complete denaturation of proteins. Then, through hydrophobic and electrostatic interactions, cross-linking reactions take place between proteins, transforming them into larger molecular weight aggregates, an insoluble three-dimensional network. Protein endonuclease will be more difficult to access as a result (84). This phenomenon is less likely to occur in microwave than in traditional heating because microwave's non-thermal effects contribute to appropriate denaturation of protein with modest aggregate extent. In general, non-thermal coupling can encourage protein molecules to break their non-covalent interactions, whereas a significant thermal influence can cause protein refolding or aggregation (4). Furthermore, the Maillard reaction has an inhibitory effect on proteolytic enzymes and can reduce digestibility through a mechanism similar to cross-linking aggregation between proteins (85). For example, milk protein began to aggregate after an 8 min microwave treatment, and the degree of hydrolysis and digestibility both decreased (86).



Antioxidant activity

Microwave treatment can enhance the antioxidant ability of protein, which is related to the fact that microwave can promote protein hydrolysis to produce more active peptides and enhance the metal chelating ability of protein. At present, it has been confirmed by experiments that compared with the unprocessed protein, the total antioxidant capacity (TAC) of hydrolysates of fish protein and shrimp protein after microwave treatment showed an increasing trend (87, 88). At the same time, compared with conventional heating, microwave protein has a higher DPPH value (75).

After protein hydrolysis, active peptides having antioxidant activity are generated. They can combine with free radicals to generate more stable products, as well as provide an extra source of protons and electrons for oxidation processes to keep the REDOX potential high (89). Microwave speeds up the hydrolysis of proteins into peptides, allowing more reactive species and electron-dense peptide bonds to reach the functional side of the chain (90). Microwave treatment can also cleave peptides into smaller molecular weight peptides, which have stronger antioxidant properties and are easier to permeate the intestinal barrier to perform biological functions (91).

The electrons, hydrogen-bonding characteristics, and position of the amino acids, as well as the steric properties of the amino acid residues at the C- and N-termini, all affect the antioxidant activity of peptides. Hydrophobic amino acids (Leu, Val, and Phe), hydrophilic and basic amino acids (His, Pro, and Lys), and aromatic amino acids (Phe and Tyr) all contribute to the improvement of antioxidant activity in the peptide sequence (92). Microwaves can increase the antioxidant activity of peptides by exposing hydrophobic residues and some polar charged amino acids to the peptide's terminal.

Furthermore, the ability of proteins to chelate metals has an impact on their antioxidant activity. Metal ion chelating (MIC) activity is attributed to peptides containing sulfhydryl amino acids, which can bind heavy metals and diminish their pro-oxidant action. Protein rearranges and releases the encrypted Sulfur peptide to grab metal ions during microwave treatment, resulting in improved MIC capacity (88, 93). The Salvia hispanica protein, for example, have higher MIC activity than conventional heating (75). However, several investigations indicated that when the protein was microwaved again during the enzymatic hydrolysis step, no increase in metal chelation was detected. This is because when microwave time, temperature, and power increase, protein reaggregation occurs and enzymatic proteolysis is prevented, resulting in a decrease in active peptide release (57, 94). Finally, some of the products of the Maillard process generated by microwaves have antioxidant characteristics.

Microwave-induced alterations in protein antioxidant capacity have an indirect effect on lipid oxidation, as some proteins can act as antioxidants after being microwaved. Metal chelation, for example, can help non-absorbed proteins contribute to the free radical scavenging mechanism of lipid antioxidant activity. Microwave protein's antioxidant properties can significantly reduce nutrient loss caused by oxidation of other substances in meals, as well as prevent damage caused by peroxidation.



Maillard reaction

Microwave treatment can increase the occurrence of food Maillard reaction (89). Because the active sites of Maillard reaction are mostly located in the internal regions of protein structures, and the extension microwave heating time exposes these sites. At the same time, under the high-power microwave treatment, the protein expands, which increases the probability of effective collision between it and sugar molecules, enhancing the Maillard reaction (95). For example, the activation energy of RP-dextran Maillard reaction of rice protein treated by microwave was lower than that of conventional heating (67). The Maillard reaction products can improve flavor, some can increase the antioxidant capacity and reduce the damage caused by peroxide to the body, but there are also some reaction products that are carcinogenic and harmful to the body's health. Moreover, the Maillard reaction process is complicated and there are many influencing factors. Therefore, at present, microwave-induced Maillard reaction still has uncontrollability and uncertainty of product properties. It is vital to undertake in-depth research on the microwave-induced Maillard reaction's reaction process and products if we wish to employ it to improve particular food features. At the same time, some of the negative effects of the Maillard reaction make it important to prevent this type of reaction from occurring in the processing process, which limits the use of microwave heating technology. However, we may explore decreasing the heating time, lowering the power, or adjusting some internal food parameters (starting moisture content and pH value), as well as adding some compounds (mercaptan compounds) to the pretreatment materials to reduce the incidence of Maillard reaction.



Allergenicity

Antigenicity of proteins is induced by the presence of epitopes, which are particular sequences in allergen proteins that, when recognized by the immune system, elicit allergic reactions. One reason microwave treatment reduces allergenicity is that it causes protein aggregation and structural changes, which prevent epitopes from being targeted. The other is that microwaves can reduce natural protein immune responses by destroying particular allergen epitopes through enzymatic hydrolysis. Microwave treatment can disrupt disulfide links in proteins, lowering their stability and making allergens more susceptible to enzyme breakdown, shown in Figure 10A. Although the raw protein has several protease digestive sites, the aggregated structure makes potential cleavage sites unavailable until the protein is denatured. Microwave decreases allergenicity by increasing the accessibility of sequence epitope proteases (87). For example, after microwave treatment, the antigenicity of gliadin, a proline protein linked to celiac disease in patients with gluten intolerance, was dramatically reduced (96). The hypersensitivity of prawn myosin also disappeared after microwave treatment (87). However, after microwave heating (500 W, 1–3 min), the allergenicity of tree nut proteins such as almond, cashew, and walnut remained unchanged (97). The reason for this is that the corresponding epitopes in allergenic proteins were not responsive to microwave heating, even when heated for a long time or at a high temperature.


[image: Figure 10]
FIGURE 10
 Effect of microwave on protein allergenicity. (A) Microwave promotes the degradation of protein epitopes and reduces allergenicity. (B) Microwave promotes the generation of new antigenic determinants and increases allergenicity.


Microwaves, on the other hand, may increase allergenicity. Because the unpredictability of the protein structure is unfolding, new binding sites may open up. Microwaves, in other words, induce denaturation of natural allergens, which causes proteins to develop new epitopes or make previously hidden epitopes available (crypt antigens), shown in Figure 10B. Microwave-treated peanuts and milk, for example, were shown to be more allergic in one study (98, 99).

The key aspect determining the bidirectional regulation of protein allergenicity by microwave is the type of meal. However, because there have been few studies on the subject, it is impossible to say which foods are less allergic and which are more allergenic after being microwaved. To avoid the occurrence of user allergy, special attention should be paid to the change in food allergenicity when using the microwave to process food. Furthermore, foods whose allergenicity has been shown to increase after being microwaved should be avoided being microwaved.



Water absorption and oil absorption capacity

Protein's propensity to absorb water and oil impacts not only the taste and flavor of food, but also the characteristics of other elements in food, such as the degree of gelatinization of starch. Microwave heating, according to studies, alters a protein's ability to absorb water and oil, owing to a change in protein structure. Protein depolymerization may expose more polar and non-polar amino acids, boosting the protein's interaction with water or oil molecules and so promoting water and oil absorption.

Water absorption capacity (WAC) is related to the presence of polar amino acids at primary cites of the protein-water interface. The uncoiling of hydrophilic domains of protein and the exposure of more polar amino acids after microwave treatment can lead to an increase in water absorption. Because of the accelerated expansion of protein, microwave protein can obtain higher water absorption capacity than conventional heating (100). For example, after microwave treatment, the WAC of red bean, potato etc. increased, as shown in Table 6. Because of the varying hydrophilic structures, the effect of microwave on the WAC of different proteins varies. Furthermore, once a certain level of water absorption capacity has been achieved, it is no longer increased. The ingested water will be released as the protein denatures and unfolds, and then promptly absorbed by carbohydrates and fiber from grains and legumes. The degree of gelatinization of starch will be affected by this moisture, which dictates the final texture and size of baked goods.


TABLE 6 Effect of microwave treatment on water absorption and oil absorption capacity of protein in food.
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Oil absorptivity (OBC) is an important functional characteristic as it is essential to improve mouth feel and flavor retention. Microwave heating can increase the strength of protein binding oil molecules because more non-polar side chains are exposed during this process, increasing oil absorption by binding the hydro-carbon chains of lipids (100). In general, as the microwave treatment period is increased, the ability of the protein to bind oil increases initially, then decreases. Protein reaggregation and a decrease in hydrophobic and non-polar amino acids are to blame for the dip. When red bean, wheat, and melanin wheat flour were heated in the microwave, for example, OBC grew at first, then reduced. At the same time, due to the variability of protein oil solubility, the oil absorption capacity of proteins varies.



Emulsification

Proteins' ability to diffuse over the oil-water interface and interconnect with water and hydrophilic amino acids, as well as oil and hydrophobic amino acids, is referred to as emulsifying capacity. Because the emulsion can change the food system to make it the ideal food, its development and stability during processing is critical. Protein emulsification is generated by the interaction of water and oil with the protein. The creation of these chemicals is beneficial to the food system and has an impact on the final product's flavor and texture. Microwave heating can cause the protein to unfold, exposing the hydrophobic unit. The unfolded protein then interacts with nonpolar solvents, preventing oil droplets from flocculating and improving the emulsion's overall stability. For example, microwave vacuum treatment (50–100 W mV) enhanced the stability of emulsion flocculation and paste of lotus seed protein isolate (LSPIs) (63).



Gel

During microwave heating, the protein conformational changes and subsequent intermolecular interaction are usually followed by stiffening and thickening of the pre-formed gel through thiol-disulfide exchange reactions (100). On the one hand, microwave treatment's high temperature may hasten the oxidation of protein sulfhydryl groups and increase disulfide bond content (80). Proteins then cross-link to form dense protein networks, which improves the gel's properties. Microwaves, on the other hand, increase exposure to the reactive phenol and mercaptan groups required to produce protein gels, which are normally embedded in natural proteins' dense structure (71). For example, acid gels formed with microwave treated casein solutions were harder and had a more compact microstructure compared to those made with heated caseins (51). In general, two types of protein gels are distinguished. When proteins with a high level of non-polar amino acid residues undergo a denaturation treatment, random aggregation rapidly takes place and an opaque coagulum-type gel is formed that usually contains covalent cross-links. Such protein denaturation and subsequent aggregation is irreversible. Proteins with fewer non-polar residues upon denaturation tend to engage in intermolecular interactions more gradually which results in ordered translucent gels. Here, upon removal of the denaturing conditions, proteins may to a degree refold. In a word, after microwave processing, enhanced protein gelation can increase food transparency and modify the taste and appearance of the final product.



Foam

Some scattered proteins and peptides have typical amphiphilic architectures that reduce surface tension and facilitate interface formation and foaming at the water-air interface. Because proteins and their hydrolysates quickly diffuse into the air-water interface and partially unfold to form a thin film with viscosity and flexibility, they are ideal foaming agents. Foaming capacity depends on the diffusion of protein at the air-water interface by unfolding its structure, while foaming stability is dependent on the formation of a thick cohesive layer around the air bubble (100). Partial enzymatic hydrolysis usually can improve foaming properties. The number of hydrophobic amino acids and substrates exposed to the surface of a protein molecule is directly proportional to its foaming capacity. Microwave-induced increases in hydrophobic amino acids increase protein viscosity and drive the formation of multilayer sticky protein films at the bubble interface, resulting in anti-coalescence. A thick membrane can limit the flow of proteins out of the membrane while also keeping the bubbles stable. Microwave-treated rainbow trout skeletal protein hydrolysates, for example, foamed better than enzymatic proteins (7). Rice bran protein treated by microwave had better foaming property than conventional heating (100). Many meals, such as cake, bread, and ice cream, require the foaming qualities of protein in daily life. The change of mechanical properties and the increase of gel properties after microwave processing can increase the transparency of food and change the taste and appearance of the final product, such as konjak, tofu and noodles. On the other side, it produces a more flexible and edible food packaging material. The quality of protein gelatin produced via microwave processing, however, remains uncontrolled. Microwave inhomogeneity can induce faults in the gel matrix, and too much power can cause the protein to expand too quickly, faster than the rate of polymerization, resulting in a rough gel network.




Composition of amino acids

The total content of amino acids falls with microwave cooking, however the content of essential amino acids somewhat increases. Different types of amino acids have different variations in the microwave heating process. Because of heat intolerance or the Maillard reaction, the majority of hydrophobic and sulfur-containing amino acids increase, while a small number of amino acids, such as histidine and lysine, decrease. Aside from that, cysteine's contents don't alter significantly due to its heat resistance. Of course, the variation trends of the same amino acid in different foods are different, which could be connected to food type and microwave processing settings. In order to minimize the massive loss of heat-resistant amino acid components caused by long-term heating, special attention should be paid to the temperature, power, and duration in the microwave processing process for meals containing a large number of heat-resistant amino acids. The changes of different amino acid contents in food after microwave heating are shown in Table 7.


TABLE 7 Changes of different amino acid contents in food after microwave heating.
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The influence of microwave on flavor, nutrients and security


Flavor

Alcohols, ketones, hydrocarbons, lipids, organic acids, heterocyclic compounds, free amino acids, and other components in food alter the flavor of the dish. Aldehydes, for example, have a volatile and greasy fragrance (105). Pelargonic aldehyde smells like roses (106). Sweet amino acids include glycine, alanine, serine, threonine, and proline, while bitter amino acids include methionine, leucine, isoleucine, histidine, arginine, and phenylalanine (84).

The synthesis and adsorption of taste compounds are the key reasons for the improvement of flavor in food cooked in the microwave. On the one hand, taste compounds can be produced through the microwave-promoted Maillard process, lipid oxidative degradation, and protein hydrolysis. Alcohols and organic acids, for example, are produced via oxidative lipid degradation. The Maillard process produces pyrrole, pyrazine, and sulfur compounds (107). Microwave, on the other hand, changes the structure of proteins and increases the number of binding sites that react with volatile chemicals, boosting taste adsorption (1, 108). Microwave cooking has been shown to improve protein adsorption to ketone flavor compounds by increasing the concentration of sulfhydryl groups, which can react with the ketone and produce disulfide (109). Microwave protein has a better binding affinity to ketone taste chemicals than conventional water cooking heating which just affects the surface hydrophobicity (1). The umami flavor of mushrooms can be enhanced by increasing the concentration of aspartic acid and glutamic acid in the microwave. It also decreased the content of organic acids in the product to reduce astringency. Although the amount of mannitol, fructose, and trehalose in the solution was lowered, the retention rate was higher than with ordinary heating (110). Furthermore some undesirable flavors can also be reduce by cross-linking (111). Microwave heating, on the other hand, should be avoided to take a long time or a high power. Because protein aggregation can cause the sulfhydryl to become buried inside the protein, reducing its ability to bind to flavor compounds (112, 113).



Nutrients

Small molecular components, minerals, and vitamins are the main nutrients in food, in addition to protein, carbohydrates, and lipids. Although the effect of microwave cooking on vitamins varies, it often outperforms traditional cooking methods like as boiling. Due to the water avoidance and shortening of treatment time in this process, microwave treatment can prevent the loss of vitamins A and C owing to water and reduce the thermal degradation of vitamins B1 and B6 (114). Microwave cooking, for example, had a retention rate of carotene that was 1.31–1.83 times higher than conventional water cooking (115). The most easily degraded form of vitamin E is α-tocopherol, but microwave-induced total disintegration of plant cell walls could improve α-tocopherol extractability and hence increase its amount. Cooking fresh broccoli, Swiss chard, mallow, daisies, Perilla leaves, spinach, and zucchini in the microwave, for example, resulted in a considerable rise in α-tocopherol (60). Some oxidases, which can be activated by plant tissue damage induced by cutting or mixing, may be involved in the effect of microwave on vitamin E levels. Microwave heat treatment can inactivate natural oxidases, enhancing vitamin E retention. Because of vitamin K's thermal stability, microwave heating has no effect on it. Microwaves can also preserve the mineral content of food. The quantities of Na, K, and P in raw trout, for example, increased considerably following microwave heating (7).



Security

It's been a common misconception that microwaved food might cause carcinogens. According to studies, microwave heating not only prevents the formation of heterocyclic amines and other carcinogens, but also regulate the allergenicity of proteins, reduce the accumulation of saturated fatty acids and trans fatty acids, which lowers the risk of allergic reactions and cardiovascular illnesses. Heterocyclic amines (HCAS) are mutagenic, carcinogenic, and cardiotoxic chemicals formed when protein amino acids are pyrolyzed during food preparation (116). Microwave can inhibit the production of heterocyclic amines, which may be related to its effect on the amino acid composition of protein and the improvement of the antioxidant capacity of some components. First of all, microwave can regulate the composition of amino acids in food proteins, and proline and other essential amino acids have been proven to reduce the production of heterocyclic amines by inhibiting the production of heterocyclic amine intermediates or precursors, forming adducts with heterocyclic amines and heterocyclic amine intermediates (117). Secondly, microwave improves the antioxidation of some food ingredients, which can prevent the free radical chain reaction that produces heterocyclic amine, hence lowering the production of heterocyclic amine (118). Finally, the temperature and duration are the most important variables in the production of dioxins, heterocyclic amines, and other chemicals. Foods high in fat can easily produce these compounds through prolonged high-temperature cooking. Therefore, Therefore, one of the factors contributing to the reduction of heterocyclic amines is the microwave's short-time and low-temperature cooking features. For example, Microwave pretreatment of fried beef pie could reduce fat, water, and HCAS precursors, compared with conventional heating (119).

In addition, microwaves help prevent food from becoming contaminated with microorganisms. Aflatoxin in naturally contaminated peanuts can be efficiently destroyed by microwave baking in the range of 32–40%. Beverage items frequently mildew and contain high amounts of bacteria, and is unsuitable for sterilizing at high temperatures (120). Given these considerations, using microwave technology for sterilizing at a low temperature and quick speed is an excellent solution, since it not only kills all types of bacteria in the drink but also prevents mildew throughout the storage process.




Conclusion

In this manuscript, we have found that microwave heating can change the structure and specific qualities of starch, lipid, and protein in food, making it an excellent food to meet the new needs of markets. For particular properties: (1) For the puffy products with toughness and brittleness: Microwave can improve the gel property of protein and reduce the viscosity, expansion, and gelatinization of starch to meet these goals. (2) For products that need foam, such as cake, bread and ice cream: Microwave can help produce the desired results. (3) For the low sugar products that diabetics and dieters require: Microwave can increase the resistant starch content to reach these targets. (4) For the easily oxidized products: Microwave can increase the antioxidant activity of some components and reduce body damage caused by peroxidation. (5) For emulsified products: Microwave can increase the stability of emulsified food and prevent the flocculation of ingredients. (6) For persons who have specific amino acid requirements: The microwave can boost the quantity of certain specific amino acids in food. (7) For allergy sufferers: Microwave can reduce the allergenicity of their meals. At the same time, there are no safety concerns with microwave-processed foods, and more flavor and small molecular nutrients such as vitamins and minerals have been preserved. These evidences demonstrate that the microwave can replace traditional food processing processes.

However, microwave heating is still insufficient, such as (1) The complex composition of the foods influences the final qualities of foods during microwave treatment. Some foods will become more allergic after being microwaved. Therefore, due to the unknown nature of food, it is necessary to carry out strict process screening before processing. (2) When the microwave process parameters do not match the food, the quality of the finished product will be completely different from the expected. As a result, while utilizing microwaves for food processing, we must consider the meal's composition, heating power, time, temperature, etc. In this way, it can play its greatest advantage in food processing. Furthermore, the majority of available research focuses on the effect of microwaves on single food components, with few investigations involving numerous components at the same time. However, it is not difficult to deduce from this paper that if you want to fully exploit the performance advantages of various food Components, you must select appropriate microwave parameters based on the requirements of target products and the change law of component properties, but different components have different or even opposite microwave parameter requirements. High microwave power, for example, promotes the synthesis of resistant starch but not protein digestibility, foaming, emulsification, or food flavor. At the same time, there are interactions among food components that impact the structure, properties, and functions of food in an indirect manner. As a result, in future related study, it will be important to take into account all of the different components in food and find the most appropriate processing procedure. It can also be regarded to affect the final nutritional qualities, structure, and texture of food by adding some components based on the interaction of starch, fat, and protein under microwave conditions.
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Pearl millet (Pennisetum glaucum L.), an important source of iron (Fe) and zinc (Zn) for millions of families in dryland tropics, helps in eradicating micronutrient malnutrition. The crop is rich in Fe and Zn, therefore, identification of the key genes operating the mineral pathways is an important step to accelerate the development of biofortified cultivars. In a first-of-its-kind experiment, leaf and root samples of a pearl millet inbred ICMB 1505 were exposed to combinations of Fe and Zn stress conditions using the hydroponics method, and a whole-genome transcriptome assay was carried out to characterize the differentially expressed genes (DEGs) and pathways. A total of 37,093 DEGs under different combinations of stress conditions were identified, of which, 7,023 and 9,996 DEGs were reported in the leaf and root stress treatments, respectively. Among the 10,194 unique DEGs, 8,605 were annotated to cellular, biological, and molecular functions and 458 DEGs were assigned to 39 pathways. The results revealed the expression of major genes related to the mugineic acid pathway, phytohormones, chlorophyll biosynthesis, photosynthesis, and carbohydrate metabolism during Fe and Zn stress. The cross-talks between the Fe and Zn provided information on their dual and opposite regulation of key uptake and transporter genes under Fe and Zn deficiency. SNP haplotypes in rice, maize, sorghum, and foxtail millet as well as in Arabidopsis using pearl millet Fe and Zn responsive genes could be used for designing the markers in staple crops. Our results will assist in developing Fe and Zn-efficient pearl millet varieties in biofortification breeding programs and precision delivery mechanisms to ameliorate malnutrition in South Asia and Sub-Saharan Africa.

KEYWORDS
malnutrition, biofortification, iron, zinc, genes, transcriptome


Introduction

Pearl millet is a high-energy cereal with high protein, and high dietary fiber (1), free of gluten (2) with higher amounts of iron (Fe) and zinc (Zn) accounting for up to 40%. It is the economical source of micronutrients for poor people, who suffer from micronutrient deficiencies (3). Owing to breeding for yield and yield-contributing traits over the decades, less emphasis has been given to breeding nutritional traits (4, 5). This signifies the importance of improving the essential grain micronutrients (Fe and Zn) in future pearl millet varieties besides core breeding traits.

Malnutrition refers to the inadequate nutrient supply and/or inefficient uptake resulting from an imbalance of essential nutrients in the regular diet of an individual or population. Globally, 144 million children under 5 years are stunted and 45% of child deaths are associated with malnutrition.1 Worldwide, non-pregnant women (33%), pregnant women (40%), and children (42%) are reported with Fe deficiency (see text footnote 1) resulting in low body weight of the child, and maternal mortality affecting both mother and infants (6). Fe deficiency causes improper functioning of the immune system, and poor health, and may reduce the working capacity of a person (7). Zn deficiency causes stunted growth, and improper neural development, and is highly susceptible to disease attack. It is reported to be a major cause of respiratory infections leading to high infant mortality (8).

Compared to sorghum (26–60 mg kg–1 Fe and 21–57 mg kg–1 Zn) (9), maize (18.9–47.6 mg kg–1 Fe and 5.4–30.8 mg kg–1 Zn) (10), and foxtail millet (36.9–75.1 mg kg–1 Fe and 45.4–57.1 mg kg–1 Zn) (11), the pearl millet possesses high grain Fe (30–140 mg kg–1) and Zn (20–90 mg kg–1) contents in the germplasm (5, 12). So, pearl millet has gained importance concerning available wider genetic variability for Fe and Zn contents in germplasm and its ability to grow in harsh environmental conditions (13). Several studies reported a positive correlation between the densities of Fe and Zn, which helps in the selection of both Fe and Zn micronutrients simultaneously (14), and are assumed to be involved or connected in physiological mechanisms for their uptake and translocation into the seed (15, 16). To combat the micronutrient-based hidden hunger, biofortification would be an efficient and cost-effective method (3) to enhance the nutrient contents of crops through breeding techniques (17). Pearl millet was one of the crops included in the Biofortification Challenge Program (BCP), a micronutrient project in 2002 under the HarvestPlus program of the CGIAR for decreasing Fe and Zn deficiencies (18). To date, HarvestPlus supported the pearl millet biofortification program at ICRISAT for the development of several high Fe and Zn lines and cultivars in association with NARS (5).

Understanding the functional genomics of Fe and Zn homeostasis and their uptake and transport mechanism will assist in the biofortification of Fe and Zn content in crops. Transcriptomic studies on functional characterization of differentially expressed genes (DEGs) and their dynamic role in Fe and Zn uptake in deficiency, which helps in genetic biofortification of Fe and Zn, have been carried out in rice (19), maize (20), Arabidopsis (21), and several other crops. The above studies reported the importance of genes related to the mugineic acid (MA) pathway, plant hormones, and carbohydrate metabolism in nutrient uptake and the negative effect on photosynthesis-related genes under deficient conditions.

So far, there has been no research carried out on pearl millet to understand the functional mechanisms of Fe and Zn homeostasis through a genome-wide transcriptome approach although the crop is known for its rich iron and zinc content. Hence, this study was constituted to understand the gene expression of pearl millet shoot and root under Fe and Zn stress through the RNA-Seq approach to identify the DEGs, and gene regulatory networks under mineral stress conditions and identify the genes involved in Fe and Zn homeostasis.



Materials and methods


Experiment material and growth conditions

Seeds of the biofortified pearl millet inbred ICMB 1505 (a high Fe inbred with 110 ppm Fe and 55 ppm Zn) using 1% sodium hypochlorite solution were surface sterilized for 5 min and rinsed 5–6 times with MilliQ water. The seeds were placed on the germination sheets soaked with MilliQ water and allowed to germinate in the darkroom at 25°C temperature.

Three nutrient stress treatments (+Fe−Zn, −Fe+Zn, and −Fe−Zn) and one control (+Fe+Zn) solutions were prepared to understand the stress response of the root and leaf. The control nutrient solution (+Fe+Zn) contained 0.7 mM K2SO4, 0.1 mM KCL, 2.0 mM Ca (NO3)2, 0.1 mM KH2PO4, 10 μM H3BO3, 0.5 mM MgSO4, 0.5 μM MnSO4, 0.2 μM CuSO4, 0.5 μM ZnSO4, 0.05 μM Na2MoO4, and 0.1 mM Fe (III)-EDTA. The pH of the solution was adjusted by adding a 1 N HCL solution to 5.5. In −Fe+Zn and +Fe−Zn treatments, the Fe (III)-EDTA and ZnSO4 were not added respectively in the control solution. While in −Fe−Zn treatment both Fe (III)-EDTA and ZnSO4 were not added in the control solution (Table 1).


TABLE 1    Details of the nutrient stress treatments given to the seedlings of the pearl millet inbred ICMB 1505.
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Customized 96-well PCR plates with holes at the bottom side were used for supporting the seedlings for the effective harvesting of roots and leaves after the treatment period. After placing the germinated seedlings in the PCR plates with roots emerging out on the bottom side, the plates were left floating in the treatment solutions containing trays. Each tray was accommodated with three plates, indicating three replicates per treatment. Three to four days later, seedlings (nearly 40 per tray) were transferred to the respective treatment and were maintained for 12 days (20).



RNA-sequencing

Total RNA was extracted from the replicated leaf and root samples of control (+Fe+Zn) and stress treatments (−Fe−Zn, −Fe+Zn, and+Fe−Zn) using QIAGEN RNeasy Plant Mini Kit. Genomic DNA contamination was removed with RNase-Free DNase (QIAGEN). The purity of RNA, i.e., RNA degradation and DNA contamination were checked by agarose gel electrophoresis. The Total RNA was quality checked using RNA 6000 Nano Kit (Agilent Technologies, USA) on 2100 Bioanalyzer (Agilent Technologies, USA), with a minimum RNA Integrity Number (RIN) value of 7. RNA concentrations were determined with a NanoDrop ND-8000 spectrophotometer (Nano-Drop Technologies; THERMO Scientific, Wilmington, DE, USA). Poly(A) messenger RNA (mRNA) was purified from the total RNA using oligo-dT attached magnetic beads, to capture for polyA tails, using two rounds of purification. The RNA was fragmented into 200–500 bp fragments during the second elution of poly-A RNA using an ultrasonicator. The Superscript-II reverse transcriptase (Life Technologies, Inc.) and random primers were used to copy the cleaved RNA fragments into first-strand cDNA. After second-strand cDNA synthesis, fragments were end-repaired and A-tailed, and indexed adapters were ligated. The purified products enriched with PCR were used to generate the final cDNA library. RNA-Seq libraries for all samples were prepared using NEBNext UltraII RNA library preparation kit for Illumina; Cat. no. E7770 (New England Biolabs), according to manufacturers recommended protocol. The tagged cDNA libraries were used for 2 × 150-bp paired-end sequencing by pooling them in equal ratios onto a single lane of the Illumina HiSeq4000. Sequencing was done by 2× 150 bp paired-end chemistry of Illumina HiSeq 4000 using generated Illumina clusters loaded onto Illumina Flow Cell.

The quality of the raw reads obtained by sequencing was checked by the FASTQC online tool. The Trimmomatic tool was used for filtering low-quality reads and adaptor sequences (22) followed by assessing the data with the FASTQC. Finally, the obtained clean reads were aligned to the pearl millet reference genome (23) using hisat2 (24) to reconstruct the transcriptome and perfectly aligned sequences were considered for further analysis. The alignments were converted to a sorted bam format using Samtools (25).



Differential gene expression and pathway enrichment analysis

The sequence reads per each genomic feature were measured with featureCounts (26).2 DESeq2 R Package was used in determining the gene expression differences between control and treatments (27). The combined features for each combination of control and treatment sample data were fed to R package DESeq (27) to measure the DEGs. DEGs were selected based on fold-change (FC) and FDR-corrected p < 0.05 and classified as upregulated (≥+1.5 FC) or downregulated (≤−1.5 FC). The identified DEG sequences were further Blast (28) and compared with the Viridiplantae protein sequence from the UniProt database to assign the associated annotations. With the known gene ontology (GO) terms from the annotations, the Cytoscape plugin Bingo was used to make the metabolic pathway.



Validation of RNA-sequencing data by real-time PCR

To check the accuracy of transcriptomic analysis, data validation by qRT-PCR was carried out. The 17 selected DEGs were chosen for validation (Supplementary Figure 1) and the cDNA was synthesized from the extracted RNA from the samples. Normalization of all the cDNA samples was done to equalize the concentrations of all the samples. Primers were designed for the chosen DEGs using Primer3plus software (Supplementary Table 1). To normalize the data, the actin gene (PgActin) of pearl millet was used as a reference gene. The ΔΔCT method was used for the calculation of the relative gene expression of targeted genes (29).



Identification of gene orthologs

The top 68 Fe and Zn homeostasis pathway-related genes identified in pearl millet through RNA-Seq were BLAST searched against the genomes of Arabidopsis spp., maize, rice, sorghum, and foxtail millet to identify the orthologs. All the hits with at least 70% similarity were considered significant. The orthologous relationships between pearl millet and the other five crop species were visualized in the circos plots using the ClicO FS tool (30). The orthologs of a gene were aligned using Bioedit sequence alignment editor software version 7.2.5 for the identification of haplotypes (31).




Results


RNA-sequencing

Twenty-four leaf and root samples of Fe and Zn stress-induced pearl millet inbred ICMB 1505 were subjected to genome-wide transcriptome sequencing using a paired-end method with three biological replicates. A total of 841 million reads accounting for 39 GB of data was generated. After trimming the low-quality reads, a total of 753 million reads were aligned to the reference genome. Ultimately, of the 562 million high-quality successfully mapped reads, over 78.57% were observed to be uniquely mapped reads and 21.10% were multiple mapped reads (Table 2).


TABLE 2    Total and mapped reads obtained from different treatments of Fe and Zn stresses in leaf and root samples of pearl millet through RNA-Seq analysis.

[image: Table 2]



Identification of differentially expressed genes

A total of 37,093 DEGs were identified in control vs. stress conditions of leaf, root, and leaf-root comparisons after adjusting the p-value (<0.05) and log2 fold change value (>1.5-upregulated, <−1.5-downregulated). In leaf comparisons, more DEGs (2,418) were identified in the Fe-deficient condition and few DEGs (105) were observed in both nutrient-deficient conditions (−Fe−Zn) when compared to the Zn-deficient leaf (Figure 1A). In root comparisons, a high number of DEGs (3,737) was differentially expressed in −Fe−Zn treatment when compared to −Fe treatment whereas a low number (345) was observed in Fe-deficient root (Figure 1B). In leaf-root comparisons, the high number of DEGs (6,366) was recorded in −Fe−Zn root treatment over −Fe leaf, and a low number of DEGs (629) were found in −Fe leaf compared to −Zn root treatment (Figure 1C). The 10,194 unique DEGs identified from all comparisons were further analyzed for gene ontology studies, of which 9,981 DEGs were annotated and the remaining were unannotated besides showing a higher level of expression under stress conditions (Supplementary Figure 2).
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FIGURE 1
Upset plot illustrating the intersections between the set of DEGs identified in response to –Fe, –Zn, –Fe–Zn stresses in (A) leaf, (B) root, and (C) leaf and root. The blue bar on the left side indicates the total number of DEGs expressed under specific stress treatments and the red bar on the right side indicates the DEGs unique to a specific treatment and between the treatments. Dots connect by a black line on the bottom panel indicate the intersections between the treatments and the representation of stress-specific and common DEGs in response to –Fe, –Zn, –Fe –Zn stresses in (D) leaf and (E) root.




Gene ontology and pathway enrichment

The GO terms were assigned to the identified DEGs, of which 8,605 sequences were annotated to cellular, biological, and molecular functions. A total of 5,352 genes were annotated for 406 cellular components, 6,764 genes for 1,223 molecular functions, and 4,327 genes for the 1,475 biological process (Supplementary Figures 3A,B). Besides GO terms, KEGG (Kyoto Encyclopedia of Genes and Genomes) was used to assign biological pathways to the identified DEGs. A total of 458 DEGs were assigned to 39 pathways (Supplementary Figure 3C), of which carotenoid biosynthesis, hormone biosynthesis, isoprenoid biosynthesis, and porphyrin-containing compound metabolism pathways were root-specific. The DEGs expressed in the leaf treatments were identified to be involved in 22 pathways, of which the tRNA modification pathway was specific to leaf tissue.



Differentially expressed genes in leaf

A total of 2,418 DEGs were expressed in Fe-deficient conditions, 1,596 DEGs in −Zn, and 1,753 DEGs under combined nutrient stress (−Fe−Zn) when compared to control (+Fe+Zn). More than 1,000 genes were commonly expressed across all stress treatments (−Fe, −Zn, and −Fe−Zn) wherein 213, 939, and 298 DEGs were unique to −Zn, −Fe, and −Fe−Zn treatments, respectively (Figure 1D). Among the genes involved in Fe and Zn uptake, O-methyltransferases were >7 times upregulated in all the leaf treatments (−Fe, −Zn, −Fe−Zn) when compared to control (+Fe+Zn). Heavy metal ATPase (HMA), plasma membrane ATPase, putative ABC transporter B family member, ABC transporter G family member, calcium-transporting ATPase, H+-ATPase domain-containing members gene transcripts related to metal ion transport were induced several folds, wherein, magnesium transporter was downregulated (1.75-fold) in all the leaf treatments. Fe storage protein, ferritin, and solute protein family 40 were nearly twofold downregulated in −Fe and −Fe−Zn leaf. Zinc-induced facilitator (ZIF) like protein and a gene involved in Fe ion homeostasis were >1.78 times induced in −Fe condition while the potassium transporter gene was 2.22 times upregulated under −Fe condition. Zinc transporter 5 was highly downregulated in −Fe leaf (−2.67) when compared to −Fe−Zn (−1.61) whereas vacuolar cation/proton exchanger was highly upregulated in −Fe−Zn leaf (2.15) when compared to −Fe leaf (1.89). Mugineic-acid 3-dioxygenase (IDS2) gene was fourfold upregulated in the presence of Fe and was 1.68-fold downregulated in the absence of Fe in the leaf. The protein involved in the Zn transmembrane transporter activity was 2.88 times upregulated in the presence of Zn (Supplementary Table 2).

The enzymes, sucrose synthase (twofold) and starch synthases (fivefold) involved in the carbohydrate biosynthesis process and alcohol dehydrogenase enzyme (>3.60-fold) were upregulated in all the leaf treatments. Photosystem II CP47 reaction center and ATP synthase were >3-fold upregulated under Fe deficiency (−Fe, −Fe−Zn). RUBISCO, an enzyme involved in photosynthetic processes was twofold upregulated, wherein carbonic anhydrase (−1.89) was downregulated in Fe-deficient condition (Supplementary Table 3). The glycolysis-associated enzymes, glyceraldehyde-3-phosphate dehydrogenase (>2.45), phosphoglycerate mutase (>4.44), pyrophosphate-fructose 6-phosphate (>2.35), ATP-dependent 6-phosphofructokinase (>3.37), were upregulated in all the leaf treatments (−Fe, −Zn, −Fe−Zn). Additionally, succinate dehydrogenase (2.83), phosphoenolpyruvate carboxylase (PEPC 2.07) enzymes involved in the TCA cycle, and photorespiration process was induced in −Fe condition (Supplementary Table 4).

Among the enzymes involved in phytohormones biosynthesis and signaling pathways, indole-3-glycerol-phosphate synthase (>1.66), 1-aminocyclopropane-1-carboxylate (ACC) synthase (>2.81), AP2-like ethylene-responsive transcription (>4.13), and auxin response factor (ARF >2.15) were highly upregulated in all the stress treatments (−Fe, −Zn, −Fe−Zn). The upregulation of the auxin-responsive protein (ARP >7.45) was observed in −Fe and −Zn treatments. In all Zn-deficient (−Zn, −Fe−Zn) conditions, auxin-responsive factor 23 was upregulated by 2.58-fold (Supplementary Table 5). Xyloglucan endotransglucosylase/hydrolase (two to sevenfold), cellulose synthase (>7.52), and expansin (two to fourfold) which are involved in cell wall organization were upregulated in all stress treatments when compared to the control. Moreover, the induced expression of S-acyltransferases (four to sixfold), diacylglycerol O-acyltransferases (>4.80), and diacylglycerol kinases (2.41–3.64-folds) involved in the lipid metabolism were noticed across stress treatments. Further, in our study peroxidases (three to eightfold), mitogen-activated protein kinase (>1.66), NBS-LRR domain-containing proteins (>1.87), and serine/threonine kinases (>2.25) related to biotic and abiotic stress tolerance were upregulated under nutrient-starved leaf treatments. Superoxide dismutase (SOD) involved in scavenging reactive oxygen species (ROS) was threefold downregulated in Zn-deficient leaf (Figure 2A) (Supplementary Table 6).
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FIGURE 2
Heatmap of the selected differentially expressed genes operating under Fe and Zn stress (A) across leaf-pairwise combinations, (B) across root-pairwise combinations, (C) between leaf and root combinations.




Differentially expressed genes in root

Iron-deficiency in root recorded 345 DEGs, Zn-deficiency showed 1,278 DEGs, and −Fe−Zn condition recorded 1,309 DEGs when compared to the control. A total of 16 genes were commonly regulated in all the stress treatments (−Fe, −Zn, −Fe−Zn) while 833, 221, and 873 DEGs were unique to −Zn, −Fe, and −Fe−Zn treatments, respectively (Figure 1E). The downregulation of metal ion transmembrane transporter activity genes was observed in all the stress treatments (−Fe, −Zn, −Fe−Zn) when compared to the control. In Fe-deficient conditions, ferritin protein, 2-oxoglutarate (2OG), HMA, solute carrier family 40 protein, potassium transporter, and copper transporter were downregulated by several folds. In −Fe root, the induced expression of 3″ deamino-3″ oxonicotianamine reductase (2.27), nicotianamine synthases (NAS 2.59), adenine phosphoribosyltransferase (APRT >2.03 times) genes, and in −Zn root, the upregulation of ribose 5-phosphate isomerase (1.74) gene involved in phytosiderophore (PS) synthesis were observed. The expression of MYB transcription factor was 2.45-fold induced in −Zn root and in −Fe−Zn condition it was 2.8-fold downregulated. The gene involved in the Zn transport was nearly two to threefold downregulated in the −Zn, −Fe, and −Fe−Zn treatments. Aspartate aminotransferases (IDI4) involved in the methionine (Met) cycle were 2.39 times downregulated in −Fe−Zn when compared to the −Zn treatment. The oligopeptide transporter 3 (OPT3) gene was 1.64 times induced in the roots under the deficiency of Fe and Zn (Supplementary Table 7).

The magnesium chelatase, Mg-protoporphyrin IX chelatase, and chlorophyll-binding a-b proteins involved in the chlorophyll biosynthesis pathway were several folds downregulated in the absence of Fe and were upregulated in the presence of Fe. The upregulation of light reaction involved proteins, ferredoxin (2.36), ferredoxin NADP reductase (>1.69), ATP-synthase complex assembly (2.42), and downregulation of PSII reaction center (−1.63), cytochrome c oxidase subunit (−1.52) and cytochrome c (−2.02) were observed in Zn-deficient root. RUBISCO, an enzyme involved in the dark reaction is nearly two times upregulated in either of the nutrient deficiency (−Fe or −Zn) but 2.62-fold downregulated under −Fe−Zn treatment (Supplementary Table 8).

Genes such as 3-Phosphoglycerate dehydrogenase (2.45), phosphoglycerate kinase (2.07), malate dehydrogenase (1.54), fructose-bisphosphate aldolase (2.09), glyceraldehyde-3-phosphate dehydrogenase (2.41), PEPC (2.21), phosphoenolpyruvate carboxykinase (2.33), and glucose-6-phosphate 1-dehydrogenase (2.11) involved in the carbohydrate metabolism process were upregulated and lactate dehydrogenase (−1.68) was downregulated in the Zn-deficient root. The downregulation of pyruvate (−4.53), 3-phosphoglycerate dehydrogenase (−2.84), phosphoglycerate kinase (−1.64), malate dehydrogenase (−1.51), fructose-bisphosphate aldolase (−3.04), phosphoenolpyruvate carboxykinase (−3.68), phosphoglycerate mutase (−1.72), isocitrate lyase (−1.81), pyruvate dehydrogenase E1 component (−1.99), aconitase hydratase (−1.64), and D-fructose-1,6-bisphosphate 1-phosphohydrolase (−2.45) was observed in −Fe−Zn condition (Supplementary Table 9).

In the case of phytohormones, the downregulation of auxin efflux carrier protein (−1.59) and ARF (−2.15) was observed in Fe-deficient roots. In the −Zn root, the downregulation of tryptophan synthase (−1.52), ARP (−2.23) was recorded. The expression of ARF SAUR36 was induced two to threefold when the root was deficient to −Fe or −Zn. The downregulation of ACC synthase (−1.87) was noticed in the −Fe−Zn treatment (Supplementary Table 10). The downregulation of trehalose 6-phosphate phosphatase (<−1.94) involved in cell wall organization was observed in −Fe and −Zn root treatments, while downregulation of cellulose synthase (−1.52), xyloglucan endotransglucosylase/hydrolase (<−1.71) were observed in −Fe−Zn root. In all the root treatments, the expansin was nearly twofold upregulated. Diacylglycerol O-acyltransferases (−2.21) involved in the lipid metabolism were downregulated in −Fe−Zn condition whereas S-acyltransferases (−1.68) were downregulated in Fe-deficient roots. Peroxidases (<−1.7) were downregulated in all the root treatments. Serine/threonine kinases (−2.65) involved in the stress signaling mechanism were downregulated in Fe-deficient conditions (Figure 2B) (Supplementary Table 11).



Tissue-specific expression of genes

Leaf and root stress treatments were compared to identify the tissue-specific expression of genes involved in uptake and transport activities. The upregulation of PS synthesis enzymes, formate dehydrogenases (FDH > 6.73), 3″ deamino 3″ oxonicotianamine reductase (>4.46), NAS (five to ninefold), involved in the uptake of Fe and Zn from the rhizosphere and ABC transporter G protein (>1.77) was observed in −Fe and −Fe−Zn root when compared to −Fe and −Zn leaf. FER-like transcription factors, 2′-deoxymugineic-acid 2′-dioxygenase (IDS3 four to eightfold), heavy metal detoxification proteins (>1.76), bZIP domain-containing proteins (five to sevenfold), calcium ATPase (>2.38) were upregulated while MYB transcription factors (<−5.39), IDS2 (<−3.72) was downregulated in −Fe and −Fe−Zn root when compared to −Fe and −Zn leaf. Downregulation of zinc transporter 5 (−2.59), and zinc transporter 3 (−1.57) was recorded in −Fe root when compared to −Zn leaf. The downregulation of ZIF-like protein (−2.84) and upregulation of S-adenosyl methionine (SAM) synthase (1.95) and 1, 2-dihydroxy-3-keto-5-methylthiopentene (3.33), 5-methyltetrahydropteroyltriglutamate (homocysteine transferases >1.5) were observed in −Fe−Zn root when compared to −Fe leaf. The gene involved in iron-nicotianamine transmembrane transporter activity was downregulated (−1.79) in −Fe root when compared to −Zn leaf. The APRT (>1.96 times), involved in the ATP production needed for the Met activation process was induced in the root treatment (−Fe, −Fe−Zn) when compared to leaf treatments (−Fe, −Zn). The IDI4 (< −2.38), potassium transporter gene (<−2.19), and ribose 5-phosphate isomerase (<−1.60) were downregulated in the root treatment (−Fe, −Fe−Zn) but the same genes were upregulated in −Fe−Zn leaf (Supplementary Table 12).

The expression of delta-aminolevulinic acid dehydratase (<−1.54) involved in chlorophyll biosynthesis was low in the −Fe, −Fe−Zn root treatments when compared to −Fe and −Zn leaf. The RUBISCO (>1.54), an important plant sugar synthesis enzyme of dark reaction was upregulated in −Fe−Zn leaf when compared to root deficient in −Fe or −Zn but downregulated in root −Fe (<−2.5) and −Fe−Zn (<−6.8) when compared to Zn-deficient leaf (Supplementary Table 13). The enzymes, pyruvate (two to sevenfold), 3-Phosphoglycerate dehydrogenase (two to fivefold), malate dehydrogenase (two to fivefold), and phosphoglycerate kinase (three to fivefold) involved in the carbohydrate metabolism were downregulated in the root treatments (−Fe, −Fe−Zn) when compared to leaf treatments (−Fe, −Zn). The above-mentioned genes were upregulated in −Fe−Zn leaf when compared to −Fe root and downregulated in −Fe leaf when compared to −Zn root. The glyceraldehyde-3-phosphate dehydrogenase (−2.72), pyruvate kinase (−1.70), PEPC (−2.20), and pyrophosphate fructose 6-phosphate (−2.04) were downregulated in −Fe−Zn leaf when compared to −Fe or −Zn leaf (Supplementary Table 14). In the case of genes involved in phytohormones synthesis and signaling mechanism, ARP (>3.23), auxin efflux carrier component (three to ninefold), ACC synthase (two to threefold), were upregulated and, ARP SAUR36 was two to sixfold downregulated in −Fe and −Fe−Zn root when compared to −Zn and −Fe leaf tissue (Supplementary Table 15).

Serine and threonine kinases were nearly 2–5 times upregulated in −Fe, −Fe−Zn root when compared to −Fe and −Zn leaf treatments. Patatin, laccase, kinesin, SOD, were two to eightfold upregulated and, serine/threonine-protein phosphatase, catalase, and ascorbate peroxidases were two to ninefold upregulated in root treatments (−Fe, −Fe−Zn) when compared to leaf treatments (−Fe, −Zn) and four to fivefold downregulated in −Fe−Zn leaf when compared to −Fe root. Trehalose 6-phosphate phosphatase (<−3.75), and peroxidases (<−3.67) were downregulated in −Fe−Zn leaf when compared to −Fe and −Zn root (Figure 2C) (Supplementary Table 16).



Chromosomal annotation of identified iron and zinc responsive genes

A total of 68 genes (Supplementary Table 17) corresponding to Fe and Zn uptake and transport, identified in our study were distributed on all seven chromosomes (Figure 3). The genes related to Fe response and transport were distributed on 2 and 3 chromosomes while for Zn, they were distributed on all the chromosomes except on chromosome 2. The genes of the MA pathway for PS synthesis were distributed on all 7 chromosomes. OPT3 and ferritin were located on chromosome 2 and the transcription factor FER-like was located on chromosome 3.
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FIGURE 3
Circos plot representing important Fe and Zn homeostasis-related genes along with the differential expression patterns in pearl millet.




Identification of orthologs

The identified 68 Fe- and Zn-homeostasis pathway-related genes (Supplementary Table 17) in the present study were BLAST searched against Arabidopsis spp., rice, maize, sorghum, and foxtail millet genomes for the identification of orthologous genes.

Foxtail millet had the maximum homology, sharing 64 orthologs with pearl millet followed by rice (32), maize (33), sorghum (34), and Arabidopsis spp. (8). Annotations were assigned to the identified orthologs to know their functionality in respective species. The foxtail millet had the highest similarity to the pearl millet genes by capturing 80 ortholog sequences from 64 genes with 23 sequences of 100% similarity. In rice, 92 ortholog sequences were identified for 58 genes, of which 11 sequences showed 100% similarity and 34 sequences showed >90% similarity to pearl millet genes. Maize had 102 ortholog sequences for the 56 pearl millet genes, of which 11 sequences recorded 100% similarity. The pearl millet to sorghum comparison yielded 93 ortholog sequences from 32 genes, of which 16 sequences showed 100% similarity. In Arabidopsis spp. a total of 14 ortholog sequences were identified for 8 genes, of which 10 ortholog sequences recorded >90% similarity (Figure 4).
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FIGURE 4
Comparative map showing the orthologous genes of Fe and Zn homeostasis in pearl millet to rice, maize, sorghum, foxtail millet, and Arabidopsis spp. and the histogram within circos plot represents the haplotypes count of identified orthologous genes when aligned to pearl millet gene sequences.


Our analysis also showed more than one ortholog for a given gene. Among food crops, 23 genes out of total identified 58 orthologs in rice reported more than one ortholog sequence. Maize, sorghum, and foxtail millet had 32, 23, and 11 genes, respectively, and had more than one ortholog.

The orthologs of four genes, Ribose 5-phosphate isomerase, SAM synthase, FDH, and OPT3 were identified in Arabidopsis and four food crops. The ortholog of a gene, 5-methyltetrahydropteroyltriglutamate—homocysteine was identified in Arabidopsis and three food crops except for sorghum, and the ortholog of one gene, ABC transporter F family member was identified in Arabidopsis and three food crops except for foxtail millet. The plasma membrane ATPases orthologs were identified in Arabidopsis spp. and three food crops except for rice. More than 40 gene orthologs were identified in all food crops except Arabidopsis spp. The orthologs of eight genes were identified in three food crops except for rice and the orthologs of two genes were identified in three food crops except for sorghum.



Identification of haplotypes

The identified ortholog sequences of 68 pearl millet Fe and Zn-related genes across Arabidopsis spp. and four food crops were fetched out and aligned for the identification of haplotypes. The ortholog sequences of all four pearl millet genes (Ribose-5-phosphate isomerase, SAM synthase, FDH, and OPT3) identified across the Arabidopsis spp. and four food crops (rice, maize, sorghum, and foxtail millet) recorded >200 haplotypes (Figure 4). A total of >200 haplotypes were identified in the ortholog sequences of four pearl millet genes-Plasma membrane ATPases (except rice), ABC transporter F family member 1 (except foxtail millet), and two 5-methyltetrahydropteroyltriglutamate—homocysteine (except sorghum), identified across Arabidopsis spp. and any of the three food crops. The maximum haplotypes (>200) were recorded in the ortholog sequences of 29 pearl millet genes with all food crops. The minimum haplotypes (35) were identified in the ortholog sequences of the SAM transmembrane transporter activity gene across four food crops when aligned to pearl millet genes (Figure 5).
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FIGURE 5
Haplotypes representation for the top identified Fe and Zn genes across Arabidopsis and five food crops (AT, Arabidopsis thaliana; PG, Pennisetum glaucum; OS, Oryza sativa; ZM, Zea mays; SB, Sorghum bicolor; and SI, Setaria italica). (A) Pgl_GLEAN_10006489 (SAM synthase) with ortholog sequences of Arabidopsis spp. and two food crops showing highly conserved regions of a gene, (B) Pgl_GLEAN_10002079 (Ferritin) with ortholog sequences of four food crops showing highly conserved regions of a gene, (C) Pgl_GLEAN_10025175 (O-methyltransferase activity) with ortholog sequences of four food crops showing higher variability regions with a few haplotypes of a gene, and (D) Pgl_GLEAN_10019232 (SAM transmembrane transporter activity) with ortholog sequences of four food crops showing higher variability regions with a few haplotypes of a gene.





Discussion

The present study was performed to determine the expression pattern of Fe and Zn-responsive genes in leaf and root tissues under starvation conditions. The expression changes of genes involved in different cellular pathways that consequently effecting the Fe and Zn uptake and transport mechanism have been investigated.


Altered expression of cellular pathways and homeostasis genes under iron deficiency

Plants uptake Fe from the soil by reduction-based strategy at the root surface, wherein expression of metal ion uptake genes FRO2 (ferric chelate reductase oxidase), and IRT2 (iron regulated transporter) were upregulated in Fe starvation to avoid deficiency. The induced expression of a bHLH transcription factor named FER in tomato (34) or FIT1 (Fe-induced transcription factor 1) in Arabidopsis (35), positively controlling the Fe uptake genes was observed in the present study (Figure 6). In a reduction-based strategy, the plasma membrane’s H+-ATPase activity of releasing protons to the rhizosphere led to Fe-deficiency to decrease the pH of the soil which solubilizes the Fe3+ and drives the Fe ions by generating the electrochemical proton gradient (36). Fe in graminaceous plants is mostly taken by the roots by chelation activity (Strategy II), where plants synthesize the MA family of PS from SAM a conserved pathway (37). The enzymes, SAM synthetase, S adenosylmethionine decarboxylase, NAS, IDS3, and 3″’deamino 3″’oxonicotianamine reductase for the PS production were upregulated in the Fe-deficient root indicating their sensitivity to Fe nutrition. Moreover, IDS2, one of the MA synthesis enzymes, involved in the hydroxylation of the C-3 positions of MA, and 2′-deoxymugineic acid (DMA) were downregulated in Fe-deficient root as it was a Fe-dependent enzyme (38). Hence, for the production of MAs, sufficient quantities of Met molecules are needed, which are generated by the Met cycle. The enzymes, 5 methyltetrahydropteroyltriglutamate (homocysteine methyltransferases), IDI4, and the intermediate product, 1,2-dihydroxy-3-keto-5-methylthiopentene formed by dehydratase-enolase-phosphatase (DEP) enzyme of Met cycle were induced in Fe-deficient root. The FDH, ribose 5-phosphate isomerase, APRT, enzymes synchronously expressed with Met cycle enzymes related to the Met recycling reactions (39), which were also reported to be accumulated in Fe-deficient roots.
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FIGURE 6
Important pathways and their interconnectivity in response to Fe stress in pearl millet.


The enhanced extrusion of protons and FC-R (ferric chelate-reductase) activity during Fe-deficiency requires a higher rate of NAD(P)H and ATP regeneration aided by carbohydrate catabolism to necessitate the increased uptake (40) (Figure 6). The carbohydrate catabolism increases the accumulation of enzymes and intermediates of the glycolytic cycle for the production of ATP needed for the H+ ATPase activity, increases the H+ ions in the proton extrusion process, and reduces equivalents for FC-R activity (40). To maintain the glycolytic cycle, the feedback inhibition of phosphofructokinase (PFK) can be overcome by the utilization of PEP through PEPC activity (41). PEPC induces the production of organic acids resulting in the acidification of cytoplasm, indeed responsible for the extrusion of H+ ions from the root surface. In addition to the PEPC activity and organic acids production, an increase in CO2 fixation (42) and sucrose accumulation under Fe-deficient roots and shoots helped in maintaining the sugar concentrations (PEP) needed for PEPC activity (43).

Moreover, under Fe deficiency, the genes related to several additional metabolic pathways and cytosolic enzymatic activities showed elevated expression for the production of reducing equivalents required to support FC-R activity. In plants, for the transport of Fe molecules from root to shoot, the principal chelator’s citrate, malate, NA (nicotianamine), and MAs are required. Here induced expression of PEPC in Fe-deficiency, aids in the Fe uptake and transport by secretion of malate and other organic acids. Fe is known to be transported as Fe3+-chelates (citrate and MAs) in the xylem and as Fe2+-NA in the phloem. The induced expression of the NAS gene aids in NA production required for Fe translocation from root to shoot was well studied (44). The upregulated OPT3 in Fe-deficient root suggests its role in the redistribution between vegetative tissues and is also known to be involved in loading shoot Fe to phloem for transport and movement of Fe to developing seeds (45). This may be a critical part of understanding the proportional Fe uptake of biofortified varieties in comparison to non-biofortified varieties to compensate for available soil Fe concentration during the pearl millet growth and seed filling. As expected, Ferritin was downregulated in Fe-deficient leaf and root tissues since it’s a Fe storage protein.

During Fe stress, a reduced amount of ferredoxin fails to activate delta-aminolevulinic acid (ALA), affecting the chlorophyll biosynthesis and resulting in chlorosis (Figure 6). Moreover, in the chloroplast, the Fe stress affected the thylakoid proteins by reducing the light-harvesting complexes and overall amount of photosystem I and II, cytochrome complexes, rubisco carboxylation efficiency, and ATPase complex in plants (46). At the root level, some morphological changes such as the development of additional root hairs and transfer cells occur during Fe-deficiency (47), which is known to be regulated by ethylene and/or auxin signaling (48). Our study reported the induced expression of ACC synthase for ethylene biosynthesis and Indole-3-glycerol-phosphate synthase for auxin biosynthesis along with the ARP and efflux carrier protein in the Fe-deficient plant. Studies reported that the accumulation of sucrose acts as a signal for the induction of auxin under Fe-deficiency (49) which in turn is essential for the nitric oxide (NO) synthesis, required for the activation of Fe-deficiency response by acting upstream of FIT (50) (Figure 6).

The Fe starvation conditions in the pearl millet seedlings activated several genes namely, NAS, SAM synthases, DMA, IDS3, IDS2, IDI4, and APRT in the MA pathway and FER-like transcription factor, H+ ATPases, and OPT3 in the Fe homeostasis mechanism regulating the uptake and transport. Additionally, the genes in cellular pathways indirectly aiding in the uptake and transport of Fe ions in pearl millet were also reported.



Altered expression of cellular pathways and homeostasis genes under zinc deficiency

The rhizosphere acidification process, which lowers the pH of the soil by releasing H+ ions and organic acids, facilitated the Zn solubilization and uptake. Plants uptake Zn in the form of Zn2+ and Zn2+-ligand complexes. The Zn2+-ligand complex uptake is mediated by the synthesis and release of PS, among which NA was reported to be the primary mediator responsible for the uptake and transport (51). So, under the Zn-starved conditions, the genes required for the chelator synthesis were elevated in graminaceous plants to increase the uptake from soil (Figure 7) to avoid deficiency effects. Here in our study, SAM synthetase, NAS, and ribose 5-phosphate isomerase genes for the synthesis of NA were upregulated in Zn-deficient roots similar to previous reports (20). Under Zn deficiency, the ZIP (Zinc, Iron permease family/ZRT-IRT like proteins) family transporters (Zn transporter 3 and 5) were upregulated for the uptake of remaining traces of Zn from the soil in deficiency condition (52). The members of the HMA (P-type ATPase) family for the xylem loading, maintaining the plastid Zn content were upregulated in Zn-deficient leaves (53).


[image: image]

FIGURE 7
Important pathways and their interconnectivity in response to Zn stress in pearl millet.


Zinc acts as a co-factor in activating anhydrases, oxidases, and peroxidase enzymes and is involved in nitrogen metabolism, photosynthesis, carbohydrate metabolism, and auxin synthesis in plants (Figure 7). Zn-deficiency is known to reduce the chlorophyll content by affecting the chlorophyll biosynthesis pathway causing a decline in the photosynthetic efficiency of plants (54). Moreover, the upregulation of enzymes involved in the starch synthesis was observed which was similar to the previous report (55). The reduced expression of carbonic anhydrases was observed in Zn-deficiency affecting the entire photosynthetic rate (Figure 7). Zn-deficiency is known to affect the stomatal conductance as it is involved in maintaining the integrity of cell membrane and K+ uptake by which the CO2 assimilation rate is reduced, indirectly affecting the carbohydrate metabolism process (56). The expression of enzymes, carbonic anhydrase, ribulose 1, 5-bisphosphate carboxylase, involved in the photosynthesis and fructose 1, 6-bisphosphate involved in glycolysis are reduced in Zn starvation, as Zn is an important constituent in activating these enzymes (57). Moreover, the aldolase, sucrose, and starch synthesis enzymes are inhibited by Zn stress in plants. Under Zn deficiency, the reduced expression of SOD in leaves was observed as the enzyme needed Zn ion for the activation. The induced expression of abiotic stress-responsive peroxidases and catalase enzymes for ROS detoxification was noticed under Zn-deficiency (33). The downregulation of the tryptophan synthase enzyme involved in auxin synthesis was reported in Zn-deficiency (Figure 7), as the enzyme requires Zn ion as a co-factor, and its reduction causes disturbances in the auxin metabolism process.

Therefore, under the Zn deficiency condition, the expression of NA synthesis genes (SAM synthetase, NAS, and ribose 5-phosphate isomerase gene), ZIP family proteins, and HMA family proteins regulating the Zn homeostasis mechanism were revealed. The study also disclosed the expression changes of many cellular pathway genes which require Zn ions to activate the respective pathways.



Cross-talks between iron and zinc pathways

The induced expression of chelator synthesis genes (e.g., NAS, DMAS, and SAM) was reported under both Fe and Zn deficiency demonstrating the dual role of PS in Fe and Zn homeostasis mechanisms in pearl millet. Several studies reported the affinity of Fe-transporters in transporting Zn along with the Fe in plants (58). Hence, the upregulation of Fe-transporters under Fe-starvation conditions resulted in increased uptake and accumulation of Zn and vice-versa. The induced expression of transcription factor FER reported under Fe and Zn deficiency aids in activating the expression of transporter genes for the uptake of both nutrients and is considered a principal transcription factor in their homeostasis pathway mechanism.

Iron-deficiency-induced accumulation of Zn ions leads to excess toxic amounts (>0.4 mg g–1 dry weight) of Zn in plant cytoplasm (32). Vacuoles are identified to be the main storage and detoxifying organelles for Zn excess in the plant cytoplasm. Metal tolerance protein (MTP3), HMA3, and ZIF are the vacuolar membrane transporters that aid in Zn tolerance during excess accumulation of Zn in Fe-deficient conditions. Among them, the ZIF1 transporter of the MFS (major facilitator superfamily) family has shown the induced expression in our studies which indirectly aids in the sequestration of Zn molecules by transporting chelator molecules (NA) into the vacuole (59). In addition, HMA transporters induced in Fe deficiency are probably similar to HMA3 required for the detoxification of Zn (60). This study reported the downregulated expression of zinc transporters 3 and 5 in reducing the Zn content, to avoid toxic effects due to its accumulation under the Fe deficiency condition. The same transporters can be upregulated for increasing the Zn content in target-oriented biofortification processes. Further, the studies reported that the Zn-deficiency will accumulate higher Fe by induced expression of uptake genes in plants (61). NAS involved in PS synthesis and NA production that is needed for the uptake and transport of Fe and Zn intracellularly was upregulated (44) in the current study (Figure 8).
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FIGURE 8
Important genes associated with the Fe and Zn uptake and transport in the leaf and root tissues of pearl millet under 18 pairwise stress combinations.


Through an in silico approach, the 68 important Fe and Zn-related gene orthologs were identified in Arabidopsis spp. and four food crops namely rice, maize, sorghum, and foxtail millet (Figure 4). The identified ortholog sequences were grouped under pair-wise type orthologs showing a one-to-many (1: m) relationship where one gene of pearl millet has more than one ortholog in Arabidopsis spp. and other food crops which imply that the gene may be duplicated in an ancestor, after the event of speciation process (62). In total, the orthologous sequences of 64 genes out of 68 were identified in the foxtail millet crop with a maximum number of orthologs having 100% similarity when compared to Arabidopsis spp. and other three food crops explaining the fact that it had a common ancestor during the evolutionary process or belongs to the same clade in a phylogenetic tree. In the other three food crops (rice, maize, and sorghum), the orthologs for more than 32 genes were identified, when compared to Arabidopsis spp., which shows that all the food crops and pearl millet are related or grouped under one cluster. The ortholog sequences for the least number of genes were identified in Arabidopsis spp. when compared to the other four food crops, which shows that it is distantly related to the pearl millet crop.

Haplotypes are the specific group of jointly inherited DNA regions or nucleotides from a single parent (63). The genes Ribose-5-phosphate isomerase, SAM synthase, FDH, and OPT3 identified across the Arabidopsis spp. and four food crops showed highly conserved regions with a high number of haplotypes. These are the core genes strongly conserved at the nucleotide sequence level throughout the related genomes. A high number of haplotypes observed in 29 pearl millet genes with all four food crops probably indicated the conservation of these sequences during the evolution process (64). SAM transmembrane transporter activity gene showed higher variability or polymorphism by recording a few haplotypes (35) due to deletion, addition, substitution, or mutation during the process of evolution (64, 65). The continuous series of haplotypes detected for the Fe and Zn responsive genes across the Arabidopsis spp. and four food crops could be used for designing the common markers for its utilization across the crop species (66).




Conclusion

A few studies in pearl millet reported a positive and significant correlation between Fe and Zn contents (15, 16), which implies the possible existence of common uptake and regulatory pathways operate to maintain genotypic variations for these two micronutrients within the limit of available soil Fe and Zn concentration during the crop growth and development thereby to seeds. Our current study revealed the expression of NAS, SAM synthases, DMA, IDS3, IDS2, IDI4, and APRT in the MA pathway and FER-like transcription factor, H+ ATPases, HMA, ZIF1, OPT3, and Zn transporter 3 and 5 involved in the uptake and transport mechanism of Fe and Zn ions. The expression changes of major cellular pathway genes related to phytohormones, chlorophyll biosynthesis, photosynthesis, stress-induced pathways, carbohydrate metabolism, and their regulation in Fe and Zn homeostasis under stress conditions in pearl millet were revealed. This study is limited to the seedling stage and hence merits further investigation on the field-based study that mimics similar conditions (deficiency of soil Fe and Zn) to validate its practical application in pearl millet breeding and biofortification of varieties. Indian Council of Agricultural Research (ICAR) endorsed the minimum standards for Fe (>42 ppm) and Zn (>32 ppm) in pearl millet variety and hybrid testing and release policy since 2018 (67). Furthermore, the validated genic SNPs associated with Fe and Zn pathways will help in the development of Fe and Zn-efficient biofortified pearl millet lines through a marker-assisted selection program.

Maintaining the higher Fe and Zn with the higher yield is a challenge to the breeders using conventional breeding approaches, therefore, the present study provides the opportunity to develop and explore the genomic-assisted breeding pipelines to deliver more nutritious varieties under varied soil Fe/Zn availability in the crop ecology. Further, the above-identified genes can be used for the enhancement of Fe and Zn contents in other staple crops, which will help to ameliorate malnutrition.
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T1 Leaf +Fe+Zn 36795692 32809362 28250596 86.11 19327977 68.42 8922619 31.58
T2 Root +Fe+Zn 33824036 30018012 26174715 87.2 20404340 77.95 5778409 22.08
T3 Leaf +Fe+Zn 41783596 37190222 31715264 85.28 24260737 76.5 4370771 13.78
T4 Root +Fe+Zn 33948826 30712570 25190307 82.02 17980023 71.38 3155284 12.53
T5 Leaf +Fe+Zn 40559716 35966150 31266122 86.93 20995588 67.15 2463312 7.88
T6 Root +Fe+Zn 33906822 31641708 17895047 56.56 13224359 73.9 2949473 16.48
T7 Leaf +Fe—Zn 34095324 31130340 24504705 78.72 18437836 75.24 3367225 13.74
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T20 Root —Fe—Zn 33365282 29965330 25839367 86.23 20623662 79.81 6554304 25.37
T21 Leaf —Fe—Zn 36237904 30243802 10899044 36.04 9526648 87.41 3628364 33.29
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21.1 (6.0 -0.10 21.0(5.7) 0.21 (1.75) 21.8 (5.5) 0.74 (2.35) 19.9 (6.4) —0.03 19.3 (5.8) 0.31 (2.37)
(2.48) (2.09)
56.5 (9.1) —0.03 55.7(9.7) 0.53(1.28 57.9(11.6) 0.72(0.70) 59.6 (8.4) —1.05 60.0 (9.2) 0.16 (1.01)**
(0.66) (1.32)
417(0.39) 0.14(0.37) 4.26(0.23) 0.21(0.33) 4.18(0.34) 0.33(0.27) 4.10(0.68) 0.07 (0.71) 4.09 (0.38) 0.20 (0.33)
8.2 (4.0 0.38 (3.65) 8.9 (4.4) 2.10 (4.31) 8.5(3.9) 2.56 (4.96) 6.2 (3.9 -0.72 6.1(3.2) 1.23 (3.63)**
(3.69)
1.53(0.79) 0.13(0.79) 1.71(0.87) 0.50 1.59 (0.74) 0.63 1.562 (0.91) -0.15 1.39 (0.73) 0.29 (0.68)"*
0.93)* 0.97)* (0.81)
9.1 (6.5 2.5(5.0) 8.8(3.9) 1341 9.5 (5.4) 10.8 17.2(11.7) 0.42 (3.1) 19.4 (17.0) 0.21 (13.0)
(16.2)* (13.2*
18.8 (3.8) -1.3(2.7) 19.2 (3.1) 4.4 (8.9 19.8(3.9) 4.5(12.4)* 179(4.4) -0.35(3.6) 18.5(6.2) —0.31 (4.2)
287.9 (69.1) —26.9 293.9 (64.2) —27.6 295.0 (46.2) —24.9 324.2 (73.0) 6.4 (27.0) 343.8 (95.5) 3.2 (33.8)
(31.6) (28.3) (27.3)
3.90 (0.52) —0.50 3.95 (0.61) 0.10 3.99 (0.53) 0.10 3.96 (0.67) —0.02 4.11 (0.69) 0.35 (0.43)*
(0.29) 0.30)** (0.30** (0.36)
0.70 (0.21) —0.07 0.73 (0.32) —0.10 0.71 (0.18) -0.15 0.84 (0.40) 0.12(0.31) 0.98 (0.45) —0.02 (0.46)
(1.52) (0.20) (0.13)
1.47 (0.31) -0.04 1.44 (0.26) 0.14 1.46 (0.29) 0.15 1.32 (0.25) —0.07 1.30 (0.30) 0.09 (0.11)*
(0.25) 0.14) (0.14) 0.13)
2.35(0.48) —0.37 2.51(0.61) 0.03 2.53(0.47) 0.04 1.92 (0.44) 0.0038 (0.21)  2.05(0.52) 0.17 (0.29)**
(0.29) 0.26) (0.32)**

Data are mean (SD); BMI, body mass index; WC, waist circumference; BF, percentage of body fat; FPG, fasting glucose; HOMA-IR, homeostasis model assessment for
insulin resistance; UA, uric acid; TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.
*o < 0.05 for the difference being different from 0.
*p < 0.01 for the difference being different from O.
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Quartile 1 Quartile 2 Quartile 3 Quartile 4 P torvend
Total-sample
Case/N 51/1,014 65/1,014 99/1,015 150/1,014
Model 1 1 (Ref.) 1.21 (0.83-1.76) 1.93 (1.36-2.73) 2.93 (2.11-4.07) <0.001
Model 2 1 (Ref.) 1.21 (0.83-1.76) 1.60 (1.13-2.28) 2.08 (1.47-2.94) <0.001
Model 3 1 (Ref) 1.21(0.82-1.77) 1.60 (1.12-2.30) 2.04 (1.42-2.94) <0.001
Normal glycemic
Case/N 24/822 37/822 41/822 72/822
Model 1 1 (Ref.) 1.41 (0.82-2.43) 2.23(1.34-3.72) 3.07 (1.88-5.01) <0.001
Model 2 1 (Ref.) 1.35 (0.78-2.31) 2.00 (1.20-3.35) 2.51 (1.51-4.18) <0.001
Model 3 1 (Ref.) 1.40 (0.80-2.43) 2.10 (1.23-3.59) 2.67 (1.54-4.62) <0.001
Pre-diabetes
Case/N 30/193 42/192 52/191 67/193
Model 1 1 (Ref.) 1.62 (1.00-2.64) 1.84 (1.15-2.94) 2.64 (1.68-4.14) <0.001
Model 2 1 (Ref.) 1.75 (1.07-2.84) 1.88 (1.17-3.02) 2.54 (1.57-4.10) <0.001
Model 3 1 (Ref.) 1.74 (1.06-2.84) 1.83 (1.14-2.96) 2.37 (1.44-3.91) 0.001
IR
Case/N 18/253 37/253 48/253 52/253
Model 1 1 (Ref.) 1.74 (1.00-3.04) 2.50 (1.46-4.28) 2.97 (1.76-5.01) <0.001
Model 2 1 (Ref)) 1.71 (0.98-2.98) 2.18 (1.27-3.74) 2.48 (1.43-4.30) 0.001
Model 3 1 (Ref.) 1.59 (0.91-2.78) 2.00 (1.15-3.48) 1.95 (1.07-3.54) 0.023

In model 1, age, sex, BMI, WC, weight gain, smoke use, alcohol use, education level, family history of diabetes, energy intake, regular exercise habits, physical activity
levels, and hypertension were included.

Model 2 additionally adjusted for TG, HDL-C, TC, FS glucose, 2-h glucose, and HOMA-IR based on model 1.

Model 3 additionally adjusted for serum leucine, isoleucine, and valine based on model 2.

BMI, body mass index; WC, waist circumference; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; TC, total cholesterol; FS glucose, fasting serum glucose.
Normal glycemia was defined as baseline fasting serum (FS) glucose <5.5 mmol/L and 2-h glucose <7.8 mmol/L. Prediabetes was defined as baseline FS glucose
>5.5 mmol/L, and/or 2-h glucose >7.8 mmol/L. IR was defined as the top quartiles of baseline HOMA-IR. Ref., reference.
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Model Dose Time. NAFLD-related parameters References
Rice starch-oleic acid complex Male Sprague-Dawley rats (non-obese)  54.5% in HFD 8weeks TG; TCJ: HDL-Ct; SODt; GSH-PXt; MDA|; ASTL, @7
fed HFD and ALT|.
Raw potato starch Duroc x Landrace x Large White 230 (growing) or 100 days Fatty acid biosynthesis | acid f-oxidationt; FABP11; ©7
arowing barrows 280 g/kg (finishing) fatty acid intake |; fatty acidl synthesis| ; fatty acid
oxidationt; and glycerophospholipid synthesist
High amylose maize starch Male Wistar rats (non-obese) fed a 2 g/day 6 weeks Blood glucosel; TCJ; TGY; HDL-Ct; LDL-C; ©8)
high-fat, high-sucrose diet TAOCH; T-S0D1; MDA|; GSH-PX1; ASTL; ALT |,
AKPY; SREBP-11; FAS; LXRa; and FABP4
Purple yam RS Meale golden hamsters fed HFD 059/100g, 4 weeks HDL-C1; TGJ; TCJ; LDL-C; and lver fat ©9)
159/100g accumulation|,
Maizs RS Male Sprague-Dawley rats fed HFD 1.2 g/day 6 weeks Liver weight |; TGJ; TCJ; LDL-CJ; PPAR-yJ; LXR; (100)
SREBP-c|; FAS]; and ACC|,
Maizs RS Female ob/ob mice fed HFD 10%, 15%, and 20%in 12 weeks Liver weight.;lipid droplet acoumulation |; TBAL. ©6)
HFD LPS|; TG; TCL; ASTL; ALT]; PPARY; and AMPK
pathwayst
Microwave-toughering treatment Male C57BL/6J (B6) mice fed HFD MTT starch in HFD 5weeks Liver index . fasting glucose ; and fat vacuoles) (1o1)
starch
Sorghum RS Female Sprague-Davwiey rats given 09gkg 1.8gkg and  Eweeks Liver steatosis|; FXR{; SREBP-1}; ACC; FAS|; and (102)
Formestane for 50 mg/kg BW/d, fed 2.7 gkg SCD1Y.
with no soy feed or ordinary feed
Green banana (Vusa sp) RS Male C57BL/6 mice fed HFD 15% RS in HFD 14 weeks Liver steatosis|.; fasting glucose| ; HOMA-IR]; TG, @)
TCL; p-AMPK/AMPK; and HMG CoA-R|,
Buckwheat RS Male C57BL/6 mice fed HFD 33.4% RS in HFD 6 weeks Liver index | ; HDL-C1; TGJ; TCJ; LDL-CL; IL-61; ©5)
TNF-a); LPS|; SOD$; T-AOCH: and MDA}
Maizs RS Male Wistar rats fed HFD 41.6% RS in HFD 9weeks TG TCLNEFAL; HOMA-IR; IRS14; IRS2}; and (103)
PPARGCTat
High amylose starch or Esterified Male Wistar rats (non-obese) fed a 2g/day 6 weeks TCL; TG HDL-C#; LDL-CJ; AST|; ALTL; MDA} (104

high amylose starch

high-fat

GSH-PXt; T-AOCt; -SOD; ACC); SREBP-11; PPAR
ydi and LXRa)

ACC, acetyl CoA carboxylase; ALT, alanine aminotransferase; AMPK, adenosine 5'-monophosphate (AMP)-activated protein kinase; AST, aspartate aminotransferase; FABP fatty acid-binding protein; FAS, fatty acid
synthase; GSH-P, glutathione peroxidase; HDL-C, high density lipoprotein cholesterol; HFD, high-fat dliet; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; HOMA-IR, homeostatic model assessment for insulin
resistance; IL-6, interieukin-6; ISR, insulin receptor substrate; LDL-C, low density lipoprotein cholesterol: LPS, lipopolysaccharices; LXR, liver X receptors; MDA malondlalciehyde; NEFA, non-esterified fatty acidi; PPAR,
peroxisome proliferators-activated receptors; PPARGCa, peroxisome proliferator-activated receptor, gamma, coactivator 1 alphe; RS, resistant starch; SCD1, stearoyl-CoA desaturase-1; SOD, superoxide dismutase;
SREBF, sterol reguiatory element-binding protein; T-AOC, total antioxidant capacity; TBA, total bile acids; TC, total cholesterol: TG, triglyceride; TNF-a, tumor necrosis factor-a; T-SOD, total superoxide dismutase.

The symbol 1 is upregulated, and the symbol | is downregulated.
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