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Abstract

:

Bamboo shoot is a delicious and nutritious forest vegetable. It has been found that bamboo shoots collected from low-light environments have a less bitter taste. The molecular mechanism of light in the regulation of bitter substance accumulation in bamboo shoots is still unclear. In this study, we applied a shading treatment to Pleioblastus amarus bamboo shoots in the preharvesting period. The reduction in the bitterness intensity was confirmed by a sensory test. An integrated metabolomic and transcriptomic analysis was performed on P. amarus bamboo shoots grown under shading treatment and normal growing conditions, and 56 differentially accumulated metabolites and 178 differentially expressed genes were identified. The results showed that the contents of a series of phenolic acids related to the tyrosine metabolism pathway were downregulated under shading treatment, revealing that shading decreased the accumulation of phenolic acids and further mediated the resulting bitter taste of the bamboo shoots. This work will be helpful for understanding the regulatory mechanisms governing the bitter tasting substances in bamboo shoots grown under a shading treatment and provides a reference for the use of shading treatment in cultivation practices to improve the taste of bamboo shoots.
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1. Introduction


Bamboo is widely distributed in Southeast Asia, Africa, and Latin America. Bamboo shoots are enlarged buds or young stems formed following the germination of buds on the bamboo whip or stalk base. Characterized by low fat, high dietary fiber, and high protein levels with a distinctive flavor, bamboo shoots have been valued for centuries as a highly palatable delicacy in forest vegetables. The edible shoots of many bamboo species are bitter tasting to some extents. In certain foods and beverages, such as dark chocolate, tea, and coffee, bitterness may be appreciated; in most cases, however, bitterness in foods is undesired and efforts are made to reduce it. There are various bitter-tasting substances that contribute to bitterness in food and lead to different degrees of bitterness. Amino acids are of nutritional significance, and most L-type amino acids are bitter-tasting, especially L-phenylalanine and L-tryptophan, which have the strongest bitter taste [1,2]. Cucurbitacins are a group of highly oxygenated tetracyclic triterpenes that confer a bitter taste in members of the plant family Cucurbitaceae [3,4]. Limonin and nomilin are the predominant limonoids of citrus fruit, which are responsible for imparting a bitter and metallic taste of oranges and related products [5,6]. An appropriate intake of bitter substances can be beneficial to human health, whereas drastic amounts of bitterness will exert an unpleasant effect on taste and negatively influence the consumption of food.



The general nutrients in bamboo shoots, such as protein, dietary fiber, and polysaccharides, have been documented extensively [7,8,9], whereas the relationship between specific metabolites and bitterness in bamboo shoots has not yet been completely clarified. In our previous research, the bitterness of 16 kinds of bamboo shoots was examined via sensorial evaluation, and it was found that P. amarus bamboo shoots had a unique and more obvious bitterness than other varieties. Subsequently, a phytochemical investigation was conducted and 14 compounds were isolated. The contents of these 14 compounds in all of the 16 kinds of bamboo shoots were examined, and the results showed that the bitterness of bamboo shoots was largely related to the contents of L-phenylalanine [10].



In recent years, the metabolomics-based flavoromics and nutriomics approaches have been widely used in the field of horticulture, such as for the identification of major flavor substances and nutrients in different cultivars of kiwifruit [11], matrimony vine [12], and loquat [13]. In field experiments, it was observed that bamboo shoots grown in low-light conditions have a significantly less bitter and astringent taste, and they are more easily accepted by consumers. The metabolic causes of the differences in the bitter taste of bamboo shoots and their regulation by light are unknown due to the lack of a large-scale and comprehensive investigation of metabolites. In this study, we analyzed the metabolite alterations in P. amarus bamboo shoots grown under shading treatment and normal growing conditions using widely targeted LC-MS/MS-based metabolomics. The main bitter metabolites regulated by light in P. amarus bamboo were identified. Furthermore, combined with transcriptomics data, the related biosynthetic pathways and regulatory mechanisms were verified.




2. Materials and Methods


2.1. Plant Materials and Sample Preparation


The selected experimental site was in Changning County, Yibin City, Sichuan Province, China (28°409″ N; 104°897″ E), which is rich in P. amarus bamboo resources. The experiment was carried out in early April, which is the preharvesting period for P. amarus bamboo shoots. The shading treatment was conducted as follows: 32 underground P. amarus bamboo shoots were located and covered with 45 × 70 cm kraft paper bags above the ground, and 60 × 90 cm black polyethylene bags were used as the outer layer to ensure the light transmittance was 0. In the same bamboo forest, another 32 underground P. amarus bamboo shoots were selected as the control group and left under normal growing conditions (i.e., no shading treatment).



After 4 days of growth, all 64 bamboo shoots were sampled. P. amarus bamboo shoots were collected, unshelled, frozen immediately in liquid nitrogen in the field, transported to the laboratory, and then stored at −80 °C in a refrigerator until further use. Four biological repeats were set up in each group, and eight bamboo shoot samples were mixed to represent one biological replicate. Samples from the shading and control groups were named BGMs and ZRMs, respectively.




2.2. Sensory Test of P. amarus Bamboo Shoots Grown under Shading Treatment and Normal Growing Conditions


The sensory evaluation was conducted according to the standard method of Sensory analysis—Methodology—Duo-trio test (ISO 10399:2017). Twenty-four volunteers were recruited for the test. Thirty-six A samples (i.e., control group) and 36 B samples (i.e., shading group) were prepared. Among them, 12 “AR” samples and 12 “BR” samples were labeled as reference samples. Twenty-four “A” samples and 24 “B” samples were each assigned a unique, random, three-digit number digits, and were then divided into the following four groups: ARAB, BRAB, ARBA, and BRBA. The volunteers first tasted the reference samples, spit out them out, and gargled, and then they blind tested two coded samples. The volunteers were informed that one sample had the same bitterness intensity as the reference sample, and the other one had a lower bitterness intensity. Volunteers were asked to point out the sample that shared the same bitterness level as the reference sample, and the recorder recorded the number of correct results for each volunteer.




2.3. Metabolite Extraction and Analysis


2.3.1. Sample Extraction


Sample extraction was performed following the method described by Chen et al. [14]. After freeze-drying, the samples of P. amarus bamboo shoots were ground at 30 Hz for 1.5 min using a mixing mill with zirconia beads (MM 400, Retsch); a 100 mg P. amarus bamboo shoot sample was extracted overnight at 4 °C with 1.2 mL of 70% methanol, after which it was centrifuged at 12,000 rpm for 10 min at 4 °C and the supernatant was removed. Before UPLC-MS/MS analysis, the sample solution was filtered with a 0.22 um pore membrane.




2.3.2. UPLC and ESI-Q TRAP-MS/MS


The UPLC-MS/MS analysis was performed by Metware Biotechnology Co., Ltd. (Wuhan, China). The analytical conditions were as follows: UPLC column, Agilent SB-C18 (1.8 µm, 2.1 × 100 mm). The mobile phase consisted of solvent A, pure water with 0.1% formic acid; solvent B, acetonitrile with 0.1% formic acid. The gradient was 0 min, 5% B; 9 min, 95% B; 10.1 min, 95% B; 11 min, 5% B; 14 min, 5% B. The flow rate was 0.40 mL/min at a temperature of 40 °C. The injection volume was 4 µL.



LIT and triple-quadrupole (QQQ) scans were acquired on a triple-quadrupole linear ion trap mass spectrometer (Q TRAP), AB4500 Q TRAP UPLC/MS/MS System, equipped with an ESI Turbo Ion-Spray interface, operating in positive and negative ion modes and controlled by Analyst 1.6.3 software (AB Sciex). The ESI source operation parameters were as follows: ion source, turbo spray; source temperature, 550 °C; ion spray voltage (IS), 5500 V (positive ion mode)/−4500 V (negative ion mode). The ion source gas I (GSI), gas II (GSII), and curtain gas (CUR) were set at 50, 60, and 25.0 psi, respectively. The collision-activated dissociation (CAD) was high. Instrument tuning and mass calibration were performed with 10 and 100 µmol/L polypropylene glycol solutions in the QQQ and LIT modes, respectively. The QQQ scans were acquired as multiple reaction monitoring (MRM) experiments with the collision gas (nitrogen) set to medium. The Declustering potential (DP) and Collision energy (CE) for individual MRM transitions were performed with further DP and CE optimization; a specific set of MRM transitions were monitored for each period according to the metabolites eluted within this period.



Quality control (QC) samples in the experiments were prepared by mixing equal volumes of bamboo shoot samples from the shading and CK groups. During the analysis, 1 QC sample was analyzed for every 10 test samples to monitor the repeatability of the analysis process.




2.3.3. MS Date and Statistical Analysis


MS data acquisition and processing were performed following the method described previously [14]. Briefly, the mass spectrum data were processed by Software Analyst 1.6.3. (AB SCIEX, Concord ON, Canada). Based on the self-compiled MetWare database and metabolite information from public databases, the metabolites were subjected to qualitative analysis by comparing the accurate precursor ions (Q1), product ion (Q3) values, and the retention time (RT). The quantification of metabolites was completed by the MRM mode analysis of triple quadrupole mass spectrometry. The characteristic ions of each metabolite were obtained through triple quadrupole screening. After obtaining the metabolite mass spectrometry analysis data of different samples, the mass spectrometry peaks of all substances were integrated and corrected.



Unsupervised principle component analysis (PCA) was undertaken using the statistics function prcomp within R v3.5.0 (www.r-project.org) (accessed on 25 May 2022) [15]. Supervised multiple regression orthogonal partial least squares discriminant analysis (OPLS-DA) model was performed using MetaboAnalystR software package in R [16]. Hierarchical clustering analysis was performed using pheatmap software package in R. Differentially accumulated metabolites (DAMs) were identified via multivariate analysis based on the fold change (FC ≥ 2 or ≤ 0.5) and variable importance in projection of OPLS-DA model (VIP ≥ 1). Additionally, the DAMs were annotated according to the KEGG database (http://www.kegg.jp/kegg/compound/) (accessed on 25 May 2022) and mapped to KEGG pathways (http://www.kegg.jp/kegg/pathway.html) (accessed on 25 May 2022), and their significance was determined by the p-values according to hypergeometric testing.





2.4. RNA-Seq Analysis


The samples of P. amarus bamboo shoots grown under shading treatment and normal growing conditions were submitted to total RNA extraction and subjected to transcriptome sequencing. The sequencing libraries were generated using the NEB-Next®UltraTM RNA Library Prep Kit for Illumina® (New England Biolabs, Ipswich, MA, USA) following the manufacturer’s recommendations, and index codes were added to attribute sequences to each sample. The library preparations were sequenced on an Illumina HiSeq X Ten platform (Illumina, Inc., San Diego, CA, USA). High-quality sequences were obtained by removing the sequences of the adaptor and the low-quality reads (Q ≤ 20), then reassembling the transcriptome data utilizing the software Trinity.2.6.6 [17]. The clean reads were mapped to the reference gene and the genome using the software RSEM 1.3.1 [18].



Statistical analysis of differential expression was performed in the R programing language with DESeq [19]. To accurately identify differentially expressed genes (DEGs), the Benjamini–Hochberg method was also used to correct the hypothesis test probability (p-value) to obtain the false discovery rate (FDR). The screening criteria of DEGs was a fold change ≥2 or a fold change ≤0.5 and an FDR ≤ 0.05. The UniGene sequence was analyzed against KEGG [20], NR [21], Swiss-Prot [22], GO [23], COG/KOG [24], and Trembl [25] databases using DIAMOND BLASTX software for gene function annotation, setting the e-value as 1 × e−5 [26].




2.5. Real-Time Quantitative PCR (RT-qPCR) Analysis


Total RNA was extracted using a modified CTAB method following the manufacturer’s protocol (Tiangen Biotech, Dalian, China; code: FP204) [27]. The first strand of the reverse-transcribed cDNA was synthesized using the specifications of the Monad first-strand cDNA Synthesis Kit. The primers were designed using NCBI’s primer designing tool, PRIMER-BLAST (Supplementary Materials Table S1). The ABI7500 quantitative PCR instrument was adopted to perform real-time fluorescence quantitative PCR. The rice actin gene (LOC112876597) was selected as a reference gene in the study. All data were obtained from three biological repetitions and experiments were repeated three times. The RT-qPCR analysis was performed by Norminkoda Biotechnology Co., Ltd. (Wuhan, China).





3. Results


3.1. Modification of the Perceived Bitterness of P. amarus Bamboo Shoots Grown under Shading Treatment


To examine the effect of shading treatment on reducing the bitter taste of P. amarus bamboo shoots, the sensory attributes of bamboo shoot samples were evaluated according to the ISO 10399:2017 standards. A minimum number of correct answers was required to infer the existence of sensory differences; 24 volunteers needed to have 19 correct answers to be able to obtain an α = 0.01 level of significance to infer a sensory difference. In our test, 20 out of the 24 volunteers correctly distinguished the samples with lower bitterness intensity; therefore, it can be recognized that there was a reduction in the degree of bitterness in P. amarus bamboo shoots grown under shading treatment at the 99% confidence level.




3.2. Overview of the Metabolic Profile of P. amarus Bamboo Shoots


To understand the effect of shading treatment on the metabolic profile of P. amarus bamboo shoots, a widely targeted UPLC-MS/MS metabolomic analysis was performed. In total, 1102 metabolites were identified that could be classified into nine categories, including 100 amino acids and derivatives, 174 phenolic acids, 214 flavonoids, 54 nucleotides and derivatives, 33 lignin and coumarins, 82 alkaloids, 157 lipids, 92 organic acids, and 41 terpenes (Supplementary Materials Table S2). The datasets of detected and quantified metabolites in P. amarus bamboo shoots grown under shading treatment and normal growing condition were subjected to PCA and OPLS-DA analysis (Supplementary Materials Figures S1 and S2), and a heatmap of all of the metabolites was generated (Figure 1). The results showed that the metabolites in the two groups were different, indicating a response to shading treatment at the metabolome level in P. amarus bamboo shoots.




3.3. Differentially Accumulated Metabolite Analysis


Due to the high-dimensional and large-capacity characteristics of metabolomic data, multivariate statistical methods were adopted for the determination of differentially accumulated metabolites (DAMs). In this study, 56 DAMs were identified with a fold change (FC) ≥ 2 or ≤ 0.5 and a VIP ≥ 1 between the shaded and control groups, including 34 increased and 22 decreased metabolites, accounting for approximately 5% of the total identified metabolites (Supplementary Materials Table S3). The DAMs could be divided into eight classes: amino acids and their derivatives, nucleotides and their derivatives, lipids, terpenoids, flavonoids, phenolic acids, organic acids, and tannins.



The clustering result is shown in the heatmap (Figure 2a), and DAMs with different degrees of change were observed. Figure 2b shows the types and proportions of differentially accumulated metabolites of P. amarus bamboo shoots grown under shading treatment and normal growing conditions. Figure 2c shows a volcano plot of the significant differences between the two groups of P. amarus bamboo shoot samples. The abscissa represents the log2 value of FC, the ordinate represents the VIP value, and each point represents one metabolite. Flavonoids and phenolic acids accounted for the top two categories of differentially accumulated metabolites. It is well known that flavonoids and phenolic acids have many biological functions and play important roles in plant growth, development, and response to various biological and abiotic stresses. Furthermore, most flavonoids and phenolic acids have a bitter taste; therefore, shading treatment might affect the biosynthesis and accumulation of flavonoids and phenolic acids in P. amarus bamboo shoots, leading to a reduction in bitterness.




3.4. KEGG Annotation and Classification of Differentially Accumulated Metabolites in P. amarus Bamboo Shoots Grown under Shading Treatment and Normal Growing Conditions


We mapped the differentially accumulated metabolites to the KEGG database. The results showed that 56 DAMs mapped to 25 metabolic pathways (Figure 3). Under shading treatment, the most affected metabolic pathway in P. amarus bamboo shoots was photosynthesis, which was as expected. Significantly enriched pathways were ABC transporter, ubiquinone and other terpenoid-quinone biosynthesis, glutathione metabolism, arginine biosynthesis, and tyrosine metabolism. The KEGG classification indicated that the DAMs in P. amarus bamboo shoots grown under shading treatment and normal growing conditions were mainly related to the responses of secondary metabolites to stresses and biosynthesis.




3.5. Changes in the Flavonoid Contents of P. amarus Bamboo Shoots Grown under Shading Treatment


Our quantitative analysis focused on the classes of metabolites likely to be major contributors to the bitter taste. Flavonoids are the general name for a series of compounds with C6-C3-C6 as the carbon skeleton. There were 214 flavonoids detected in the P. amarus bamboo shoots. The contents of the 69 flavonoids in the P. amarus bamboo shoots decreased under shading treatment, including a number of typical bitter flavonoids such as tricin, naringenin, apigenin, and quercetin-3-O-rutinoside (rutin), which decreased by 19%, 18%, 12%, and 8%, respectively. There were 20 flavonoids, and their derivatives were differentially accumulated. The top three downregulated flavonoids were tri-cin-4′-O-[β-guaiacyl-(9″-O-acetyl)glycerol]ether, which decreased by 92%; cyanidin-3-O-rutinoside, which decreased by 81%; and tricin-4′-O-[β-guaiacyl-(9″-O-p-coumaroyl)glycerol]ether, which decreased by 79% (Figure 4).




3.6. Changes in the Phenolic Acid Contents of P. amarus Bamboo Shoots Grown under Shading Treatment


Phenolic acids are a class of aromatic compounds containing carboxyl and hydroxyl groups. Most phenolic acids contribute to bitter taste and astringency in plant-based foods. In our research, 174 phenolic acids were identified in P. amarus bamboo shoots. Compared to the plants grown under normal growing conditions, the contents of 90 phenolic acids decreased in the shading treatment group, including typical bitter phenolic acids 4-hydroxyphenylacetic acid, 2,5-dihydroxybenzaldehyde, and p-hydroxybenzoic acid, which decreased by 47%, 16%, and 23%, respectively. Based on fold changes and VIP values, 10 phenolic acids were identified as differentially accumulated; of these, the content of 3,4-dihydroxyphenylacetic acid decreased by 51%, the content of homogentisic acid decreased by 51%, the content of 4-O-methylgallic acid decreased by 68%, and the content of rosmarinic acid-3′-O-glucoside decreased by 55% (Figure 4).




3.7. Transcriptomic Analysis of P. amarus Bamboo Shoots Grown under Shading Treatment and Normal Growing Conditions


To investigate the changes in gene expression profiles between P. amarus bamboo shoots grown under shading treatment and normal growing conditions, a total of 52.06 Gb of original data was obtained. After filtering out unqualified reads, the average GC was 52.59% and Q30 ≥ 93.84%, indicating that the sequencing dataset was good and could be used for further analysis. Differentially expressed genes (DEGs) between P. amarus bamboo shoots grown under shading treatment and normal growing conditions were surveyed for an FDR ≤ 0.05 and fold change (FC) ≥ 2 and ≤ 0.5, and a total of 178 DEGs were identified; of these, 108 were upregulated and 70 were downregulated.



For the identified DEGs in P. amarus bamboo shoots grown under shading treatment, GO and KEGG enrichment analyses were carried out to further understand their roles and applications. A total of 143 DEGs were annotated to the GO database and these could mainly be categorized into biological process, cellular component, and molecular function. One hundred and twenty-three DEGs were annotated and enriched in 64 different KEGG pathways. The pathway enrichment analysis indicated that most of the DEGs acted on multiple metabolic processes of phenylalanine metabolism, circadian rhythm plant, tyrosine metabolism, indole alkaloid biosynthesis, and biotin metabolism (Supplementary Materials Figures S3 and S4). The pathways linked to these DEGs were closely related to the classification of DAMs, indicating that these mRNAs regulate changes in the abundance of metabolites such as phenolic acids in P. amarus bamboo shoots grown under shading treatment.




3.8. Confirmation of the Transcriptomic Data Using RT-qPCR


To verify the accuracy and reproducibility of the transcriptome analysis results, three genes related to the biosynthesis of bitter phenolic acids in P. amarus bamboo shoot, tyrosine transaminase (Cluster-6304.111403), L-tryptophan decarboxylase (Cluster-6304.108351), and o-aminobenzoic acid synthase (Cluster-6304.105788), were selected as candidate genes, and their expressions were analyzed using RT-qPCR. The results of the candidate genes were in close agreement with the corresponding relative transcript abundances from RNA-Seq, validating the RNA-Seq results for the expression levels of these candidate genes (Supplementary Materials Figure S5).




3.9. Analysis of DEGs and DAMs Related to Bitter Phenolic Acid Metabolism in P. amarus Bamboo Shoots Grown under Shading Treatment and Normal Growing Conditions


Perceived bitter tastes in plant-based foods are affected by many categories of chemical constituents, including bitter amino acids, flavonoids, and phenolic acids. In order to better understand the relationship between metabolites and genes in the biosynthesis of bitter chemical constituents, the identified differentially accumulated metabolites and differentially expressed genes were combined to establish a network, aiming to more intuitively show the pattern of regulation.



It can be seen in Figure 5 that the differentially downregulated metabolites of phenolic acids with a bitter taste, such as homogentisic acid and 3,4-dihydroxyphenylacetic acid, and the slightly downregulated phenolic acids with a bitter taste, such as gentisic acid, 4-dydroxybenzoic acid, 2,5-dihydroxybenzaldehyde, and 4-hydroxyphenylacetic acid, were all mapped to tyrosine-related metabolic pathways, including tyrosine metabolism, ubiquinone, and other terpenoid-quinone bio-synthesis pathways. We also detected that, in these pathways, the expression levels of tyrosine transaminase (TAT) were differentially downregulated, whereas the level of tocopherol cyclase (VTE1) was upregulated.



Based on these findings, a model of the bitter phenolic acid metabolic pathway in P. amarus bamboo shoots grown under shading treatment was constructed. The level of L-tyrosine decreased by 21% in P. amarus bamboo shoots grown under shading treatment. L-tyrosine is the universal precursor of a series of bitter phenolic acids in the tyrosine metabolism pathway; the drop in L-tyrosine abundance had a negative correlation with the accumulation of p-hydroxybenzoic acid, 2,5-dihydroxybenzaldehyde, and 4-hydroxyphenylacetic acid, etc. In homogentisic acid biosynthesis, conversion of homogentisic acid from L-tyrosine was adversely affected by the differentially downregulated tyrosine transaminase. Interestingly, the tocopherol cyclase that catalyzes the conversion of homogentisic acid to δ-tocopherol was upregulated and resulted in an increase in δ-tocopherol. With the influence of two aspects, the accumulation of homogentisic acid was differentially downregulated by 51% in P. amarus bamboo shoots grown under shading treatment. Homogentisic acid has been found to be responsible for the unpleasant taste in bamboo shoots [28]; therefore, the decrease in homogentisic acid might be the cause of the reduced bitter taste in P. amarus bamboo shoots grown under shading treatment.





4. Discussion


4.1. Effect of Artificial Shading on the Bitter Taste of P. amarus Bamboo Shoots


Once bamboo shoots have grown above ground, the aerial parts start to lignify and taste bitter, and this phenomenon has been found in both wild and planted bamboo forests. Exposure to light causes the bitterness of bamboo shoots, as bitter-tasting metabolites are formed. Mulching is a conventional method applied in bamboo shoot cultivation; with the increase in temperature and minimization of light, mulched bamboo shoots can be harvested earlier and have a less bitter taste than those grown in natural environmental conditions [29,30]. Light is the most important environmental factor in plant growth, affecting various aspects of morphology, physiology, productivity, and secondary metabolite accumulation. For plant-based foods, metabolite composition is crucial for quality, concerning both flavor and nutritional quality.



Studies have shown that artificial shading treatments have significant effects on the accumulation of key quality-related metabolites in various plant foods. Ascorbic acid in tomato fruit was downregulated by leaf shading, fruit shading, and a combination of both [31]. White cotton yarn and black nylon net were used in shading treatments on rice to simulate different low-light intensity conditions on cloudy days, and the results showed that the weak light quality affected photosynthesis in leaves and regulated starch synthesis, resulting in an increased chalky grain rate [32]. Shading also had positive effects on agricultural products: the yield, sugar content, and phenolic acid contents of coffee beans showed an ideal balance under a 60% shading condition [33]. Shaded grapes had fewer tannins, more flavor, and were more suitable for winemaking than exposed fruits [34].



In the present study, we identified 1102 metabolites in P. amarus bamboo shoots grown under shading treatment and normal growing conditions, and 56 metabolites among them were accumulated differentially. The proportion of DAMs in total metabolites was comparatively lower than those reported in other similar research cases [35,36,37], suggesting that the shading treatment for 4 days did not modify the overall metabolite profile of P. amarus bamboo shoots; in addition, the nutritional quality did not materially change. On the other hand, the sensory testing confirmed that the bitterness of P. amarus bamboo shoots grown under shading treatment was significantly reduced, indicating that the effects of our shading treatment are likely to have been mediated through the precise regulation of the accumulation of bitter-tasting metabolites in P. amarus bamboo shoots.



We used black plastic bags in our shading treatment. Compared to mulching and shading nets, bagging of P. amarus bamboo shoots has advantages in practical operation. Mulching with earth, chaff, or sawdust requires additional transportation of materials and heavy labor, whereas bagging with reusable plastic bags can be easily achieved. Shading with polyester nets is widely used in cultivated land for improving the quality of various agricultural products; however, it is quite difficult to apply on bamboo shoots due to the forest environment. Moreover, shading nets cannot create an absolutely dark environment, which might be crucial for reducing the bitter taste of bamboo shoots. In summary, the shading treatment with plastic bags was low-priced, easy to operate, and effective in the edibility improvement of P. amarus bamboo shoots via accurate reduction in the bitterness intensity without changes in other aspects of the food quality.




4.2. Molecular Basis of Reducing the Bitter Taste of P. amarus Bamboo Shoots Grown under Shading Treatment


Flavonoids are a class of low-molecular-weight polyphenolic secondary metabolites. Flavonoids and their derivatives are widely distributed in plants, fulfilling many functions. The participation of flavonoids in plants’ defense responses against biotic and abiotic stress has been widely discussed [38,39]. Among these responses, UV protection is one of the most significant functional roles for flavonoids in plants. Previous studies have shown that the accumulation of flavonoids in plants is generally upregulated with exposure to light, while shading downregulates the accumulation [40,41,42]. Interestingly, the production of different flavonoids is induced by different light ranges, intensities, and periods [43,44]. Controlled exposure to light or shading treatments has been frequently applied in the cultivation of tea and wine grapes to obtain the ideal levels of bitter-tasting and astringent flavonoids in the final products.



As important components of plant-based foods, flavonoids provide benefits to the human body through dietary consumption. On the other hand, flavonoids in fruits and vegetables are also associated with a bitter taste. Plant-based foods abundant in flavonoids as the chief bioactive compounds generally have a characteristic bitter taste [45,46,47]. We can reasonably hypothesize that the reduction in the bitter taste of bamboo shoots grown under shading treatment is due to the decrease in flavonoid content. However, in our research, 214 flavonoids were identified in P. amarus bamboo shoots, and only 69 of them were decreased under shading treatment. Only a few downregulated flavonoid metabolites, naringenin [48], apigenin [49], and catechin [50,51], were recorded as bitter-tasting or astringent, and no article reported the taste of the identified differentially downregulated flavonoids. No consistency in the change trend in the expression level of genes related to flavonoid biosynthesis in P. amarus bamboo shoots grown under shading treatment were found by transcriptome analysis. Hence, the relationship between bitter taste and flavonoids in P. amarus bamboo shoots could not be determined. Furthermore, in our previous efforts and works published by other researchers [10,52,53,54,55], no monomer compound of flavonoid has been successfully extracted, isolated, and structurally identified from bamboo shoots via phytochemistry methods. It can be speculated that the actual content of flavonoids in bamboo shoots is quite low. Flavonoids may be a class of bitter substances in P. amarus bamboo shoots, but not the primary ones.



Phenolic acids are another widely distributed secondary metabolite group belonging to the class of plant polyphenols. The general molecular feature of phenolic acids is one carboxylic acid functionality attached or linked to a benzene, and they can be divided into two major subclasses: hydroxybenzoic and hydroxycinnamic acids. A minor fraction of phenolic acids exist in plants in the free acid form, and the majority are linked through ester, ether, or acetal bonds to structural components of the plant (cellulose, proteins, and lignin) and play important roles in the interactions of plants with their environments. The most well-known attributes of phenolic acids are their powerful antioxidant activities, which can help plants in scavenging harmful reactive oxygen species (ROS) under different stresses. The key genes related to the phenylpropanoid biosynthetic pathway and tyrosine metabolism pathways are regulated under different environmental threats, resulting in increased or decreased phenolic acid accumulation with a final result of enhanced tolerance to stresses [56,57].



The specific effects of light stresses on the accumulation of phenolic acids in various food and beverage plants have been studied. Data from two varieties of Malaysian ginger under different shading treatments (0 and 60%) indicated that phenolic acids in the leaves and rhizomes were light-dependent, and their biosynthetic rate was related to light intensity [58]. Another study showed that shade level significantly affected the accumulation of biologically active compounds in bastard balm herb; the plants grown in full sunlight produced 2–3 times more phenolic acids compared to those grown in shade and the regulation mechanism was related to light stress, which was proven by determinations of the content of H2O2, the activity of antioxidant enzymes, and the level of chlorophylls in the herb plant [59].



In this search, we identified 174 phenolic acids in P. amarus bamboo shoots and found that more than half of them were downregulated under shading treatment. Many of them have been confirmed as bitter tasting. Furthermore, 4-Hydroxyphenylacetic acid (−47%) was considered to be the main bitter substance in wild edible leafy vegetables in central Italy [60]; gentianic acid (−14%) had a bitter taste, which was proved by an oral taste experiment [61]; p-hydroxybenzoic acid (−21%) was the bitter taste contributor in red wine [62]; 2,5-dihydroxybenzaldehyde (−16%) was one of the bitter substances in pu’erh teas [63]. As a bitter substance in bamboo shoots, homogentisic acid was first reported in Japan, and Chizu Hasegawa suggested that homogentisic acid is responsible for a special taste of bamboo shoot, called egumi-taste, described as bitter and pungent [28,64]. Homogentisic acid has also been found to be the main bitter substance of bitter strawberry honey produced in Italy [65,66]. Homogentisic acid, one of the differentially downregulated metabolites in this study, together with the typical bitter phenolic acids mentioned above, could be mapped to the tyrosine metabolism pathway. Recently, the tyrosine metabolism pathway in plants was comprehensively reviewed [67]. The tyrosine metabolism pathway produces a variety of essential metabolites for plant survival, including tocopherols, plastoquinone, and ubiquinone.



In the present study, tyrosine aminotransferase (TAT) was differentially downregulated in P. amarus bamboo shoots grown under shading treatment; the transition from tyrosine to form 4-hydroxyphenylpyruvic acid (4-pHPP) was reduced, further reducing the synthesis of homogentisic acid from 4-pHPP catalyzed by 4-hydroxyphenylpyruvate dioxygenase (HPPD). Homogentisic acid is a key intermediate for producing the aromatic precursor of tocopherols and plastoquinone in the general tyrosine metabolism pathway. Plants normally display an increased tocopherol accumulation level under stresses. In our research, we observed that with the upregulated expression level of tocopherol cyclase (VTE1), the content of δ-tocopherol was differentially upregulated in P. amarus bamboo shoots grown under shading treatment. δ-Tocopherol can further convert to β- tocopherol, which is important in plant development and stress tolerance [68,69]. These results suggest that shading treatment of P. amarus bamboo shoots positively induced tocopherol biosynthesis and reduced the accumulation of a series of bitter phenolic acids, especially homogentisic acid, resulting in a perceivably reduced bitter taste in P. amarus bamboo.





5. Conclusions


This work provides comprehensive information on the metabolomic, transcriptomic, and sensory attributes of P. amarus bamboo shoots grown under shading treatment and normal growing conditions. According to the results of our sensory tests, P. amarus bamboo shoots grown under shading treatment had an obviously reduced bitter taste. Transcriptomic and metabolomic analyses revealed the regulatory mechanism of the bitter taste substances in bamboo shoots grown under shading treatment: the related expression levels of key genes in the tyrosine metabolism pathway, such as tyrosine aminotransferase, were downregulated, and the contents of metabolites such as 4-hydroxyphenylacetic acid, gentianic acid, p-hydroxybenzoic acid, and homogentisic acid decreased in this pathway. The downregulated accumulation of these bitter phenolic acids, especially homogentisic acid, might be the underlying cause of the differences in taste between P. amarus bamboo shoots grown under shading treatment and normal growing conditions. The results of this study can help to promote the use of shading treatment in the practice of bamboo shoot cultivation, and our data might be useful for improving the taste of bamboo shoots.
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Figure 1. Heatmap visualization of 1102 detected metabolites in P. amarus bamboo shoots grown under shading treatment and normal growing conditions. Different colors in the cluster heat map are the values obtained after the standardization of relative content (red represents high content, green represents low content). BGM: shading group, ZRM: control group. 
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Figure 2. Differentially accumulated metabolite analysis: (a) heatmap visualization of the differentially accumulated metabolites identified between P. amarus bamboo shoots grown under shading treatment and normal growing conditions; BGM: shading group, ZRM: control group; (b) pie chart of the biochemical categories of the differentially accumulated metabolites identified between P. amarus bamboo shoots grown under shading treatment and normal growing conditions; (c) volcano plot of the differentially accumulated metabolites identified between P. amarus bamboo shoots grown under shading treatment and normal growing conditions. 






Figure 2. Differentially accumulated metabolite analysis: (a) heatmap visualization of the differentially accumulated metabolites identified between P. amarus bamboo shoots grown under shading treatment and normal growing conditions; BGM: shading group, ZRM: control group; (b) pie chart of the biochemical categories of the differentially accumulated metabolites identified between P. amarus bamboo shoots grown under shading treatment and normal growing conditions; (c) volcano plot of the differentially accumulated metabolites identified between P. amarus bamboo shoots grown under shading treatment and normal growing conditions.



[image: Horticulturae 08 00594 g002a][image: Horticulturae 08 00594 g002b]







[image: Horticulturae 08 00594 g003 550] 





Figure 3. KEGG enrichment map of the differentially accumulated metabolites between P. amarus bamboo shoots grown under shading treatment and normal growing conditions. 
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Figure 4. Boxplot of flavonoids and phenolic acids in P. amarus bamboo shoots grown under shading treatment and normal growing conditions. Y-axis represents the peak surface of each metabolite. BGM: shading group, ZRM: control group. Flavonoids: tricin, naringenin, apigenin, rutin, tricin-4′-O-syringyl alcohol, tricin-4′-O-[β-guaiacyl-(9″-O-acetyl)glycerol]ether, cyanidin-3-O-rutinoside, and tricin-4′-O-[β-guaiacyl-(9″-O-p-coumaroyl)glycerol]ether. Phenolic acids: 4-hydroxyphenylacetic acid, 2,5-dihydroxybenzaldehyde, p-hydroxybenzoic acid, rosmarinic acid, 3,4-dihydroxyphenylacetic acid, homogentisic acid, 4-O-methylgallic acid, and rosmarinic acid-3′-O-glucoside. 
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Figure 5. The metabolic pathway map of bitter phenolic acid biosynthesis in P. amarus bamboo shoots grown under shading treatment. Note: Solid arrows show a biosynthetic pathway, dashed arrow shows multiple biosynthetic pathways, white heavy arrows show downregulation of metabolites, red and blue heavy arrows show differential upregulation and downregulation of metabolites, respectively; asterisks show substances not detected in the metabolites of Pleioblastus amarus bamboo shoots. Values in the bar plots are mean of four biological replications. Error bars indicate the standard error of the mean. BGM: shading group, ZRM: control group. 
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