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Abstract

:

Cardamine violifolia, a species belonging to the Brassicaceae family, is a novel vegetable crop that is rich in glucosinolates. However, the specific glucosinolate profiles in this species remain unknown. In the present study, four parts of C. violifolia were collected including central leaves (CLs), outer leaves (OLs), petiole (P), and root (R). The highest level of total glucosinolate was observed in the R. A total of 19 glucosinolates were found in C. violifolia. The predominant glucosinolate compounds were 3-methylbutyl glucosinolate, 6-methylsulfinylhexyl glucosinolate, Indol-3-ylmethyl glucosinolate, 4-methoxyglucobrassicin, and neoglucobrassicin. A transcriptome analysis showed that 16 genes, including BCAT1, BCAT3-6, CYP79A2, CYP79B2-3, CYP83A1, CYP83B1, and SOT17-18, and nine metabolites, such as valine, tryptophan, and 1-methylpropyl glucosinolate, were enriched in the glucosinolate biosynthesis pathway. These genes may be involved in the regulation of glucosinolate accumulation among the four parts. A weighted gene co-expression analysis showed that five genes were predicted to regulate glucosinolate accumulation, including ABC transporter G family member 19, 3-ketoacyl-CoA synthase 19, and pyruvate decarboxylase 1. This study deepens our understanding of the nutrient quality of C. violifolia and provides insights into the regulatory mechanism of glucosinolate accumulation in C. violifolia.
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1. Introduction


Cardamine violifolia is a plant native to Enshi, Hubei province, China, and was approved to be a leafy vegetable crop by the National Health Commission of China in 2021. This plant is famous for its selenium accumulation capacity and is categorized as a selenium hyperaccumulator. Our previous study demonstrated that C. violifolia could accumulate selenium in more than 9000 mg/kg of dry material in laboratory conditions [1]. The selenium concentration in C. violifolia also was over 3000 mg/kg of dry material, even in its natural habitat [2]. The selenium species present in C. violifolia and its accumulation mechanism have garnered significant attention among researchers, resulting in an abundance of relevant studies in this field.



In addition to its selenium enrichment ability, C. violifolia is also rich in phytochemical substances. However, the available information regarding the bioactive compounds present in C. violifolia is still limited. In a recent study conducted by Rao et al. [3], it was found that the leaves of C. violifolia are particularly abundant in phenolic acids, such as sinapic acid and ferulic acid. The accumulation of these phenolic acids in C. violifolia leaves may be attributed to the activity of specific genes, including CYP84A1 and CYP84A4. Another study conducted by Ma et al. [4] reported that C. violifolia contains various volatile organic compounds, with a significant presence observed in its flowers. These volatile compounds primarily include esters, aldehydes, alcohols, and ketones. Moreover, our previous research demonstrated that C. violifolia leaves exhibit a high concentration of total glucosinolate [5]. Nonetheless, the specific composition of glucosinolates in C. violifolia remains unknown.



Glucosinolates, containing nitrogen and sulfur, are a class of crucial secondary metabolites found in cruciferous plants [6]. Typically, they consist of a β-D-glucose-linked sulfonate aldoxime group along with side chains derived from amino acids. Glucosinolates can be classified into three groups based on the source of amino acids in their side chains: aliphatic, aromatic, and indole types. Aliphatic glucosinolates are derived from methionine, isoleucine, leucine, or valine, whereas aromatic ones are transformed from phenylalanine or tyrosine. Indole glucosinolates originate from tryptophan [7]. For example, Arabidopsis primarily contains aliphatic and indole groups of glucosinolates [8]. Glucosinolates and their degradation products exhibit various biological activities, including participation in plant defense responses, anti-cancer effects, and antioxidant properties [6]. In broccoli, glucoraphanin (4-methylsulfinylbutyl glucosinolate) is the predominant glucosinolate [9]. Upon hydrolysis, glucoraphanin generates sulforaphane, a compound known to possess potent anti-cancer activity. Sulforaphane accomplishes this through multiple mechanisms, such as inhibiting histone deacetylase activity, inducing phase II antioxidant enzymes, coupling glutathione and phase I enzymes to restrict bioconversion and enhance metabolism, and promoting reactive oxygen levels to restrain cancer cell proliferation [10]. Thus, glucoraphanin is responsible for the anti-cancer properties attributed to broccoli.



The biosynthesis of glucosinolates consists of three stages: the side-chain elongation of precursor amino acids, the formation of core thioglycolate structures, and side-chain modification [11]. The elongation of the precursor amino acid side chain begins with the deamination by the branched-chain amino acid transaminases (BCATs). The genes that play important roles in this stage include the BCAT, methylthioalkylmalate synthase (MAM), isopropyl malate isomerase (IPMI), and isopropyl malate dehydrogenase (IPMDH) gene families. The second stage begins with the transformation of the precursor amino acids into acetaldoxime under the catalyzation of cytochrome P450 (CYP). Several CYP79, CYP83, S-alkyl-thiohydroximate lyase (SUR), and cytosolic sulfotransferase (SOT) gene families are involved in this stage. The third stage is the modification of the side chain, which determines the bioactivity of the glucosinolates and the abundance of the degradative substances. This stage mainly includes hydroxylation, methylation, glucosylation, desaturation, and sulfonation of the glucosinolates [8].



As a member of the Brassicaceae family, C. violifolia contains ample glucosinolates. But the glucosinolate profiles and underlying gene networks in glucosinolate biosynthesis are not revealed in this species. The present study aimed to detect the glucosinolates and identify the potential genes that are involved in the biosynthesis and accumulation of glucosinolate compounds in C. violifolia. To achieve this, C. violifolia plants were divided into four tissues: outer leaves (OLs), central leaves (CLs), petiole (P), and root (R). Then, metabolome and transcriptome technologies were employed to identify the glucosinolates and related genes. This study will provide rich information on glucosinolates and further help towards the understanding of the nutritional value of C. violifolia.




2. Materials and Methods


2.1. Plant Materials


The C. violifolia plants were harvested from the farm of Enshi Se-run Material Engineering Technology Co., Ltd. (Enshi, China). The farm was located in Erpo Village (30°21′48″ N, 109°33′36″ E, altitude 500 m above sea level, average temperature 16/10 °C at day/night in November), Longfeng Town, Enshi City, Hubei Province, China. The C. violifolia seedlings were two years old and in the rosette stage. The seedlings were harvested and divided into CLs, OLs, P, and R. The CLs refer to the three new leaves in the middle of the plants. The other leaves were recorded as OLs. The samples contained four biological replicates, and each replicate was composed of 20 seedlings. After the separation, the four tissues were frozen in liquid nitrogen and stored at −80 °C.




2.2. Total Glucosinolate Concentration


Total glucosinolate concentrations in the four tissues of C. violifolia were measured following the method recorded by Rao et al. [5]. Briefly, 280 μL of acidified methyl alcohol was added into 0.5 g of samples. The acidified methyl alcohol contained 40% methanol and 0.5% acetic acid and can disrupt the activity of endogenous myrosinase, thus prohibiting the degradation of glucosinolates. The samples obtained at this stage were recorded as blank. Then, another 0.5 g of the samples were weighed and added with 280 μL of deionized water. The mixture was water-bathed at 37 °C for 10 min. The glucosinolates in the sample performed with this step were completely hydrolyzed by the endogenous myrosinase, resulting in the equimolar of glucose. The reaction was terminated using 210 μL of methyl alcohol and 200 μg of activated carbon. The mixture was then centrifuged twice at 13,000 rpm for 10 min. The supernatant was collected and employed for glucose determination using a glucose detection kit (Solarbio Life Sciences, Beijing, China). The glucose content in the blank sample minus that in the completely hydrolyzed sample was the glucosinolate concentration of the sample.




2.3. Detection of Glucosinolates via Widely Targeted Metabolome


The samples were dried with a vacuum freeze-drier and crushed into a powder. One hundred mg of the lyophilized powder was mixed with 1.2 mL of 70% methanol and shaken six times on a vortex mixer for 30 s every 30 min. The samples were placed at 4 °C overnight and centrifuged at 12,000 rpm for 10 min. The supernatant was filtrated through a 0.22 μm filter membrane (Anpel, Shanghai, China) for ultra-high performance liquid chromatograph–mass/mass (UPLC-MS/MS; UPLC: Shimadzu Nexera X2; column: Agilent SB-C18, 1.8 μm particle size, 2.1 mm diameter, 100 mm length; MS: Applied Biosystem 4500 Q TRAP) detection at Metware Bio-Tech. Co. (Wuhan, China). The mobile phase consisted of pure water with 0.1% formic acid and acetonitrile with 0.1% formic acid. The flow velocity was 0.35 mL/min. The column oven was set to 40 °C. The injection volume was 4 μL. The effluent was alternatively connected to an ESI-triple quadrupole-linear ion trap (QTRAP)-MS. The identified metabolites were annotated using the KEGG Compound database (http://www.kegg.jp/kegg/compound/, accessed on 2 December 2021) and then mapped to the KEGG pathway database (http://www.kegg.jp/kegg/pathway.html, accessed on 3 December 2021). Significantly regulated metabolites (DRMs) were determined based on a VIP ≥ 1 and absolute log2 (Fold change) ≥ 1. The glucosinolates were screened from the integrative result files.




2.4. Transcriptome Sequencing and Analysis


Total RNAs in the tissues were extracted using an RNApre Pure Plant Kit (Tiangen Biotech, Beijing, China). The concentration and integrity of the total RNA were measured using a Qubit® RNA Assay Kit in a Qubit®2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA) and a Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA), respectively. One μg of RNA was purified using poly-T oligo-attached magnetic beads to obtain mRNA, and was fragmented with divalent cations. The first-strand cDNA was synthesized using a random hexamer primer and an M-MuLVReverse transcriptase RNase H. Second-strand cDNA synthesis was subsequently performed using DNA Polymerase I and RNase H. The double-strand cDNAs were purified after the adenylation of the 3′ ends, adding a poly A tail and ligating adapter. The cDNA libraries were quantified and measured with insert size to evaluate the library quality. The libraries of qualified quality were employed for sequencing with an Illumina Novaseq 6000 system at Metware Bio-Tech. Co. (Wuhan, China). Clean reads were obtained after removing reads with adapters, paired reads, and low-quality reads in the raw data. The clean reads were then assembled using Trinity.2.11.0 to obtain unigenes. The coding sequences of the unigenes were predicted using TransDecoder (https://github.com/TransDecoder/, accessed on 8 December 2021) and the amino acid sequences were obtained in this step. The unigenes were annotated using the DIAMOND software (v0.9.24.125) through mapping to the following databases: Nr (NCBI non-redundant protein sequences); Swiss-Prot (a manually annotated and reviewed protein sequence database); Trembl (a variety of new documentation files and the creation of TrEMBL, a computer annotated supplement to SWISS-PROT); the KEGG (Kyoto Encyclopedia of Genes and Genomes); GO (Gene Ontology); and KOG/COG (COG: Clusters of Orthologous Groups of proteins; KOG: euKaryotic Ortholog Groups). The amino acid sequences were mapped to the Pfam (Protein family) database. The transcription levels of the unigenes were calculated using the RSEM software (v1.3.1) and the expression level was presented as an FPKM (fragments per kilobase of exon model per million mapped fragments) value. Differences between the tissues were evaluated using DESeq2 (v1.22.1). The significance between the tissues was set at p ≤ 0.05 and an absolute log2fold change of ≥1. Differentially expressed genes (DEGs) were performed with KEGG and GO enrichment analysis.




2.5. Conjoint Analysis of Transcriptome and Metabolome


The analysis of the integrative correlation between the glucosinolate compounds and unigenes was performed via a conjoint analysis of the transcriptome and metabolome. The DEGs and DRMs were mapped to the KEGG pathway database. The DRMs and DEGs that belonged to the glucosinolate biosynthesis pathway (Ko00966) were screened and employed for correlation analysis using the R package (v3.5.1). Expression heat maps of the DRMs and DEGs were plotted using TBtools (v1.09876).




2.6. Weighted Gene Correlation Network Analysis (WGCNA)


WGCNA was performed using the WGCNA R package (v1.69). The five most enriched glucosinolate compounds in C. violifolia were screened and subjected as trait substances for WGCNA in the present study. The expression file was from the genes which were enriched in glucosinolate biosynthesis, plant hormone signal transduction, photosynthesis, and the biosynthesis of secondary metabolism pathways. The weight values in the significant modules were used for gene network construction.




2.7. Validation of Transcriptome Data via Real-Time Quantitative PCR (RT-qPCR)


The DEGs enriched in the glucosinolate biosynthesis pathway were selected for an RT-qPCR experiment to validate the accuracy of the transcriptome data. The synthesis of the first-strand cDNAs and the amplified reaction were performed by using a Real-Time One Step RT-qPCR kit (FP313, SYBR Green, Tiangen Biotech, Beijing, China). The reaction conditions were as follows: RNA reverse transcription, 50 °C for 30 min; pre-denaturation of cDNA, 95 °C for 3 min; amplified reaction, 95 °C for 15 s and 60 °C for 30 s, 40 recycles. The primers were picked by using Primer3plus (http://www.primer3plus.com/cgi-bin/dev/primer3plus.cgi, accessed on 8 December 2021). The primer sequences are listed in Table S1. The relative expression of the unigenes was calculated following the 2−ΔΔCt method. The expression values of the genes were normalized to the reference gene β-actin3. The RT-qPCR experiment was performed with four biological replicates and triple technical replicates.




2.8. Statistical Analysis


All data are presented as the mean values representing the four biological triplicates ± standard errors. The data were analyzed using an SPSS22 (SPSS Inc., Chicago, IL, USA) one-way ANOVA. Multiple treatment groups were compared using Duncan’s honestly significant difference test at p ≤ 0.05.





3. Results


3.1. Total Glucosinolate Concentration in C. violifolia


The total glucosinolate concentrations significantly varied among the four tissues (Figure 1). The highest glucosinolate concentration was observed in the R, followed by the CLs and OLs. Petiole accumulated the lowest level of glucosinolates.




3.2. Glucosinolate Profiles of C. violifolia


A total of 19 glucosinolate components were found in C. violifolia, although they showed a tissue-specific manner (Table 1). Here, the metabolome revealed 15, 18, 16, and 17 glucosinolate compounds in the R, OLs, CLs, and P of C. violifolia, respectively. Interestingly, neoglucobrassicin (CAS 5187-84-8), 4-methoxyglucobrassicin (CAS 83327-21-3), 6-methylsulfinylhexyl glucosinolate (CAS 33049-17-1), indol-3-ylmethyl glucosinolate (CAS 4356-52-9), 6-(methylsulfonyl)hexyl glucosinolate (CAS 74542-18-0), and 3-methylbutyl glucosinolate (CAS 76265-22-0) ranked as the top six glucosinolate compounds in terms of relative abundance in the four tissues. Other common glucosinolates, such as sulforaphane, sinigrin, glucoraphanin, and 2-phenylethyl glucosinolate, were also detected in C. violifolia.



The relative abundance of the glucosinolate compounds varied among the four tissues. Neoglucobrassicin, 4-methoxyglucobrassicin, and indol-3-ylmethyl glucosinolate showed the highest level in the R, followed by the CLs, and the lowest in the P and OLs. By contrast, the concentration of 6-methylsulfinylhexyl glucosinolate was highest in the CLs, followed by the R, and the lowest in the OLs. The concentration level of sulforaphane in C. violifolia was relatively low but showed a difference between the tissues. The lowest sulforaphane level was observed in the OLs, whereas the concentration of sinigrin in the R or CLs was 2-fold that in the OLs or P. Notably, glucoraphanin revealed a similar level in the four tissues. 1-methylpropyl glucosinolate was only detected in the P and OLs of C. violifolia.




3.3. Transcriptome and DEG Analysis


The high-throughput sequencing generated a total of 148,852,692 nucleic acid bases. These bases were assembled into 119,939 unigenes with an average length of 1241 nucleotides. The unigenes were then mapped to the annotation databases. The results showed that there were 90,233 unigenes annotated in at least one database, which was 75.23% of the total unigenes. Specifically, the number of annotated genes in the seven databases were as follows: 64,314 in the KEGG; 88,597 in Nr; 67,350 in SwissProt; 88,360 in TrEMBL; 53,817 in KOG; 77,885 in GO; and 60,211 in Pfam (Table 2). The sequences were mapped to the Nr databases, and the similarity between C. violifolia and other species was estimated. The results showed that the highest similarity was observed between Arabidopsis lyrata subsp. lyrata, Arabidopsis thaliana, Camelina sativa, and Capsella rubella and C. violifolia (Figure S1A). An analysis of the GO enrichment showed that the unigenes were mainly enriched into the cell, organelle, and cell part terms in the cellular component category; the metabolic process and cellular process terms in the biological process category; and the catalytic activity and binding terms in the molecular function category (Figure S1B).



Correlations between the samples were calculated based on the FPKM value of the unigenes. The results showed that the samples had a high Pearson’s correlation coefficient within the group, indicating the high repeatability of the samples (Figure S1C). A principal component analysis (PCA) revealed that PC1 and PC2 accounted for 22.09% and 16.35% of the variance. The four groups of samples were distributed far away from each other in the PCA quadrant (Figure S1D), indicating differences between the four tissues.



A total of 36,853 DEGs were obtained through the comparisons. Notably, there were 20,608 (9305 down-regulating and 11,303 up-regulating) and 22,819 (10,532 down-regulating and 12,287 up-regulating) DEGs in the R vs. CL and R vs. OL comparison groups, respectively (Figure 2A). The DEG numbers in these two groups were larger than the other groups. The cluster analysis of the DEG expression levels showed that the expression levels of the DEGs varied in the CL, OL, R, and P samples (Figure 2B). The expression values of the DEGs were then normalized for K-means cluster analysis. The genes classified to the same cluster had similar expression models in the four tissues. As shown in Figure 2C, the DEGs were divided into two subclasses: 21,974 and 14,879 genes were contained in subclass 1 and subclass 2, respectively. But the two subclasses displayed an opposite changing trend. Here, the KEGG pathway enrichment analysis was performed, and the 10 most enriched KEGG pathways in each comparison group are shown in Figure 2D. The results revealed that the DEGs were significantly enriched in the plant hormone signal transduction, photosynthesis, and biosynthesis of the secondary metabolism pathways in the six comparison groups.




3.4. Correlation between the Metabolites and Genes in the Glucosinolate Biosynthesis Pathway


To reveal the potential mechanism of glucosinolate accumulation in the different tissues of C. violifolia, a conjoint analysis of the metabolome and transcriptome was carried out. The DRMs and DEGs enriched in the glucosinolate biosynthesis pathway (Ko00966) were then filtered out for further analysis. A total of nine metabolites and 47 unigenes were screened in this pathway. As shown in Figure 3A, the number of genes that belonged to the Ko00966 pathway greatly varied in the six comparison groups. There were 33 unigenes enriched in the Ko00966 pathway in the CL vs. P groups, which was two-fold that in the R vs. P groups or OL vs. P groups, whereas the number of metabolites belonging to the Ko00966 pathway changed a little among the six comparison groups, except for the OL vs. P groups, which only enriched three metabolites.



The nine metabolites were composed of three glucosinolates and six amino acids (Figure 3B). The OLs and P of C. violifolia accumulated more 1-methylpropyl and 2-phenylethyl glucosinolates than the CLs and R. Different from the former two glucosinolates, Indol-3-ylmethyl glucosinolate were more accumulated in the CLs and R of C. violifolia. By contrast, the six amino acids showed a particular accumulation manner, which was more accumulated in the CLs of C. violifolia.



The 33 unigenes were annotated into 16 enzyme genes, and they displayed varied expression patterns in the different tissues of C. violifolia (Figure 3C). BCAT1 and BCAT3 had the highest expression level in the CLs, whereas the transcription levels of BCAT4 and BCAT6 were the highest in the R. Interestingly, the expression level of BCAT5 was higher in the CLs and P than in the CLs and R. Most of the remaining genes revealed higher expression levels in the P and R of C. violifolia. Notably, six cytochrome P450 members were enriched in the Ko00966 pathway here. Three cytochrome P450 members, including CYP79A2, CYP79F1, and CYP83A1, were more expressed in the P of C. violifolia, whereas CYP79B2 and CYP79B3 had higher expression levels in the CLs.



The Pearson’s correlation coefficients between the metabolites and genes involved in the Ko00966 pathway were further investigated. As shown in Figure 3D, no significant correlation between 1-methylpropyl glucosinolate or 2-phenylethyl glucosinolate and the genes was observed. By contrast, indol-3-ylmethyl glucosinolate was significantly correlated with cluster-3993.56179 (CYP83B1) and cluster-3993.51502 (LEUC). Notably, the six amino acids were significantly correlated to several genes. For example, L-valine and L-isoleucine were positively and significantly correlated to BCAT1 and BCAT3 but negatively correlated to BCAT6 and SOT17. L-methionine was negatively correlated to SUR1 and BACT5 but positively correlated to CYP83A1.




3.5. WGCNA Revealed Hub Genes Involved in the Accumulation of the Main Glucosinolates


The five most enriched glucosinolate compounds in C. violifolia were screened and subjected as trait substances for WGCNA in the present study. The expression file was from the genes which were enriched in glucosinolate biosynthesis, plant hormone signal transduction, photosynthesis, and the biosynthesis of the secondary metabolism pathways. The results showed that several modules significantly correlated to the glucosinolates (Figure 4A). The brown module significantly correlated to 3-methylbutyl glucosinolate and 6-methylsulfinylhexyl glucosinolate. The blue and red modules significantly correlated to indolylmethyl glucosinolate, 4-methoxyglucobrassicin, and neoglucobrassicin.



The genes clustered in the brown module exhibited higher expression levels in the CLs than in other tissues. To reveal the potential key genes involved in the brown module, a network was constructed based on the weight values between the genes. The results revealed that three hub genes were striking among the genes involved in the brown module and they were widely correlated with the other unigenes (Figure 4B). The three hub genes were annotated as alpha-hydroxynitrile lyase (HNL, Cluster-3993.64890), ABC transporter G family member 19 (ABCG19, Cluster-3993.45830), and 3-ketoacyl-CoA synthase 19 (KCS-19, Cluster-3993.86842), respectively.



The blue module contained 1050 unigenes. These unigenes showed the highest expression levels in the R and the lowest in the P. The weight values between the unigenes were analyzed and one hub was revealed in the blue module (Figure 4C). Here, the unigene Cluster-3993.96216 was annotated as peroxidase 53, which is involved in the biosynthesis of the secondary metabolites pathway.



There were 156 unigenes clustered into the red module. The highest transcription levels of these unigenes were observed in the R, followed by the CLs, and the lowest in the OLs. One hub gene was screened through the analysis of the weight value network (Figure 4D). This gene is annotated as pyruvate decarboxylase 1 (PDC1) and is involved in the biosynthesis of the secondary metabolite pathway.




3.6. Validation of the Transcriptome Data


A correlation analysis between the transcriptome and RT-qPCR data of the selected unigenes was performed (Figure S2). The results showed that the correlation was significant, indicating that the transcriptome data were reliable.





4. Discussion


Glucosinolates play important roles in the responses to biotic and abiotic stresses in plants, such as mitigating salt stress and deterring insects from feeding [6]. More than 130 glucosinolate compounds have been discovered in Brassicaceae plants, but only 90 of them have been structurally identified [7]. As a novel vegetable plant of the Brassicaceae family, C. violifolia also contains considerable glucosinolates. Interestingly, the highest total glucosinolate concentration was observed in the roots of C. violifolia, rather than in the leaves or petiole. This observation contrasts with that of horseradish, which displays a much higher concentration of total glucosinolates in its sprouts than in its roots [12]. Similar results were also observed in Sisymbrium officinale, with the roots exhibiting a significantly lower glucosinolate concentration compared to the leaves [13]. However, this study also reported that the total glucosinolate concentrations in the stems of Sisymbrium officinale collected from the Split and Krka areas were remarkably different (the former was four-fold that of the latter) [13]. This result indicates that the environment also affects glucosinolate accumulation in plants. Due to the lack of glucosinolate studies in C. violifolia parts, it is hard to know the exact reasons why C. violifolia has the highest glucosinolate concentrations in the roots. We suggest that it may be a result of the species' unique characteristics and the influence of the growth environment. A recent study also showed that the biosynthesis and transportation of glucosinolates contribute to their accumulation in Brassica rapa when the roots are exposed to herbivory [14]. Since the C. violifolia plants were two years old in the present study, they relied on their roots to remain dormant underground and survive the hot summer months. The roots probably accumulated glucosinolates from the previous growth season, resulting in the highest concentration being found in the roots. However, this deduction needs further investigation.



The present study first reports the glucosinolate profiles of C. violifolia. This study found that 3-methylbutyl glucosinolate, 6-methylsulfinylhexyl glucosinolate, indolyl-3-methyl glucosinolate, 4-methoxyglucobrassicin, and neoglucobrassicin were the dominant glucosinolates in C. violifolia. 3-Methylbutyl glucosinolate is derived from leucine and also exists in Arabidopsis thaliana [15] and broccoli [16]. Currently, information regarding the effects of 3-methylbutyl glucosinolate on humans and plants is limited. Nevertheless, it may potentially serve as a biomarker for consuming these foods. 6-Methylsulfinylhexyl glucosinolate, also known as glucohesperin, has been detected in the Brassicaceae family plant Dithyrea wislizenii [17]. A recent study demonstrated that glucohesperin has the potential to act as an anti-glycation agent by preserving the integrity of protein structures, suggesting its potential application in diabetes treatment [18]. Indol-3-ylmethyl glucosinolate, commonly called glucobrassicin, is one of the most common glucosinolate compounds and has been discovered in various Brassicaceae plants, such as A. thaliana [19], cabbage [20], radish [21], and broccoli [22]. Evidence showed that indol-3-ylmethyl glucosinolate is used for IAA biosynthesis in A. thaliana under drought stress [23], indicating that it is involved in the response to abiotic stress in plants. Moreover, 3,3′-diindolylmethane, a derivant of indol-3-ylmethyl glucosinolate, has also been found to prevent carcinogenesis [24]. There, indol-3-ylmethyl glucosinolate may be an important aspect of the nutrient value of C. violifolia. 4-methoxyglucobrassicin is an indolylmethylglucosinolic acid that is glucobrassicin bearing a methoxy substituent at position 4 on the indole ring. This compound may participate in plant defense, as it can be induced by methyl jasmonate and jasmonic acid in pak choi plants [25]. 4-Methoxyindole-3-carbinol is the degradation compound of 4-methoxyglucobrassicin and exhibits inhibiting power in the proliferation of colon cancer cells [26]. Similar to 4-methoxyglucobrassicin, neoglucobrassicin is an indolyl carbohydrate that is glucobrassicin-methoxy-substituted at position 1 of the indole moiety. It is also known as 1-methoxy-3-indolylmethyl glucosinolate. It can promote the generation of DNA adducts in rats, but whether similar effects would be induced in humans remains unclear [27]. Also, several common glucosinolates, including sinigrin, glucoraphanin, and glucocheirolin, were detected in C. violifolia. Sinigrin widely exists in Brassicaceae vegetables, such as cauliflower and cabbage [28]. Sinigrin has remarkably healthy effects on humans and displays potential for the treatment of hypertension-induced kidney damage [29] and diabetes management [30]. Despite the absence of a distinct flavor, the hydrolysis product of glucoraphanin, sulforaphane, is well known due to its significant accumulation in broccoli sprouts [9]. Sulforaphane now has been extensively investigated in cancer prevention and intervention [31]. In summary, the glucosinolate compounds in C. violifolia are analogues to other Brassicaceae plants, and these glucosinolates significantly contribute to the health-promoting properties of C. violifolia.



The present study revealed several genes that may be involved in the biosynthesis and accumulation of glucosinolate in C. violifolia. BCATs catalyze the conversion of specific amino acids into 2-oxonic acids through deamination [32]. This is the first step of glucosinolate biosynthesis in plants. Here, BCAT1 and BCAT3-6 were significantly correlated to several amino acids, such as valine and isoleucine, indicating that the different parts of C. violifolia have different glucosinolate synthesis efficiencies. This was related to differences in not only the transcription levels of the BCATs but also the amino acid concentrations in the four parts. As shown in Figure 3B, several amino acids that participate in glucosinolate biosynthesis, including homomethionine, valine, isoleucine, tryptophan, phenylalanine, and methionine, were more accumulated in the CLs. Notably, BCAT1 also exhibited a higher expression level in the CLs than in the other parts. In A. thaliana, BCAT1 locates in the mitochondria and can catalyze all the branched-chain amino acids in various tissues. AtBCAT1 is affinitive to isoleucine, leucine, and valine [33]. We suggest that C. violifolia BCAT1 may share a similar function with AtBCAT1, but mainly functions in new tissues. These genes were differentially expressed in the four parts of C. violifolia, contributing to the variations in glucosinolate abundance observed among the four parts. Here, several CYP family genes that may be involved in the formation of the core structure of glucosinolate were found. CYP79A2 can catalyze the conversion of phenylalanine into aromatic acetaldoxime [34]. The transformation of methionine derivatives into aliphatic acetaldoxime is catalyzed by CYP79F1 [35]. Acetaldoxime serves as a substrate to form acid nitro compounds and nitrile under the catalysis of CYP83A1 and CYP83B1 [36]. These genes showed higher expression levels in the petiole, indicating that the biosynthesis process of glucosinolate may occur in the petiole. The last step in the formation of glucosinolate core structures is mediated by SOTs [37]. The expression levels of SOT17 and SOT18 were higher in the petiole and root, implying that these genes contribute to the different accumulation of glucosinolates in the four parts of C. violifolia.



The present study identified several genes that may be involved in the regulation of glucosinolate accumulation via a WGCNA. For example, HNL participates in the biosynthesis of aldehydes or ketones, which are employed as building blocks for pharmaceutical and agrochemical intermediates [38]. ABCG19 belongs to the ABCG subfamily and is not well characterized currently. A previous study showed that ABCG19 provides kanamycin resistance for A. thaliana [39]. KCSs are involved in the biosynthesis of very-long-chain fatty acids in plants [40]. Up to date, no direct evidence has linked these genes to glucosinolate accumulation. However, these genes are involved in the important bioactivity in plant cells. The exchange and transformation of substances in plant cells are widely connected. Therefore, further investigations are needed to determine how these genes influence glucosinolate accumulation.




5. Conclusions


This study compared the glucosinolates in the CLs, OLs, P, and R of two-year-old C. violifolia seedlings. The results showed that the root accumulated the highest level of total glucosinolate, followed by the CLs, and the total glucosinolate concentration was the lowest in the petiole. Metabolome detection revealed a total of 19 glucosinolate compounds in C. violifolia. This study showed that 3-methylbutyl glucosinolate, 6-methylsulfinylhexyl glucosinolate, indol-3-ylmethyl glucosinolate, 4-methoxyglucobrassicin, and neoglucobrassicin were the dominant glucosinolates in C. violifolia. Several common glucosinolates in Brassicaceae family crops were also found in C. violifolia, such as sinigrin and glucoraphanin. The four parts exhibited remarkable variances in their glucosinolate compounds. These variances may be related to the expression changes for the key genes which are involved in the glucosinolate pathway, such as BCAT1, BCAT3-6, CYP79A2, CYP79B2-3, CYP83A1, CYP83B1, and SOT17-18. Moreover, five genes were predicted via a WGCNA to participate in the regulation of glucosinolate accumulation in the different parts of C. violifolia. This study enriches our understanding of healthy values in C. violifolia and provides insights into the glucosinolate regulation in various parts of C. violifolia.
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Figure 1. Total glucosinolate concentrations in the root (R), central leaves (CLs), outer leaves (OLs), and petiole (P) of C. violifolia. Letters above the boxes mean significant difference at p < 0.05. 
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Figure 2. Analysis of differentially expressed genes (DEGs). (A) Statistics of the DEGs in each comparison group; (B) expression profiles of the DEGs; (C) expression trends of the DEGs according to the K-means; (D) the ten most enriched KEGG pathways of the DEGs in each comparison group. 
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Figure 3. Analysis of the DEGs and metabolites enriched in the glucosinolate biosynthesis pathway (Ko00966). (A) Statistics of the DEGs and metabolites enriched in Ko00966; (B) abundance changes of the metabolites enriched in Ko00966; (C) expression profiles of the DEGs enriched in Ko00966; (D) correlation analysis of the DEGs and metabolites, ** in the box represent significant correlation at p < 0.01, respectively. 
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Figure 4. Weighted gene co-expression network analysis. (A) Correlations between the modules and traits. The numbers in each module include Pearson’s correlation coefficient and the p value. The significant threshold was set at p < 0.01; (B) expression pattern and network of the genes in the brown module; (C) expression pattern and network of the genes in the blue module; (D) expression pattern and network of the genes in the red module. 
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Table 1. Glucosinolates in C. violifolia and their relative abundances.
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Peak Area




	
Number

	
Compounds

	
Q1/Q3 (Da)

	
Formula

	
CAS

	
R

	
OLs

	
NL

	
P






	
1

	
Sinigrin

	
358.03/97.00

	
C10H17NO9S2

	
3952-98-5

	
70,107

	
38,764

	
71,359

	
29,282




	
2

	
1-Methylpropyl glucosinolate

	
374.06/96.96

	
C11H21NO9S2

	
499-24-1

	
--

	
1,391,350

	
--

	
3,741,625




	
3

	
2-Hydroxy-3-butenyl glucosinolate

	
388.04/96.96

	
C11H18NO10S2

	
585-95-5

	
47,790

	
42,879

	
34,745

	
21,328




	
4

	
3-Methylbutyl glucosinolate

	
388.07/96.96

	
C12H23NO9S2

	
76265-22-0

	
442,681

	
849,380

	
2,954,000

	
1,790,425




	
5

	
4-Methylamyl Glucosinolate

	
402.09/96.96

	
C13H25NO9S2

	
NR

	
71,073

	
412,570

	
125,015

	
114,490




	
6

	
3-Methylsulfinylpropyl glucosinolate

	
422.02/96.96

	
C11H21NO10S3

	
554-88-1

	
--

	
130,843

	
31,547

	
64,189




	
7

	
2-Phenylethyl glucosinolate

	
422.06/96.96

	
C15H21NO9S2

	
499-30-9

	
--

	
119,572

	
--

	
64,322




	
8

	
Glucoraphanin

	
436.04/96.96

	
C12H23NO10S3

	
21414-41-5

	
19,852

	
18,207

	
23,126

	
19,318




	
9

	
Glucocheirolin

	
438.02/96.96

	
C11H21NO11S3

	
15592-36-6

	
24,603

	
16,592

	
3254

	
--




	
10

	
m-Methoxybenzyl glucosinolate

	
438.05/96.96

	
C15H21NO10S2

	
111810-95-8

	
--

	
607,625

	
157,487

	
252,432




	
11

	
Indol-3-ylmethyl glucosinolate (glucobrassicin)

	
447.05/96.96

	
C16H20N2O9S2

	
4356-52-9

	
81,295,750

	
823,815

	
14,810,350

	
1,919,025




	
12

	
4-Methylsulfonyl-3-butenyl Glucosinolate

	
450.02/96.96

	
C12H20NO11S3-

	
NR

	
30,813

	
13,232

	
22,992

	
7294




	
13

	
5-Methylsulfinylpentyl glucosinolate

	
450.06/96.96

	
C13H25NO10S3

	
499-37-6

	
1,019,337

	
--

	
6292

	
14,157




	
14

	
6-Methylsulfinylhexyl Glucosinolate

	
464.07/96.96

	
C14H27NO10S3

	
33049-17-1

	
24,451,000

	
306,355

	
91,282,750

	
780,712




	
15

	
Neoglucobrassicin

	
477.06/96.96

	
C17H22N2O10S2

	
5187-84-8

	
112,740,000

	
2,294,700

	
20,769,250

	
2,774,300




	
16

	
4-Methoxyglucobrassicin

	
477.06/96.96

	
C17H22N2O10S2

	
83327-21-3

	
115,092,500

	
2,199,975

	
19,990,250

	
2,528,200




	
17

	
6-(Methylsulfonyl)Hexyl Glucosinolate

	
480.08/96.96

	
C14H27NO11S3

	
74542-18-0

	
2,201,850

	
30,740

	
306,297

	
39,689




	
18

	
4-Benzoyloxybutyl glucosinolate

	
494.08/96.96

	
C18H24NO11S2

	
NR

	
1,734,900

	
7819

	
--

	
34,278




	
19

	
1,4-Dimethoxyglucobrassicin

	
507.08/476.06

	
C18H24N2O11S2

	
NR

	
307,120

	
263

	
1150

	
--




	

	
Sum

	

	

	

	
339,688,648

	
9,307,520

	
150,596,897

	
14,202,011








NR: not recorded, --: not detected. R: root, P: petiole, CLs: central leaves, OLs: outer leaves. Q1: the molecular weight of the parent ion of a substance added with ions when it passed through the electrospray ion source; Q3: the molecular weight of the characteristic fragment ion.













 





Table 2. Annotation statistic of the unigenes in the databases.
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	Database
	Number of Genes
	Percentage (%)





	KEGG
	64,314
	53.62



	Nr
	88,597
	73.87



	SwissProt
	67,350
	56.15



	TrEMBL
	88,360
	73.67



	KOG
	53,817
	44.87



	GO
	77,885
	64.94



	Pfam
	60,211
	50.2



	Annotated in at least one database
	90,233
	75.23



	Total Unigenes
	119,939
	100
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