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Abstract

:

Rapeseed is an important oilseed with proper fatty acid composition and abundant bioactive components. Canada and China are the two major rapeseed-producing countries all over the world. Meanwhile, Canada and Mongolia are major importers of rapeseed due to the great demand for rapeseed in China. To investigate the metabolites in rapeseeds from three countries, ultra-performance liquid chromatography-quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF/MS)-based metabolomics was employed to analyze rapeseeds from China, Canada, and Mongolia. As results, 67, 53, and 68 metabolites showed significant differences between Chinese and Canadian, Chinese and Mongolian, and Canadian and Mongolian rapeseeds, respectively. Differential metabolites were mainly distributed in the metabolic pathways including phenylpropanoid biosynthesis, flavone and flavonol biosynthesis, and ubiquinone and other terpenoid-quinone biosynthesis. Among the differential metabolites, contents of sinapate and sinapine were higher in Chinese rapeseeds, while the contents of brassicasterol, stigmasterol, and campestanol were higher in Canadian rapeseeds. These findings might provide insight into the metabolic characteristics of rapeseeds from three countries to guide processing and consumption of the products of rapeseed.
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1. Introduction


Rapeseed (Brassica napus; Cruciferae) is an important oil crop in agriculture worldwide, and ranks the third largest source of vegetable oil all over the world [1,2,3]. Traditional rapeseed oil contains more than 40% erucic acid [4], which could pose a risk to human health when excessive amounts are consumed [5]. In addition, traditional rapeseed also has a higher concentration of glucosinolates, and their breakdown in products could induce iodine deficiency and are fatal to pigs [6]. High erucic and glucosinolate levels therefore limit the use of rapeseed. With the development of breeding methods and production technology, rapeseed contains lower erucic acid and lower glucosinolate [5,7]. Rapeseed is widely planted in China, Canada, India, Northern Europe, and Australia based on its growth habit [8]. China and Canada are the two major rapeseed production areas and rapeseed producers. In 2016, the cultivation area of China and Canada was 7.61 and 7.99 million hectares, respectively, accounting for about 38% of the total area. The production of the two countries was 15.3 and 18.4 million tons, respectively, contributing 40% of the total production (FAOSTAT, 2018). In China, rapeseed oil serves as the main vegetable oil, particularly for the people living in the Yangtze River valley [9]. With the extraordinary economic development and rapid population growth, the demand for high-quality rapeseed oil continues to increase each year. Accordingly, as the second largest rapeseed producer, China still needs to import millions of tons rapeseeds and rapeseed oils from Canada and Mongolia, of which about 93% of rapeseeds were imported from Canada. The amount of rapeseed imported by China from Mongolia also keeps increasing year-by-year.



One of the driving forces behind the popularity of rapeseed oil is its nutritional benefits. Previous studies indicate that rapeseed oil imparts positive effects on human health. It can reduce the plasma cholesterol levels, improve insulin sensitivity, and prevent and manage ischemic stroke [4,10]. Accordingly, rapeseed oil is supposed to be one of the most effective health-promoting vegetable oils. Rapeseed oil has a lower concentration of saturated fatty acids (5–10%), higher content of monounsaturated fatty acids (44–75%), and moderate content of α-linolenic acid (9–13%). More importantly, the ratio of n-6 to n-3 fatty acids in rapeseed oil is about 2:1, which is beneficial for human health [11,12,13]. Except for fatty acids, rapeseed oil contains various micronutrients such as phytosterols, tocopherols, polyphenols, and flavonoids, which draw more and more attention from consumers and nutritionists [14].



Metabolomics is an approach to study small molecule metabolites in specific organs and has been widely used for qualitative and quantitative analyses [15,16]. Metabolomics was used to investigate the chemical composition of different organs of Brassica napus L. using UPLC-QTOF-PDAP-MS [17]. The composition of oilseed rape and turnip rape seeds has been investigated by nuclear magnetic resonance (NMR) [18] and the cell wall phenolics by UPLC-MS/MS [1]. Comparative metabolomics was employed to evaluate Chinese and North American rice [16], analyze carrots from different agronomic environments [19], distinguish Zingiber officinale Roscoe from two geographical origins [20], expound the profile of fruits from Tanzania [15], and characterize the metabolic changes of cultivated and wild soybean under salt stress [21].



Brassica napus L. is a globally important oil crop, particularly in China, which is the second largest rapeseed producer. China is also a premier customer and importer of rapeseeds. Millions of tons of rapeseeds from Canada and Mongolia are imported to China to meet the increasing demand for rapeseed. Double low rapeseed imported from Canada is well known for its quality of low contents of erucic acid and glucosinolates. In China, double low rapeseed accounts for about 80% of total rapeseeds [9]. Compared with them, the content of erucic acid in the rapeseeds imported from Mongolia are relatively higher. Apart from fatty acid composition, secondary metabolites of rapeseed from these countries are becoming of more and more concern due to their potential benefits to human beings. In the present study, UPLC-Q/TOF-MS-based comparative metabolomics was employed to investigate the chemical compositions of Chinese, Canadian, and Mongolian rapeseeds. Significantly differential metabolites between Chinese and Canadian rapeseeds, Chinese and Mongolian rapeseeds, and Canadian and Mongolian rapeseeds were identified by orthogonal partial least squares discriminant analysis (OPLS-DA) and univariate analysis, respectively. The results might provide basic information to guide oil processing to produce high-quality rapeseed oils with high nutrition values.




2. Materials and Methods


2.1. Samples and Materials


Thirty-three rapeseed samples were collected from the main rapeseed-producing areas of China in 2016 after harvest, including Zhejiang province (3), Jiangsu province (3), Anhui province (2), Jiangxi province (6), Hubei province (8), Henan province (2), Hunan province (2), Sichuan province (3), Guizhou province (2), and Yunan province (2). Seven Canadian rapeseed samples were obtained from Zhanjiang and Shenzhen customs in 2016. The samples were collected according to Chinese standard SN/T 0800.1-2016 (Inspection of cereals, oils and feedstuffs for import and export-methods of sampling and preparation of samples). Nineteen Mongolian rapeseed samples were obtained from Erenhot customs in January and February 2016. The samples were all stored at 4 °C before analysis.



HPLC-grade methanol, acetonitrile, and acetic were purchased from Fisher (Fair Lawn, New Jersey, United States). Distilled water was prepared using a Milli-Q ultra-purification system (Millipore, Bedford, MA, USA). The internal standard lidocaine was purchased from BioBioPha Company (Kunming, Yunnan, China).




2.2. Sample Preparation


Sample preparation was performed as described elsewhere [22]. Briefly, rapeseed samples were homogenized using a MixerMill MM400 system (Retsch Technology, Haan, Germany). Approximately 100 mg rapeseeds were dissolved in 1 mL of 70% methanol containing 0.1 mg/L lidocaine and extracted overnight at 4 °C. During the extraction process, the samples were shaken using a vortex oscillator every 10 min to ensure complete extraction. Then, the mixtures were separated by centrifugation at 10,000× g for 10 min. The supernatants were filtered through a microporous membrane (0.22 μm pore size) and stored in a sample vial prior to UPLC-Q-TOF/MS analysis. The blank sample was prepared as the same as the test samples, expect that no samples were added at the beginning and were injected randomly throughout the whole analysis to monitor the presence of residues. The quality control (QC) sample was made by mixing all test samples. The QC sample was analyzed at the beginning, end, and throughout the whole analysis to evaluate the stability of the analysis process and injected after every five test samples during the sample analysis.




2.3. UPLC-Q-TOF/MS Analysis


UPLC-Q-TOF/MS analysis was performed on an UPLC system (1290 Infinity, Aligent, Santa Clara, CA, USA) coupled with a Q-TOF/MS (6520 Q-TOF, Agilent, Santa Clara, CA, USA). The chromatographic column ACQUITY UPLC HSS T3 C18 (100 mm × 2.1 mm × 1.8 μm) was obtained from Waters, and the column temperature was kept at 40 °C during the analysis. The mobile phase A was 0.1% formic acid in water, and mobile phase B was 0.1% formic acid in acetonitrile. The flow rate was 0.4 mL/min, and the gradient program was as follows: Solvent B was increased from 5% to 95% in 11 min, held at 95% B for 1 min, then phase B was decreased to 5% within 0.1 min, and maintained for 3 min. The injection volume was 5 μL. MS data were acquired from the Q-TOF/MS equipped with an ESI ion source in positive ionization mode. The MS parameters were as follows: Nebulizer pressure at 40 psi, desolvation gas flow rate of 10 L/min at 350 °C, capillary voltage of 3.5 kV, fragment voltage of 135 V, and RF voltage of 750 V. The mass data were collected within the range of m/z 50–1000 at a scan rate of 2 spectra/s. The scan time was 500 ms/spectrum.




2.4. Qualitative and Quantitative Analysis of Metabolites


The raw data obtained from LC-MS were converted to mzData format, and peak finding, filtering, and alignment were performed using XCMS. The metabolites were putatively identified by matching features in publicly available databases such as the METLIN database (http://metlin.scripps.edu/index.php), MassBank (http://www.massbank.jp), and KNAPSAck (http://kanaya.naist.jp/KNApSAcK). The tests for one sample were done in triplicate and the result of quantitative analysis of metabolite was expressed as peak area which was the average value of three independent tests.




2.5. Data Processing and Statistical Analysis of Metabolites


Data processing and statistical analysis of metabolites were performed on MetaboAnalyst 4.0 platform [23].



Data processing of data normalization was conducted as described elsewhere, with a little modification [20]. Pareto scaling was used instead of auto scaling in data normalization, because it can reduce the impact of noise and artifacts to improve the predictive ability of the model [24]. Principal component analysis (PCA) and OPLS-DA were used to explore the global metabolomic data. Univariate analysis method and S-plot obtained from OPLS-DA were employed to identify the different components among the three countries. The metabolites were putatively identified as differential metabolites when they met the criteria listed as follows: (a) The absolute value of reliability correlation [p(corr)] obtained from OPLS-DA loadings S-plot is greater than 0.8; (b) p-value calculated using t-test is less than 0.001; (c) fold change (FC) is more than twice or less than half.



Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation and metabolic pathway analysis of differential metabolites were performed on MetaboAnalyst 4.0 platform [23]. KEGG metabolic pathway database, overrepresentation analysis, and pathway topology analysis were used to analyze the metabolic pathways of the differential metabolites.





3. Results and Discussion


3.1. Metabolic Profiles of Rapeseeds Collected from China, Canada, and Mongolia


Metabolomics is commonly used to study the total metabolites of a given plant tissue [11,25]. In this study, UPLC-Q-TOF/MS was employed to investigate the metabolic profiles of rapeseeds from three countries. Based on mass spectra obtained from UPLC-Q-TOF/MS, qualitative analysis was conducted by matching to spectra in the public database. As results, 152 metabolites were putatively identified in the rapeseeds collected from three countries (Table S1). The metabolites were divided into 11 groups, including alkaloids, amino acids, amino acid-related compounds, fatty acids, flavonoids, lipids, organic acids, phenylpropanoids, polyketides, terpenoids, and others. Among the metabolites, the flavonoids were the major metabolites. Phytochemical composition of rape, including the roots, stems, leaves, inflorescence, and seeds, has been identified via UPLC-Q-TOF/MS [17]. Identified compounds were assigned belonging to different metabolite classes, such as cinnamic acid derivatives, flavonoids, sinapoyl cholines, and fatty acid derivatives. Compared with this reference, quercetin 3-sophorotrioside, kaempferol 3-O-beta-D-glucosyl-(1->2)-beta-D-glucoside, rutin, quercetin 3-O-glucoside, kaempferol, isorhamnetin, ferulate, sinapate, sinapine, 1-O-sinapoyl-beta-D-glucose, (9Z,12Z)-(8R)-hydroxyoctadeca-9,12-dienoic acid, (6Z,9Z,12Z)-octadecatrienoic acid, linoleic acid, and octadecenoic acid were also putatively identified in this study and classified as flavonoids, phenylpropanoids, and fatty acids.




3.2. PCA of Rapeseeds from Three Countries


PCA is an unsupervised method, which plays an important role in the grouping and discrimination of chemicals in food and medicines [21]. PCA was performed on the metabolites of the rapeseed samples collected from China, Canada, and Mongolia to explore the global metabolomic data. The PCA results are shown in Figure 1 and all the rapeseed samples were within 95% confidence intervals. Chinese, Canadian, and Mongolian rapeseeds were clearly divided into three classes. PC1 and PC2 could explain 42.5% and 30.8% of the total variance of the data, respectively. The obvious discrimination of the three classes meant that the metabolic profiles of rapeseeds from the three countries were significantly different.




3.3. OPLS-DA of Rapeseeds Collected from Three Countries


OPLS-DA is a rotated and powerful supervised modeling method used for the identification of variables that drive group separation. The S-plot obtained from OPLS-DA could visualize the variable influence in the model and identify statistically significant and potentially biochemically significant metabolites [24]. To identify the different metabolites between the Chinese and Canadian rapeseeds, Chinese and Mongolian rapeseeds, and Canadian and Mongolian rapeseeds, OPLS-DA models and S-plots were established, respectively.



OPLS-DA score plots for Chinese and Canadian rapeseeds, Chinese and Mongolian rapeseeds, Canadian and Mongolian rapeseeds were used to identify important metabolites, respectively. The rapeseed samples were separated into two clusters of all groups. The results suggest that there were differential metabolites between each pair of countries. The R2 and Q2 values of the three models were close to 1.0 (Chinese vs. Canadian rapeseeds, R2: 0.995, Q2: 0.993; Chinese vs. Mongolian rapeseeds, R2: 0.953, Q2: 0.949; and Canadian vs. Mongolian rapeseeds, R2: 0.995, Q2: 0.989), suggesting that the models were of good fitness and predictability. The S-plots showed the variable importance in OPLS-DA models and could be used to identify the differential metabolites between every two countries.




3.4. Identification of Differential Metabolites of the Three Groups


Univariate analysis methods are the most common methods used for exploratory data analysis. Univariate analysis performed on Metaboanalyst 4.0 can provide a volcano plot that combines FC analysis and t-tests together. S-plot and univariate analysis were employed to identify the differential metabolites of the three groups to ensure the accuracy and reliability of the results. The differential metabolites were identified using the criteria that the absolute value of reliability correlation [p(corr)] of S-plots was greater than 0.8, the p-value calculated using t-test was less than 0.001, and the FC was more than twice or less than half.



Important metabolites with FC threshold (x) 2 and t-test threshold (y) 0.001 are displayed by volcano plots in Figure 2. Both FC and p-values were log transformed, and the different metabolites are shown as red circles above the threshold.



Based on the results of the S-plots and volcano plots, the comparison between Chinese and Canadian rapeseeds was performed, and 67 metabolites out of 152 were identified as differential metabolites based on the criteria. The 67 metabolites, as listed in Table S2, include phenylpropanoids (12), flavonoids (11), terpenoids (15), alkaloids (2), amino acids (2), amino acid-related compounds (4), fatty acids (11), lipids (2), organic acids (2), polyketides (3), and others. Compared to Canadian rapeseeds, 40 metabolites were up-regulated and 27 metabolites were down-regulated in Chinese rapeseeds. Similarly, 53 out of 152 metabolites—including phenylpropanoids (7), flavonoids (11), terpenoids (7), alkaloids (1), amino acids (4), amino acid-related compounds (6), fatty acids (6), lipids (2), organic acids (3), polyketides (1), and others—were identified as differential metabolites between Chinese and Mongolian rapeseeds (Table S3). Among these metabolites, the contents of 38 metabolites were higher in Chinese rapeseed. Approximately 68 metabolites—including alkaloids (2), amino acids (3), amino acid-related compounds (4), fatty acids (10), flavonoids (19), lipids (3), organic acids (1), phenylpropanoids (13), polyketides (3), terpenoids (7), and others—were significantly different between Canadian and Mongolian rapeseeds (Table S4). Among these metabolites, 32 metabolites were up-regulated in Canadian rapeseeds compared to Mongolian rapeseeds (Table S4).




3.5. Metabolic Pathway Analysis of Differential Metabolites Among the Three Groups


The pathway analysis module of MetaboAnalyst 4.0 uses high-quality KEGG metabolic pathways as the back-end knowledge, and combines the results from powerful pathway enrichment analysis with pathway topology analysis to help researchers identify the most relevant pathways involved in the conditions under study. The pathways of the differential metabolites of Chinese vs. Mongolian rapeseeds, Chinese vs. Canadian rapeseeds, and Mongolian vs. Canadian rapeseeds shown in Figure 3 were obtained by the KEGG metabolic pathway database, the hypergeometric test for over representation analysis, and the relative-betweenness centrality for pathway topology analysis. The vertical axis [-log(p)] indicates the significance of the metabolic pathway enrichment, and the horizontal axis indicates the impact of the pathway obtained by pathway topology analysis. The deeper the color, the more significant the changes of the metabolites in the related pathway, and the larger the circle, the higher the centrality of the metabolite in the related pathways [21].



The differential metabolites between Chinese and Canadian rapeseeds were involved in 16 pathways. Based on the characteristics of the bubble plot in Figure 3, phenylpropanoid biosynthesis, flavone and flavonol biosynthesis, and ubiquinone and other terpenoid-quinone biosynthesis were significantly altered in Chinese and Canadian rapeseeds. Similarly, the differential metabolites between Chinese and Mongolian rapeseeds were involved in 19 pathways, whereas the differential metabolites between Canadian and Mongolian rapeseeds were involved in 19 pathways. The metabolic pathways differentially altered between Chinese and Mongolian rapeseeds mainly include ubiquinone and other terpenoid-quinone biosynthesis, tyrosine metabolism, and isoquinoline alkaloid biosynthesis. The metabolic pathways differentially altered between Canadian and Mongolian rapeseeds mainly include phenylpropanoid biosynthesis, flavone and flavonol biosynthesis, and isoquinoline alkaloid biosynthesis. Among the metabolic pathways, phenylpropanoid biosynthesis significantly differed between Chinese and Canadian rapeseeds (p < 0.01).




3.6. Significantly Differential Metabolites Between Canadian and Chinese Rapeseeds


Canada and China are the biggest producers of rapeseeds, and the rapeseeds of the two countries are the biggest sources of rapeseeds consumed in China. The qualities of Canadian and Chinese rapeseeds attract more and more attention of processing enterprises and consumers.



The metabolic pathways of flavone and flavonol biosynthesis and phenylpropanoid biosynthesis were differentially altered between Chinese and Canadian rapeseeds from the results of metabolic pathway analysis. The metabolites in the two pathways showing significant differences in the two countries include kaempferol, luteolin, coniferyl alcohol, ferulate, coniferin, sinapate, 1-O-sinapoyl-beta-D-glucose, and sinapine. The relative contents of these compounds of rapeseed collected from the two countries are shown in Table S2.



The relative contents of kaempferol, luteolin, coniferin, sinapate, 1-O-sinapoyl-beta-D-glucose, and sinapine of Chinese rapeseeds were significantly higher than those of Canadian rapeseeds (Table S2). Whereas the relative contents of coniferyl alcohol, ferulate, stigmasterol, brassicasterol, and campestanol in Canadian rapeseeds were significantly higher than in Chinese rapeseeds. The contents of metabolites in the downstream of phenylpropanoid biosynthesis in Chinese rapeseeds were higher than in Canadian rapeseeds, according to the pathway of phenylpropanoid biosynthesis in KEGG.



Sinapate, commonly known as sinapic acid, is an important bioactive substance with antioxidant, anti-inflammatory, anticancer, antimutagenic, antiglycemic, neuroprotective, and antibacterial activities [26]. Sinapate is the main free phenolic acid and sinapine, the choline ester of sinapate, is the main phenolic ester in rapeseed. Their amounts are near to 8 g/kg in rapeseed [27,28]. Although sinapate and sinapine occur in rapeseed with higher contents, only a small portion can be transferred into rapeseed oil owing to their hydrophilicity, and most of them remain in the meal, giving a bitter taste and lower digestibility to the meal [29,30]. However, during the process of roasting of rapeseed, canolol (2,6-dimethoxy-4-vinylphenol) can be formed by thermal decarboxylation of sinapate [30]. The antioxidant activity of canolol is equivalent to γ-tocopherol, higher than α-tocopherol and β-carotene, and its antimutagenic potency comparable to ebselen, higher than α-tocopherol and flavonoids [31]. Canolol is lipophilic and not only can it increase the oxidative stability of rapeseed oil, but it can also be used as a dietary supplement to prevent and fight oxidative stress in living organisms [32]. Chinese rapeseeds have a higher content of sinapate, so it is necessary for rapeseed oil-processing enterprises to do some pretreatments to Chinese rapeseeds, such as infrared, microwave roasting, and/or high-temperatures, to enhance the canolol content in rapeseed oil [33]. Thereby, rapeseed oil with a higher content of canolol can be obtained and the nutritional value of rapeseed oil can be improved.



Apart from sinapate, stigmasterol, brassicasterol, and campestanol detected in this study are also well known for their higher contents in rapeseeds. Phytosterols share a similar structure with cholesterol and are structural components of plant membranes. Therefore, they can regulate the physicochemical properties of cell membranes to respond to abiotic and biotic stress [34]. By inhibiting intestinal cholesterol absorption in humans, phytosterols can decrease blood total cholesterol (TC) and low-density lipoprotein cholesterol (LDL-C). Besides, phytosterols also have some other health-promoting effects, such as anti-inflammatory, immunomodulatory, and anticancer effects [35]. Corn oil, rapeseed oil, and wheat germ oil have the highest phytosterol contents and are the main dietary sources of phytosterols for people [34]. Table S2 shows that Canadian rapeseeds have higher contents of stigmasterol, brassicasterol, and campestanol than those in Chinese rapeseeds. The phytosterol content in rapeseeds could be affected by environmental and cultural factors, and nitrogen is one of the most important factors in rapeseed production [36]. The different contents of phytosterols in rapeseeds from the two countries might be due to the genetic variations and growth conditions of the rapeseeds. It has been reported that a dietary phytosterol intake could alter cholesterol metabolism in a dose-dependent manner [37]. It might be possible to use Canadian rapeseeds as materials to produce rapeseed oils with higher phytosterol contents to improve phytosterol intake of the Chinese.





4. Conclusions


In this study, UPLC-Q/TOF-MS-based comparative metabolomics combining chemometric methods was employed to study the chemical composition of Chinese, Canadian, and Mongolian rapeseeds. OPLS-DA loading S-plot and univariate analysis were employed to identify the differential metabolites of the rapeseeds collected from three countries. As results, 67, 53, and 68 differential metabolites were identified in Chinese and Canadian rapeseeds, Chinese and Mongolian rapeseeds, and Canadian and Mongolian rapeseeds, respectively. The metabolic pathway analysis results showed that phenylpropanoid biosynthesis, flavone and flavonol biosynthesis, and ubiquinone and other terpenoid-quinone biosynthesis were differentially altered. Chinese rapeseeds have higher contents of sinapate and sinapine, while Canadian rapeseeds possess higher contents of phytosterols. It is necessary for oil-processing enterprises to choose proper rapeseed materials and processing technologies to produce rapeseed oils with higher canolol or phytosterols contents.








Supplementary Materials


The following are available online at https://www.mdpi.com/2218-1989/9/8/161/s1, Table S1: Metabolites in rapeseed identified based on UPLC-Q-TOF/MS. Table S2: Differential metabolites between Chinese and Canadian rapeseeds (|p(corr)|>0.8, p-value<0.001, and FC>2 or <0.5)., Table S3: Differential metabolites between Chinese and Mongolian rapeseeds (|p(corr)|>0.8, p-value<0.001, and FC>2 or <0.5). Table S4: Differential metabolites between Canadian and Mongolian rapeseeds (|p(corr)|>0.8, p-value<0.001, and FC>2 or <0.5).





Author Contributions


Conceptualization, L.Z., W.Z., Q.Z. and P.L.; methodology, R.Y., L.D., X.Y., J.M., F.M. and X.W.; software, L.Z.; formal analysis, R.Y. and L.Z.; writing—original draft preparation, R.Y., L.D. and L.Z..; writing—review and editing, R.Y., L.Z. and P.L.; funding acquisition, L.Z. and P.L.




Funding


Supported by the National Key R&D Program of China (2017YFC1601700), the National Nature Foundation Committee of China (Grants No. 31871886), the National Major Project for Agro-product Quality & Safety Risk Assessment (GJFP2019003), the earmarked fund for China Agriculture Research System (CARS-12), Fundamental Research Funds for Central Non-profit Scientific Institution (1610172018002) and the Competitive Planning Project of Hubei Academy of Agricultural Sciences (2015jzxjh06).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Frolov, A.; Henning, A.; Bottcher, C.; Tissier, A.; Strack, D. An UPLC-MS/MS method for the simultaneous identification and quantitation of cell wall phenolics in Brassica napus seeds. J. Agric. Food Chem. 2013, 61, 1219–1227. [Google Scholar] [CrossRef] [PubMed]

	



Flakelar, C.L.; Luckett, D.J.; Howitt, J.A.; Prenzler, P.D. Canola (Brassica napus) oil from Australian cultivars shows promising levels of tocopherols and carotenoids, along with good oxidative stability. J. Food Compos. Anal. 2015, 42, 179–186. [Google Scholar] [CrossRef]

	



Sharma, V.P. Oilseed Production in India; Springer: New Delhi, India, 2017; pp. 81–106. [Google Scholar]

	



Lin, L.; Allemekinders, H.; Dansby, A.; Campbell, L.; Durance-Tod, S.; Berger, A.; Jones, P.J. Evidence of health benefits of canola oil. Nutr. Rev. 2013, 71, 370–385. [Google Scholar] [CrossRef] [PubMed]

	



Gomaa, W.; Mosaad, G.; Yu, P. On a Molecular Basis, Investigate Association of Molecular Structure with Bioactive Compounds, Anti-Nutritional Factors and Chemical and Nutrient Profiles of Canola Seeds and Co-Products from Canola Processing: Comparison Crusher Plants within Canada and within China as well as between Canada and China. Nutrients 2018, 10, 519. [Google Scholar]

	



Tripathi, M.K.; Mishra, A.S. Glucosinolates in animal nutrition: A review. Anim. Feed. Sci. Technol. 2017, 132, 1–27. [Google Scholar] [CrossRef]

	



Hu, Q.; Hua, W.; Yin, Y.; Zhang, X.; Liu, L.; Shi, J.; Zhao, Y.; Qin, L.; Chen, C.; Wang, H. Rapeseed research and production in China. Crop. J. 2017, 5, 127–135. [Google Scholar] [CrossRef]

	



Gunstone, F.D. Production and consumption of rapeseed oil on a global scale. Eur. J. Lipid Sci. Technol. 2001, 103, 447–449. [Google Scholar] [CrossRef]

	



Bonjean, A.P.; Dequidt, C.; Sang, T.; Limagrain, G. Rapeseed in China. Oilseeds fats Crops Lipids 2016, 23, D605. [Google Scholar] [CrossRef]

	



Nguemeni, C.; Delplanque, B.; Rovère, C.; Simon-Rousseau, N.; Gandin, C.; Agnani, G.; Nahon, J.L.; Heurteaux, C.; Blondeau, N. Dietary supplementation of alpha-linolenic acid in an enriched rapeseed oil diet protects from stroke. Pharmacol. Res. 2010, 61, 226–233. [Google Scholar] [CrossRef]

	



Misra, B.B. Cataloging the Brassica napus seed metabolome. Cogent Food Agric. 2016, 2, 1254420. [Google Scholar] [CrossRef]

	



Xu, J.; Zhou, X.; Deng, Q.; Huang, Q.; Yang, J.E.; Huang, F. Rapeseed oil fortified with micronutrients reduces atherosclerosis risk factors in rats fed a high-fat diet. Lipids Health Dis. 2011, 10, 96. [Google Scholar] [CrossRef]

	



Yang, M.; Zheng, C.; Zhou, Q.; Huang, F.; Liu, C.; Wang, H. Minor components and oxidative stability of cold-pressed oil from rapeseed cultivars in China. J. Food Compos. Anal. 2013, 29, 1–9. [Google Scholar] [CrossRef]

	



Mckevith, B. Nutritional aspects of oilseeds. Nutition Bull. 2005, 30, 13–26. [Google Scholar] [CrossRef]

	



Khakimov, B.; Mongi, R.J.; Sørensen, K.M.; Ndabikunze, B.K.; Chove, B.E.; Engelsen, S.B. A comprehensive and comparative GC–MS metabolomics study of non-volatiles in Tanzanian grown mango, pineapple, jackfruit, baobab and tamarind fruits. Food Chem. 2016, 213, 691–699. [Google Scholar] [CrossRef]

	



Yan, N.; Du, Y.; Liu, X.; Chu, M.; Shi, J.; Zhang, H.; Liu, Y.; Zhang, Z. A comparative UHPLC-QqQ-MS-based metabolomics approach for evaluating Chinese and North American wild rice. Food Chem. 2019, 275, 618–627. [Google Scholar] [CrossRef]

	



Farag, M.A.; Sharaf Eldin, M.G.; Kassem, H.; Abou el Fetouh, M. Metabolome classification of Brassica napus L. organs via UPLC-QTOF-PDA-MS and their anti-oxidant potential. Phytochem. Anal. 2013, 24, 277–287. [Google Scholar] [CrossRef]

	



Kortesniemi, M.; Vuorinen, A.L.; Sinkkonen, J.; Yang, B.; Rajala, A.; Kallio, H. NMR metabolomics of ripened and developing oilseed rape (Brassica napus) and turnip rape (Brassica rapa). Food Chem. 2015, 172, 63–70. [Google Scholar] [CrossRef]

	



Cubero-Leon, E.; Rudder, O.D.; Maquet, A. Metabolomics for organic food authentication: Results from a long-term field study in carrots. Food Chem. 2018, 239, 760–770. [Google Scholar] [CrossRef]

	



Mais, E.; Alolga, R.N.; Wang, S.L.; Linus, L.O.; Yin, X.; Qi, L.W. A Comparative UPLC-Q/TOF-MS-based Metabolomics approach for distinguishing Zingiber officinale Roscoe of two geographical origins. Food Chem. 2018, 240, 239–244. [Google Scholar] [CrossRef]

	



Lu, Y.; Lam, H.; Pi, E.; Zhan, Q.; Tsai, S.; Wang, C.; Kwan, Y.; Ngai, S. Comparative metabolomics in Glycine max and Glycine soja under salt stress to reveal the phenotypes of their offspring. J. Agric. Food Chem. 2013, 61, 8711–8721. [Google Scholar] [CrossRef]

	



Wang, D.; Zhang, L.; Huang, X.; Wang, X.; Yang, R.; Mao, J.; Wang, X.; Wang, X.; Zhang, Q.; Li, P. Identification of Nutritional Components in Black Sesame Determined by Widely Targeted Metabolomics and Traditional Chinese Medicines. Molecules 2018, 23, 1180. [Google Scholar] [CrossRef]

	



Chong, J.; Soufan, O.; Li, C.; Caraus, I.; Li, S.; Bourque, G.; Wishart, D.S.; Xia, J. MetaboAnalyst 4.0: towards more transparent and integrative metabolomics analysis. Nucleic Acids Res. 2018, 46, W486–W494. [Google Scholar] [CrossRef]

	



Wiklund, S.; Johansson, E.; Sjostrom, L.; Mellerowicz, E.J.; Edlund, U.; Shockcor, J.P.; Johan, G.; Thomas, M.; Trygg, J. Visualization of GC/TOF-MS-based metabolomics data for identification of biochemically interesting compounds using OPLS class models. Anal. Chem. 2008, 80, 115–122. [Google Scholar] [CrossRef]

	



Asaduzzaman, M.; Pratley, J.E.; An, M.; Luckett, D.J.; Lemerle, D. Metabolomics differentiation of canola genotypes: toward an understanding of canola allelochemicals. Front. Plant Sci. 2015, 5, 765. [Google Scholar] [CrossRef]

	



Chen, C. Sinapic Acid and Its Derivatives as Medicine in Oxidative Stress-Induced Diseases and Aging. Oxidative Med. Cell. Longev. 2016, 2016, 1–10. [Google Scholar] [CrossRef]

	



Harbaum-Piayda, B.; Oehlke, K.; Sönnichsen, F.D.; Zacchi, P.; Eggers, R.; Schwarz, K. New polyphenolic compounds in commercial deodistillate and rapeseed oils. Food Chem. 2010, 123, 607–615. [Google Scholar] [CrossRef]

	



Khattab, R.; Eskin, M.; Aliani, M.; Thiyam, U. Determination of Sinapic Acid Derivatives in Canola Extracts Using High-Performance Liquid Chromatography. J. Am. Oil Chem. Soc. 2010, 87, 147–155. [Google Scholar] [CrossRef]

	



Kajla, S.; Mukhopadhyay, A.; Pradhan, A.K. Development of transgenic Brassica juncea lines for reduced seed sinapine content by perturbing phenylpropanoid pathway genes. PLoS ONE 2017, 12, e0182747. [Google Scholar] [CrossRef]

	



Yang, M.; Zheng, C.; Zhou, Q.; Liu, C.; Li, W.; Huang, F. Influence of microwavestreatment of rapeseed on phenolic compounds and canolol content. J. Agric. Food Chem. 2014, 62, 1956–1963. [Google Scholar] [CrossRef]

	



Spielmeyer, A.; Wagner, A.; Jahreis, G. Influence of thermal treatment of rapeseed on the canolol content. Food Chem. 2009, 112, 944–948. [Google Scholar] [CrossRef]

	



Galano, A.; Francisco-Marquez, M.; Alvarez-Idaboy, J.R. Canolol: A Promising Chemical Agent against Oxidative Stress. J. Phys. Chem. B 2011, 115, 8590–8596. [Google Scholar] [CrossRef]

	



Zago, E.; Lecomte, J.; Barouh, N.; Aouf, C.; Carré, P.; Fine, F.; Villeneuve, P. Influence of rapeseed meal treatments on its total phenolic content and composition in sinapine, sinapic acid and canolol. Ind. Crops Prod. 2015, 76, 1061–1070. [Google Scholar] [CrossRef]

	



Moreau, R.A.; Nyström, L.; Whitaker, B.D.; Winkler-Moser, J.K.; Baer, D.J.; Gebauer, S.K.; Hicks, K.B. Phytosterols and their derivatives: Structural diversity, distribution, metabolism, analysis, and health-promoting uses. Prog. Lipid Res. 2018, 70, 35–61. [Google Scholar] [CrossRef]

	



He, W.S.; Zhu, H.; Chen, Z.Y. Plant Sterols: Chemical and Enzymatic Structural Modifications and Effects on Their Cholesterol-Lowering Activity. J. Agric. Food Chem. 2018, 66, 3047–3062. [Google Scholar] [CrossRef]

	



Gül, M.K.; Egesel, C.Ö.; Tayyar, S.; Kahrıman, F. Changes in Phytosterols in Rapeseed (Brassica napus L.) and Their Interaction with Nitrogen Fertilization. Int. J. Agric. Biol. 2007, 9, 250–253. [Google Scholar]

	



Racette, S.B.; Xiaobo, L.; Michael, L.; Catherine Anderson, S.; Most, M.M.; Lina, M.; Ostlund, R.E. Dose effects of dietary phytosterols on cholesterol metabolism: a controlled feeding study. Am. J. Clin. Nutr. 2009, 91, 32–38. [Google Scholar] [CrossRef]








[image: Metabolites 09 00161 g001 550]





Figure 1. Principal component analysis (PCA) scores plot for rapeseed collected from China (green), Canada (red), and Mongolia (blue). The distinct separation of Chinese, Canadian, and Mongolian rapeseeds indicates the presence of metabolites with significant difference. 
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Figure 2. Different metabolites for Chinese and Canadian rapeseeds (a), Chinese and Mongolian rapeseeds (b), and Canadian and Mongolian rapeseeds (c) selected by volcano plot with fold change (FC) threshold (x) 2 and t-test threshold (y) 0.001. The FC and p-values were both log transformed. The red circles on the left represent metabolites above the thresholds and their contents were up-regulated in Canadian rapeseeds compared with Chinese rapeseeds (a), in Mongolian rapeseeds compared with Chinese rapeseeds (b), and in Mongolian rapeseeds compared with Canadian rapeseeds (c)while the red circles on the right were the opposite. The grey circles represent metabolites with no significant difference. The further its position away from (0,0), the more significant the metabolite was. 
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Figure 3. Pathway analyses of differential metabolites between Chinese and Canadian rapeseeds (a), Chinese and Mongolian rapeseeds (b), and Canadian and Mongolian rapeseeds (c). Every circle represents one pathway, and the deeper color represents the more significant changes of the metabolites in the related pathway. Meanwhile, the larger circle means the higher centrality of the metabolite in the related pathways. 






Figure 3. Pathway analyses of differential metabolites between Chinese and Canadian rapeseeds (a), Chinese and Mongolian rapeseeds (b), and Canadian and Mongolian rapeseeds (c). Every circle represents one pathway, and the deeper color represents the more significant changes of the metabolites in the related pathway. Meanwhile, the larger circle means the higher centrality of the metabolite in the related pathways.



[image: Metabolites 09 00161 g003]








© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
-log10(p)

-log10(p)

-logl0{p)

o

nﬁw
o _| | o
=t =t
C‘%E gﬂ-ﬁgﬂ;}
. RS g &
™
g;c-_ o‘{ﬂ% : o atﬂ@ et g
23 - . ® o o
oo . P
e o] ﬁ'&:\"
S eu = e ©® . GEOE o - S
L]
e % 2 o
[ ] o @a
L 8 8 [ [ ]
o : g i . o B o
— 7 Cog o Spo o :swﬂ'c [
%n s ﬂ: nao uﬁ : N
@ & o b
= — fok — =
| | | |
-5 ] 5 10
log2 (FC)
(a)
C?--
g A
q"}'\"’o - a® ocﬁ\ﬁ'
® o
g = um | g
4] -~ s
e
B i i @b
& P
"'~5>ea ® ° °e_ o °®
S e . - S
L J
[ L
qf'f-fan L ] a@ . ﬂ;‘!’
[ e
» ™ L3
{E'q- ”%u 2 ] uc"ﬂ-—
S oo ) R okt - 9
o i
*®e , ¥ "En 2
5] ‘ = ¥ o -
o - o
| | | | | | |
-6 -4 ) 0 2 4 6
log2 (FC)
8 Ao 3
L
Ly Q 413
ctp\;‘ ud‘"
o Ve | o
ol ol
bt
G A2
Csg ot
g -] Q.;‘D o o B g
& ®
%ec"'n &g cpﬁ','q'b'
ae ® . - -
o - o, - ° : -9
ngg = o nB .
- & & ? - ®e
3 ] Cﬂ% ® - Guﬁ s ® -] B E|
‘E-i'o a® uc e © & % lo
8 :no o 8 ® . - nﬂfﬁ;hﬁb
il o é® Xl o T ¥
o
N
o — i ia — o
| | | |
-10 -5 0 5
log2 (FC)

(c)





nav.xhtml


  metabolites-09-00161


  
    		
      metabolites-09-00161
    


  




  





media/file0.png





media/file2.png
PC 2(30.8 %)

20

10

-10

Scores Plot

PC1(42.5 %)

® Canada
® China
® Mongolia
@0 o
O
I | |
-20 -10 10






media/file5.jpg





media/file6.png
‘1og(p)

-10g(p)

-10g(p)

Pathway Impact
(a)
O

Pathway Impact

(b)

R e

01

0.2 03 04 05
Pathway Impact

(c)





media/file3.jpg
®






media/file1.jpg
PC2(308%)

2

10

10

Scores Plot

PC1(425%

Canaga
China
 Mongolia
bt {
°
2 10 10






