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Abstract

:

Weedy rice (Oryza spp.) is a notorious weed that invades paddy fields and hampers the rice’s production and yield quality; thus, it has become a major problem for rice farmers worldwide. Weedy rice comprises a diverse morphology and phenotypic variation; however, the metabolome and chemical phenotypes of weedy rice grains have not been explored. Therefore, this study is aimed to investigate the metabolite profiles and chemical diversity of Malaysian weedy rice. Thirty-one biotypes of weedy rice grains were collected from selected rice granaries in different states of Peninsular Malaysia, including Selangor, Perak, Penang, Kedah, Perlis, Kelantan, and Terengganu. In addition to the weedy rice samples, four cultivated rice varieties (MR219, MR220, MR220 CL2, and MARDI Siraj 297) were subjected to nuclear magnetic resonance-based metabolomics. The PLS-DA and OPLS-DA models revealed a clear separation between the weedy rice and cultivated rice, which was contributed by the higher level of γ-aminobutyric acid (GABA), α-glucose, fumaric acid, and phenylalanine in the weedy rice, whilst valine, leucine, isoleucine, fatty acids, 2,3-butanediol, threonine, alanine, butyric acid, choline, γ-oryzanol, fructose, β-glucose, sucrose, ferulic acid, and formic acid were found dominant in the cultivated rice. Interestingly, the models also showed a separation between the weedy rice samples collected from the west coast and east coast regions of Peninsular Malaysia. The metabolites responsible for the separation, i.e., threonine, alanine, butyric acid, fructose, β-glucose, and formic acid, were found higher in the west coast samples, and the east coast samples were discriminated by higher levels of valine, leucine, isoleucine, fatty acids, 2,3-butanediol, choline, GABA, γ-oryzanol, α-glucose, sucrose, fumaric acid, ferulic acid, and phenylalanine. This study is the first to provide insights into the metabolite profiles and chemical phenotypes of Malaysian weedy rice that could be influenced by genotype and environmental conditions. The information on the weedy rice metabolome and omics data is important for further research on weed management and crop improvement.
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1. Introduction


Rice is one of the major plant crops consumed by more than half of the world’s population. It has become an important agricultural commodity that supplies nutrition and calory intake, specifically for Asian countries. However, the emergence of weedy rice (Oryza spp.) has threatened rice production globally, i.e., weedy rice has infested 75% of the rice fields all over the world [1,2]. In Malaysia, weedy rice emergence was first reported 35 years ago in Selangor and subsequently spread rapidly across Peninsular Malaysia [3,4], which caused more than RM 20 million losses in the early 1990s due to the weedy rice infestation [5].



Weedy rice is a notorious weed grown in rice field areas. It is phylogenetically related to cultivated rice (Oryza sativa) but may also possess genetic characteristics of wild rice (Oryza rufipogon). Thus, weedy rice has diverse anatomical, morphological, and physiological features that make it well-adapted and competent in all rice field environments [6,7,8,9]. These characteristics, along with long-term sympatric distribution, have led to weedy rice as the most difficult weed to control. Weedy rice is known as red rice due to the red pericarp color, while in Malaysia, it is called ‘padi angin’ due to its easy seed shattering. Weedy rice can be characterized by tall stature, seed shattering, a red pericarp, the presence of an awn, a different hull color, and seed dormancy [10,11,12]. These characteristics make weedy rice superior in defeating cultivated rice for water, nutrients, sunlight, and other resources in the field [6]. In recent years, there have been reports on the mimicry of weedy rice morphology to cultivated rice, i.e., it is shorter in height and has a white pericarp color and straw hull color, which has caused lower visibility for the eradication process and makes it worst; some weedy rice has developed herbicide-resistant through the selection of outcrosses [13,14]. Without proper weed control and management, the high infestation of weedy rice will significantly have a negative impact on farmers. Nevertheless, so far, there is no efficient method to eliminate weedy rice.



Studies on weedy rice extensively focus on morphological and genetic characteristics. No or limited studies can be found on the chemical profiles or metabolites of weedy rice. Much metabolomics research has been conducted on rice (e.g., [9,15,16,17,18]), but none has been studied on the weedy rice metabolome. Therefore, the chemical phenotypes and composition of metabolites in diverse weedy rice biotypes remain unclear. The metabolomics and metabolite fingerprinting of weedy rice are crucial to be studied to have insights into the chemical characteristics between weedy rice and cultivated rice, as well as among weedy rice varieties. Metabolite fingerprinting may provide a single or set of chemical patterns that define variation for the quality control of plants and crops. Furthermore, metabolomics studies may reveal chemical traits or biomarkers that relate specific compounds to growth, disease, stress, and environmental changes [19,20], which further deduce a better understanding of grain morphology and physiology.



Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool to elucidate the structural information of chemical compounds and is one of the major platforms used to biochemically profile biological samples. NMR offers several advantages, such as rapidity, reproducibility, and minimal sample preparation [19]. Even though NMR has always been considered as low sensitivity compared to high-resolution mass spectrometry, by using a higher magnetic field and increasing the number of scans, it is very effective at identifying, characterizing, and quantifying metabolites [20]. For example, the NMR technique, coupled with multivariate statistical analysis, was employed to explore the chemical diversity of rice cultivars for a better understanding of their associations with environmental conditions [19,21,22,23].



Weedy rice metabolite profiles are still unknown, and the biochemical differences among weedy rice biotypes have yet to be discovered. Therefore, this study aims to compare the metabolite profiles between weedy rice and cultivated rice, as well as among various weedy rice biotypes across different geographical regions in Peninsular Malaysia. To the best of our knowledge, this is the first report on the metabolomics study of weedy rice.




2. Materials and Methods


2.1. Chemicals


Potassium phosphate (KH2PO4), methanol-d4 (CD3OD), 99.8%, deuterated water (D2O), sodium deuteroxide (NaOD), 99.5%, and 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt (TSP) were purchased from Merck, Darmstadt, Germany.




2.2. Sample Materials


The field surveys were conducted in seven states of Peninsular Malaysia representing, the west coast region (Selangor, Perak, Penang, Kedah, and Perlis) and the east coast region (Terengganu and Kelantan) (Figure 1). These surveys were carried out during the harvesting stage between July 2017 and October 2018, in which the weedy rice samples were also collected [24]. Briefly, the collection of weedy rice samples was conducted within the survey transect at 30 m intervals, and one plant was collected at each sampling point, with a total of 30 sampling points at each location. However, the sample collection was excluded from the sampling points when there was no weedy rice in the quadrat, a low number of weedy rice seeds due to shattering, and/or comprised of young weedy rice plants with unmatured seeds. The field classification of weedy rice was based on qualitative morphological characteristics (Table S1). Weedy rice was determined when it resembled one of the wild-type characteristics, including a red pericarp, black hull, shattered seeds, the presence of an awn, and/or tall stature (>100 cm). Panicles per plant from each weedy rice sample were randomly collected and kept in labeled paper bags. Then, the seeds were segregated from the panicles, air-dried for three days, and kept at 4 °C until further use.



For the cultivated rice, four rice varieties, i.e., MR219 (accession number: MRGB11633), MR220 (accession number: MRGB11634), MR220 CL2 (accession number: MRGB12132), and MARDI Siraj 297 (accession number: MRGB13019), were obtained from Genebank and Seed Centre, Malaysian Agricultural Research and Development Institute (MARDI), Serdang, Selangor, Malaysia. The seeds were air-dried for three days and stored at 4 °C until further analysis.



Thirty-one biotypes of weedy rice grains and four varieties of cultivated rice were selected and subjected to 1H NMR analysis. Three biological replicates from all biotypes (weedy rice) and cultivar (cultivated rice) seeds were ground with a mortar and pestle under liquid nitrogen and then freeze-dried for 48 h. The dried samples were kept at room temperature in the dark until further extraction.




2.3. Metabolite Extraction


For each sample, a quantity of 200 mg of dry weight was transferred to a 2 mL Eppendorf tube. The samples were extracted with 0.8 mL of methanol-d4 and 0.2 mL of a potassium buffer in deuterium oxide (pH 6) containing 0.1% trimethylsilylpropanoic acid (TSP) as an internal standard. The samples were mixed by vortex for 20 s and sonicated for 15 min at a frequency of 37 kHz using Elmasonic P30 H (Elma Hans Schmidbauer, Singen, Germany) and centrifuged at 13000 rpm for 15 min (Eppendorf type-5424R, Hamburg, Germany). An aliquot of 0.8 mL of the supernatant was transferred into a clean NMR tube.




2.4. NMR Analysis


All 1H NMR spectra were acquired on a 600 MHz NMR (Bruker, Rheinstetten, Germany). MeOH-d4 was used as the internal lock. One dimension of each 1H NMR spectrum consisted of 160 scans for 15 min and 40 s of acquisition time. The parameters were as follows: 0.12 Hz/point, a pulse width of 30° (11.3 µs), and a relaxation delay of 2 s. A pre-saturation sequence was used to suppress the residual water signal with low-power selective irradiation at the H2O frequency during the recycle delay. The free induction decay (FID) was Fourier transformed with a line broadening factor (LB) of 0.3 Hz. Two-dimensional J-resolved NMR spectra consisted of 16 scans per 36 increments for F1 and 296.9 k for F2, with spectral widths of 9973.4 Hz in F2 (chemical shift axis) and 78.1 Hz in F1 (spin–spin coupling constant axis). The relaxation delay was 1.5 s. Datasets were zero-filled to 128 points in F1, and both dimensions were multiplied by sine-bell functions (SSB = 0). The J-resolved spectra were tilted by 45 and symmetrized about F2. All spectra were phased, the baseline was corrected, and the TSP signal (internal standard) was calibrated to 0.0 ppm. The metabolite identification of weedy rice and cultivated rice were analyzed using both 1H NMR and 2D NMR (J-resolved) spectra and based on the previous reports [15,17,19,25].




2.5. Multivariate Data Analysis


The 1H NMR spectra were phased, the baseline was corrected and the TSP signal (internal standard) was calibrated to 0.0 ppm by using a Chenomx NMR Suite 7.6 profiler (Chenomx, Inc., Edmonton, AB, Canada). Regions 4.7–4.9 ppm and 3.2–3.3 ppm that corresponded to water and methanol, respectively, were excluded prior to the normalization and spectrum alignment. The bucketed data were converted to an Excel file and imported into SIMCA version 17.0 (Sartorius Stedim Biotech, Umeå, Sweden) for multivariate analysis. Multivariate analysis of the principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA), and orthogonal least squares discriminant analysis (OPLS-DA) was carried out using unit variance scaling. The quality of the models was determined by R2Y (the goodness of fit) and Q2Y (predictability) values. Furthermore, the PLS-DA and OPLS-DA models were validated by a permutation test and the CV-ANOVA value, respectively. A hierarchical cluster analysis (HCA) was performed by applying Ward’s agglomeration method in a “bottom-up” manner using SIMCA software version 17.0 (Sartorius Stedim Biotech, Umeå, Sweden).





3. Results and Discussion


3.1. Comparative Metabolomics Analysis of Weedy Rice and Cultivated Rice


Thirty-one weedy rice biotypes were collected from selected rice granaries in the west coast region (Selangor, Perak, Penang, Kedah, and Perlis) and east coast region (Terengganu and Kelantan) of Peninsular Malaysia. The seeds of weedy rice and four rice varieties (MR219, MR220, MR220 CL2, and MARDI Siraj 297) were extracted and analyzed using an NMR-based metabolomics approach. Samples were analysed using 1H NMR and 2D NMR (J-resolved), and the assignments of NMR signals were made based on previous reports [15,17,19,25].



Briefly, a 1H NMR spectrum is divided into three regions, i.e., amino acid and organic acid region (0.5–3.0 ppm), sugar region (3.0–5.5 ppm), and aromatic region (5.6–8.5 ppm). The limitation of 1H NMR due to the signals overlapping can be resolved by utilizing two-dimensional J-resolved analysis that provides splitting pattern and coupling constants to assign the identification of metabolite signals. Figure 2A shows the two-dimensional J-resolved spectrum of weedy rice representing the region 0.5–3.0 ppm, in which the identified metabolites are amino acids (valine, alanine, leucine, isoleucine, threonine), organic acids (butyric acid, 2,3-butanediol, γ-aminobutyric acid), and lipids (fatty acids). Figure 2B shows that the metabolites in the region of 3.0–5.5 ppm are sugars (α-glucose, β-glucose, fructose, sucrose) as well as choline and γ-oryzanol. The aromatic region between 6.0 and 8.5 ppm shows signals of ferulic acid, fumaric acid, phenylalanine, and formic acid (Figure 2C). Of these regions, the most intense signals were found in the region 3.0–5.5 ppm, which correspond to sugar compounds, while the peaks in the aromatic region (6.0–8.5 ppm) were relatively lower than those in other regions.



Table 1 summarizes the chemical shifts and coupling constants of the characteristic NMR signals of the identified metabolites. In total, 19 metabolites were identified, in which the metabolites in the aromatic region, i.e., fumaric acid and phenylalanine, are exclusively found in weedy rice. Fumaric acid and phenylalanine, with a characteristic signal at 6.52 ppm (singlet) and 7.38 ppm (triplet, J = 6.2 Hz), respectively, were not detected in cultivated rice seeds. However, the rest of the compounds were detected in both cultivated and weedy rice samples.



To begin the multivariate data analysis, all 1H NMR spectra were bucketed and then exported into SIMCA software. For this study, the standardized area and unit variance scaling method were applied for multivariate data analysis. Figure 3A shows the score plot of principal component analysis (PCA) of weedy rice and cultivated rice. The PCA showed 18.9% variance in principal component 1 (PC1) and 13.2% variance in principal component 2 (PC2). However, the PCA score plot illustrates no distinct separation between weedy rice and cultivated rice. The weedy rice samples were mainly concentrated at the intersection of both components, while the cultivated rice samples were distributed in the negative components of PC1 (Figure 3A). Figure 3B shows that the PCA model generated 15 principal components (Comp[1]–Comp[15]), where the R2 value was 0.85, and the Q2 value was 0.43. To obtain a well-fitted model, the R2 value (how well the model fits the data) should be close to 1, and the Q2 value (how well the model predicts the new data) should be more than 0.5 to explain good predictivity. A poor Q2 value indicates the data have much noise or the model is dominated by a few scattered outliers. As PCA is an unsupervised method, the variation between each sample could be larger compared to the variation between the weedy rice and cultivated rice groups [26]. Therefore, a supervised method using partial least squares discriminant analysis (PLS-DA) was applied to obtain a better separation between the weedy rice and cultivated rice, where the samples would be assigned into two groups, i.e., weedy rice and cultivated rice.



The PLS-DA model (Figure 4A) demonstrated a clear separation between the weedy rice and cultivated rice compared to the PCA model (Figure 3A). The PLS-DA’s score plot shows the cultivated rice (green) was at the far left of PC1 compared to the weedy rice (red). The percentage of variation in PC1 and PC2 are 13.6% and 13.0%, respectively. The PLS-DA model generated six principal components, where the fit value, R2 (0.95), was close to 1, and the predictive value, Q2 (0.79), was more than 0.5, thus indicating that all the data were well-fitted to the PLS-DA model (Figure 4B). A permutation test was conducted to validate the model since PLS-DA is a supervised method in which sample groups are assigned prior to the analysis. Figure 4C shows a permutation result of the PLS-DA model in which the two criteria of the model’s validity have been met: (1) all blue Q2 values to the left are lower than the original points to the right, and (2) the blue regression line of the Q2 points intersects with the vertical axis (on the left), at or below zero. Thus, the PLS-DA model between the weedy rice and cultivated rice was valid and had no overfitting issues. The loading plot (Figure 4D) shows the signals that contributed to the separation between the weedy rice and cultivated rice. It was found that some signals of aromatic compounds (6.0–9.0 ppm) were accumulated in the weedy rice, while the cultivated rice exhibited a higher level of signals at 0.5–3.0 ppm (the amino acid and organic acid regions) and 3.0–5.0 ppm (the sugar region).



Besides PLS-DA, the orthogonal partial least squares discriminant analysis (OPLS-DA) can be applied to obtain better model improvement with the two assigned groups between the weedy rice and cultivated rice [26]. Figure 5A shows the OPLS-DA score plot that distinctly separated the weedy rice (red) from the cultivated rice (green). The CV-ANOVA value of the OPLS-DA model is p = 7.49 × 10−29, thus indicating it is a valid model. The column loading plot of the OPLS-DA (Figure 5B) shows the 1H NMR signals that contributed to the separation between the weedy rice (the positive area) and cultivated rice (the negative area). In general, the cultivated rice relatively comprised a higher level of all identified metabolites, except phenylalanine, fumaric acid, γ-aminobutyric acid (GABA), and α-glucose, which were higher in the weedy rice.



The separation of the weedy rice from cultivated rice was expected, as the cultivated rice of the indica and japonica types also showed distinctive seed metabolomes [27,28]. In fact, weedy rice has a different morphology, e.g., a colored pericarp and colored hull, and some have an awn compared to cultivated rice, which has a white pericarp with a straw hull and is awn-less. This justifies the higher signals of some aromatic compounds in weedy rice, which are similar to other studies that showed pigmented rice having higher aromatic compounds than non-pigmented rice [29,30]. Kim et al. [31] revealed that the pigmented rice was mainly attributed to color-related metabolite anthocyanins and their precursors, proanthocyanidins and flavonoids. Sucrose, fructose, and β-glucose were dominant in the cultivated rice, which indicates less starch or lower sugar levels in the weedy rice, probably due to the more carbon channeled to the secondary metabolites’ formation or the efficient usage of energy for environmental adaptation. Some signals of aromatic compounds were also accumulated in the cultivated rice, but the signals were not able to be identified by NMR, and further analysis on other platforms, such as LCMS or GCMS, might aid in the identification of the unknown signals.



Since there is a significant difference between weedy rice and cultivated rice, we wanted to further analyze whether weedy rice can be distinguished according to the geographical locations. At first, we grouped the samples according to the state’s region; however, none of the models produced principal components, and they did not meet the validity criteria. Therefore, we assigned the groups according to the west coast and east coast regions, while the cultivated rice was assigned as another, different group. The PLS-DA score plot (Figure 6A) showed clear separation of cultivated rice from other weedy rice samples, forming a cluster in the positive quadrant of PC1. Interestingly, the weedy rice formed two discriminate groups, where weedy rice from the east coast region of Peninsular Malaysia can be differentiated from weedy rice from the west coast region using this model. Weedy rice samples from the east coast region (Kelantan and Terengganu) were located in the positive area of PC2, while weedy rice samples from the west coast region (Selangor, Perak, Penang, Kedah, and Perlis) were in the negative area of PC2 (Figure 6A). The differentiation of cultivated rice from the weedy rice is influenced by the component in PC1, while the separation of weedy rice from different regions is influenced by the component in PC2. The model variation is 22.7%, of which 13.4% is in PC1, and 9.3% is in PC2. The PLS-DA model generated five principal components with an R2 value of 0.76 and a Q2 value of 0.60, indicating a well-fitted model (Figure 6B). The permutation test showed that the R2 and Q2 values were 0.186 and −0.375, thus confirming the model’s validity (Figure 6C). The metabolites profiles from this model can be separated according to regional locations as visualized in the loading plot (Figure 6D). The weedy rice from the west coast region contained higher levels of amino acid alanine and threonine, as well as β-glucose and butyric acid, while weedy rice from the east coast region accumulated aromatic signals of ferulic acid and phenylalanine, as well as fumaric acid and choline. The cultivated rice was discriminated by high levels of sucrose, fructose, formic acid, and fatty acids. In general, the separation of the weedy rice from the east coast (EC) was due to the accumulation of aromatic compound signals (6.0–9.0 ppm), while the weedy rice from the west coast (WC) was discriminated by amino acid signals (0.5–3.0 ppm), and cultivated rice (CR) was discriminated by the signal of sugars (3.0–5.5 ppm). In addition to the score plot, a hierarchical cluster analysis (HCA) was conducted to display the distance measure and linkage among the samples. Figure 6E shows an HCA dendrogram with four major clusters representing cultivated rice, weedy rice from the east coast, weedy rice from the west coast, and a cluster comprised of weedy and cultivated rice mixtures. The latter contained similar metabolites that were shared together. It is inferred that the weedy rice biotypes from this cluster undergo the process of de-domestication and hybridization between the weedy rice and cultivated rice, producing an admixture of morphological characteristics [32,33]. The separation of the weedy rice samples from the cultivated rice indicates a distinct chemical fingerprint between the weed’s biotype and the domesticated varieties.



An additional analysis was conducted to further define the weedy rice differences between the two regions, i.e., the east coast and west coast regions. Therefore, the cultivated rice samples were excluded and the weedy rice samples from the east coast and west coast regions were analyzed using the PLS-DA model. The result shows a clear cluster separating the samples of the west coast and the east coast region in the positive and negative area of PC1, respectively (Figure 7A). This indicates that weedy rice can produce distinct metabolites according to its geographical locations. The model produced only two principal components, and the PC variation was 19.45% with an R2 value and a Q2 value of 0.72 and 0.55, respectively (Figure 7B). Figure 7C shows a validated PLS-DA model with a permutation test, in which the R2 and Q2 lines intercepted the y-axis at 0.196 and −0.209, respectively. The loading plot of the PLS-DA shows that the west coast region accumulated with amino acid signals (1.0–3.0 ppm), while the east coast region accumulated with aromatic compound signals (6.0–9.0 ppm) (Figure 7D).



This model was further analyzed with the OPLS-DA model, where a distinct separation could be observed in PC1 (Figure 8A). The cross-validation using CV-ANOVA gave significant results (p = 1.77 × 10−17), in which a p-value below 0.05 indicated that the model was validated. Further analysis using a column loading plot explained that the weedy rice from the east coast accumulated more aromatic compounds, including, among others, fumaric acid, ferulic acid, and phenylalanine (Figure 8B), than the weedy rice from the west coast region. Other metabolites, i.e., fatty acids, valine, leucine, isoleucine, 2,3-butanediol, GABA, α-glucose, sucrose, γ-oryzanol, and choline, were also higher in the east coast samples compared to the west coast region. Some identified metabolites that were dominant in the west coast region included threonine, alanine, butyric acid, fructose, β-glucose, and formic acid.



Ferulic acid is a phenolic compound known for its antioxidant properties, providing rigidity to the cell wall and the formation of other organic compounds [34,35]. The phenolics act as radical scavengers to decrease the incidence of oxidative stress-induced damage to large biological molecules [36,37]. Phenylalanine is an amino acid and a precursor for secondary metabolites in phenylpropanoid and flavonoid biosynthesis. These metabolites were reported to have biological functions in pigmentation and defensive activity against biotic and abiotic stresses and act as an anti-inflammatory in plants [16,18].



Furthermore, the HCA dendrogram (Figure 8C) shows that the west coast and east coast regions were well-separated into two clusters, confirming the separation of metabolite profiles between the two regions. The two distinct clusters could be inferred due to geographical and climate factors. The climate conditions were different in both areas, where the east coast region received higher annual rainfall (2500–3000 mm) than the west coast region (1500–2500 mm) (Table S2). Furthermore, the temperature in the east coast region (30–33 °C) was lower than in the west coast region (34–37 °C). This phenomenon could explain the different metabolite profiles between the east coast and west coast weedy rice, especially the more aromatic compounds in the east coast samples, which could be due to abiotic stresses. This finding is in line with studies by Du et al. [21] and Schaarschmidt et al. [23], who showed that climate and low temperatures might affect the rice metabolome. Du et al. [21] showed that phenylpropanoid and flavonoid biosynthesis were activated, and the antioxidant activity was higher in the rice exposed to low temperatures. The weedy rice in the east coast region also contained higher levels of GABA, which plays the role of a stress-induced amino acid transporter that accumulates under environmental stress [15,17,18]. Moreover, the east coast and west coast regions have different agronomic approaches, which may contribute to the chemical and phenotypic differences between weedy rice in the two regions. The east coast region practiced 100% direct seeding, while the west coast region conducted 80% direct seeding and 20% transplanting methods (Table S2).




3.2. Metabolomic Analysis of Malaysian Weedy Rice Associated with Grain Morphology


The pericarp color is one of the characteristics that differentiate weedy rice from cultivated rice. The PLS-DA score plot shows that the weedy rice and cultivated rice are separated based on a red or white pericarp color (Figure S1A). This PLS-DA model generated three principal components, with R2 and Q2 values of 0.60 and 0.41, respectively (Figure S1B). The R2 value is far from 1, and the Q2 value is less than 0.5, indicating a poor PLS-DA model. However, the permutation test shows a good intercept, which validates the PLS-DA model (Figure S1C). Further, the OPLS-DA model was applied to seek better separation of the pericarp color (Figure 9A). The red pericarp samples were clearly clustered in the positive quadrant of PC1, while the white pericarp samples showed distinct distribution in the negative quadrant of PC1. The separation, however, has no correlation with the geographical locations, indicating that metabolites associated with pericarp color have no influence from the environment. The cross-validation using CV-ANOVA gave significant results (p = 1.86 × 10−9) for the OPLS-DA model. The weedy rice with red pericarp color exhibited higher signals of aromatic region metabolites, such as fumaric acid, ferulic acid, and phenylalanine, among others (Figure 9B). On the other hand, weedy and cultivated rice with white pericarp color displayed more signals from amino acids (valine, leucine, isoleucine, threonine, and alanine), organic acids (2,3-butanediol, butyric acid, GABA, and formic acid), fatty acids, and others (γ-oryzanol and choline). The formic acid contributed to the white pericarps due to its higher level in the cultivated rice compared to the weedy rice. Some signals of the aromatic region at 6.0–10.0 ppm were not able to be identified.



This finding is in line with the fact that the red pericarp color is associated with the accumulation of anthocyanins, proanthocyanidins, and flavonoids, which contain the aromatic group [29,31,38]. A red pericarp is the main characteristic that differentiates weedy rice from cultivated rice, even though they are similar species [32,33]. More bioactive compounds were accumulated in red rice compared to white rice [15,31,39]. Weedy rice with red pericarps was found to be rich in dietary fiber, compared to the white pericarp of the weedy rice and cultivated rice, which is beneficial in the application of the development of functional foods and various other value-added products [40,41]. This was due to less starch and lower sugar content, as well as being rich in antioxidant compounds in red pericarp compared to white pericarp seeds. Interestingly, the metabolite profile of red weedy rice was found to be lower in γ-oryzanol, fatty acids, and choline. Previous studies reported that red-cultivated rice contained higher levels of γ-oryzanol, fatty acids, and choline compared to white-cultivated rice [42,43,44]. γ-oryzanol is the most accessible antioxidant in rice bran (rice hull), which protects rice oil from oxidation and inarguably has health benefits [15,45,46]. In this study, γ-oryzanol was found to be higher in white-cultivated rice, followed by white weedy rice and red weedy rice. The difference could be due to different metabolisms between the red-cultivated rice and red weedy rice.



The subsequent analysis was to explore if the hull colors (brown, brown furrow, black, golden, and straw) could be one of the factors contributing to the differences between cultivated rice and weedy rice. However, the PLS-DA model is not well-fitted, with very low R2 and Q2 values (Figure S2), and the permutation test was not valid. No clear separation in the hull color could be due to the variation among the hull colors, which is not significantly different compared to the red and white pericarps, which are very distinct. Although some of the straw hull and brown hull samples were separated distantly from the other hull colors, which indicates different metabolite profiles, the model is not well-fitted or valid for further use (Figure S2). Similarly, the comparison of the weedy rice and cultivated rice based on awn availability could not generate more than one principal component in the PLS-DA model; thus, it cannot be used for further analysis. A previous study reported that awned biotypes had a high level of protein and a lower level of lipids compared to awn-less biotypes [47]. These may require different approaches using proteomics or lipidomics rather than metabolomics analysis.



Over the past decade, there has been extensive research on metabolomics in rice (Oryza sativa L.), primarily focusing on natural variation and the impacts of biotic or abiotic stresses [16,21,22,23]. While the study of metabolic and chemical fingerprints in cultivated rice is increasing, there is a lack of research in the field of metabolomics in weedy rice, with minimal or no investigation conducted. It is crucial to conduct metabolomics studies on weedy rice in parallel with cultivated rice, given their conspecific nature. This conspecific relationship allows for the direct translation of information gathered from rice metabolomics research to any studies involving weedy rice. Due to this conspecific nature, beneficial characteristics from weedy rice have significant potential to be incorporated to advance the development of rice breeding programs, especially in increasing the quality (aromatic and nutritional values) and improving the performance (a high yield, disease resistance, and abiotic stress tolerance) [24,48,49]. Our current analysis of metabolite profiles in local weedy rice from Malaysia adds further value to these efforts. This study demonstrates that different weedy rice varieties, both morphologically and regionally, exhibit distinct metabolite profiles that can be differentiated from one another. Consequently, it becomes intriguing to explore relevant questions regarding the chemical composition or metabolites present in weedy rice.





4. Conclusions


This metabolomics study has been successfully applied to differentiate weedy rice from cultivated rice based on their metabolite profiles. To the best of our knowledge, no metabolomics study has been conducted on weedy rice, and this is the first report to profile the metabolites produced by weedy rice. Our study reported four major compounds in weedy rice that contribute to its separation from cultivated rice, i.e., GABA, α-glucose, fumaric acid, and phenylalanine. This metabolomics study has also revealed the difference of weedy rice in the west coast and east coast regions of Peninsular Malaysia. The latter was higher in signals of aromatic compounds, which was due to the environmental conditions and abiotic stresses. The comparative metabolomics analysis between the red pericarp and white pericarp colors suggested that the higher level of aromatic compounds, especially phenylalanine in the red pericarp color, was attributed to the accumulation of flavonoids, anthocyanins, and proanthocyanidins. This study provides new insights into the comparison of Malaysian weedy rice versus cultivated rice, as well as different biotypes of weedy rice based on geographical area and pericarp color. The difference in the metabolite profiles of the west coast and east coast regions of Peninsular Malaysia shows the evolution and adaptation of weedy rice in different environmental conditions. However, this study is limited to only weedy rice from Peninsular Malaysia. It is well known that weedy rice is morphologically and genetically diverse. Therefore, comparing metabolites of weedy rice from other Asia-Pacific and temperate regions will provide in-depth information about the metabolite profiles of weedy rice in association with different traits and genetic make-up. Further metabolomics studies using different analytical platforms, such as LCMS and GCMS, may give a better understanding of the weedy rice metabolome. Moreover, multi-omics studies, by combining genomics, transcriptomics, proteomics, and metabolomics data, could improvise weed management strategies and enhance crop improvement programs.
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Figure 1. Sample collection of weedy rice in seven states covering the west coast region (Selangor, Perak, Penang, Kedah, and Perlis) and the east coast region (Kelantan and Terengganu) of Peninsular Malaysia. 
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Figure 2. Two-dimensional J-resolved NMR spectra of the weedy rice in the range of 0.5–3.5 ppm (A), 3.0–5.5 ppm (B), and 6.0–8.5 ppm (C). (1) fatty acids (0.88 ppm, d, J = 7.0); (2) butyric acid (0.89 ppm, d, J = 7.0); (3) isoleucine (0.95 ppm, t, J = 7.5); (4) leucine (0.96 ppm, d, J = 6.5); (5) valine (1.01 ppm, d, J = 7.0); (6) 2,3-butanediol (1.12 ppm, d, J = 7.0); (7) threonine (1.33 ppm, d, J = 6.6); (8) alanine (1.47 ppm, d, J = 6.6); (9) γ-aminobutyric acid (2.32 ppm, d, J = 7.5) (10) choline (3.23 ppm, s); (11) γ-oryzanol (3.92 ppm, s); (12) fructose (4.13 ppm, d, J = 8.2); (13) β-glucose (4.53 ppm, d, J = 7.7); (14) α-glucose (5.15 ppm, d, J = 3.7); (15) sucrose (5.4 ppm, d, J = 3.8); (16) fumaric acid (6.52 ppm, s); (17) ferulic acid (7.14 ppm, d, J = 8.0); (18) phenylalanine (7.38 ppm, d, J = 6.2); (19) formic acid (8.48, s). 
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Figure 3. Score plot (A) of principal component analysis (PCA) derived from 1H NMR spectra of weedy rice (red dots) and cultivated rice (green dots). Summary of fit (B) with R2 value (green bar) and Q2 value (blue bar). 
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Figure 4. Score plot (A) of partial least squares discriminant analysis (PLS-DA) derived from 1H NMR spectra of weedy rice (red dots) and cultivated rice (green dots). Summary of fit (B) and per mutation test (C) with R2 value (green) and Q2 value (blue). Loading plot (D) of PLS-DA with X variables of 1H NMR signals (grey dots) and Y variables of the sample class: weedy rice and cultivated rice (blue dots). 
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Figure 5. Score plot (A) of orthogonal partial least squares discriminant analysis (OPLS-DA) derived from 1H NMR spectra of weedy rice (red dots) and cultivated rice (green dots). Column loading plot (B) of OPLS-DA. (1) Valine/leucine/isoleucine, fatty acids; (2) 2,3-butanediol; (3) threonine/alanine; (4) butyric acid; (5) choline; (6) γ-aminobutyric acid (GABA); (7) γ-oryzanol; (8) fructose; (9) β-glucose; (10) α-glucose; (11) sucrose; (12) fumaric acid; (13) ferulic acid; (14) phenylalanine; (15) formic acid. 
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Figure 6. Score plot (A) of partial least squares discriminant analysis (PLS-DA) derived from 1H NMR spectra of cultivated rice (green dots) and weedy rice from east coast (blue dots) and west coast regions (red dots). Summary of fit (B) and permutation test (C) with R2 value (green) and Q2 value (blue). Loading plot (D) of PLS-DA and hierarchical cluster analysis (E) derived from 1H NMR spectra. CR, cultivated rice (Ctr); EC, east coast region; WC, west coast region; CL1-CL4, clusters 1–4. 
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Figure 7. Score plot (A) of partial least squares discriminant analysis (PLS-DA) derived from 1H NMR spectra of weedy rice from east coast (blue dots) and west coast regions (red dots). Summary of fit (B) and permutation test (C) with R2 value (green) and Q2 value (blue). Loading plot (D) of PLS-DA with X variables of 1H NMR signals (grey dot) and Y variables of the sample class: east coast region and west coast region (blue dot). 
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Figure 8. Score plot (A) of orthogonal partial least squares discriminant analysis (OPLS-DA) derived from 1H NMR spectra of weedy rice from east coast (blue dots) and west coast regions (red dots). Column loading plot (B) and hierarchical cluster analysis (C) of OPLS-DA. (1) Valine/leucine/isoleucine, fatty acids; (2) 2,3-butanediol; (3) threonine/alanine; (4) butyric acid; (5) choline; (6) γ-aminobutyric acid (GABA); (7) γ-oryzanol; (8) fructose; (9) β-glucose; (10) α-glucose; (11) sucrose; (12) fumaric acid; (13) ferulic acid; (14) phenylalanine; (15) formic acid. EC, east coast region; WC, west coast region. 
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Figure 9. Score plot (A) of orthogonal partial least squares discriminant analysis (OPLS-DA) of red pericarp (red dots) and white pericarp (grey dots) colors in weedy rice from east coast (EC) and west coast (WC) regions and cultivated rice (Ctr). Column loading plot (B) of OPLS-DA. (1) Valine/leucine/isoleucine, fatty acids; (2) 2,3-butanediol; (3) threonine/alanine; (4) butyric acid; (5) choline; (6) γ-aminobutyric acid (GABA); (7) γ-oryzanol; (8) fructose; (9) β-glucose; (10) α-glucose; (11) sucrose; (12) fumaric acid; (13) ferulic acid; (14) phenylalanine; (15) formic acid. 






Figure 9. Score plot (A) of orthogonal partial least squares discriminant analysis (OPLS-DA) of red pericarp (red dots) and white pericarp (grey dots) colors in weedy rice from east coast (EC) and west coast (WC) regions and cultivated rice (Ctr). Column loading plot (B) of OPLS-DA. (1) Valine/leucine/isoleucine, fatty acids; (2) 2,3-butanediol; (3) threonine/alanine; (4) butyric acid; (5) choline; (6) γ-aminobutyric acid (GABA); (7) γ-oryzanol; (8) fructose; (9) β-glucose; (10) α-glucose; (11) sucrose; (12) fumaric acid; (13) ferulic acid; (14) phenylalanine; (15) formic acid.
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Table 1. The identified metabolites in weedy rice and cultivated rice. s = singlet, d = doublet, t = triplet, m = multiplet, 🗸 = detected, - = undetected.






Table 1. The identified metabolites in weedy rice and cultivated rice. s = singlet, d = doublet, t = triplet, m = multiplet, 🗸 = detected, - = undetected.





	Metabolites
	1H NMR Signals of Chemical Shift (ppm)

and Coupling Constant (Hz)
	Weedy

Rice
	Cultivated

Rice





	Fatty acids
	δ 0.88 (d, J = 7.0), δ 1.30 (m)
	🗸
	🗸



	Butyric acid
	δ 0.89 (d, J = 7.0); δ 1.58 (m)
	🗸
	🗸



	Isoleucine
	δ 0.95 (t, J = 7.5), δ 1.03 (d, J = 7.0),
	🗸
	🗸



	Leucine
	δ 0.96 (d, J = 6.5), δ 0.98 (d, J = 6.5)
	🗸
	🗸



	Valine
	δ 1.01 (d, J = 7.0), δ 1.06 (d, J = 7.0)
	🗸
	🗸



	2,3-Butanediol
	δ 1.12 (d, J = 7.0)
	🗸
	🗸



	Threonine
	δ 1.33 (d, J = 6.6)
	🗸
	🗸



	Alanine
	δ 1.47 (d, J = 6.6)
	🗸
	🗸



	γ-aminobutyric acid (GABA)
	δ 1.89 (m), δ 2.32 (d, J = 7.5), δ 2.98 (d, J = 7.5)
	🗸
	🗸



	Choline
	δ 3.23 (s)
	🗸
	🗸



	γ-oryzanol
	δ 3.92 (s), δ 5.39 (d, J = 5.9)
	🗸
	🗸



	Fructose
	δ 4.13 (d, J = 8.2), δ 3.78–3.82 (m)
	🗸
	🗸



	β-glucose
	δ 4.53 (d, J = 7.7)
	🗸
	🗸



	α-glucose
	δ 5.15 (d, J = 3.7)
	🗸
	🗸



	Sucrose
	δ 5.4 (d, J = 3.8), δ 4.13 (d, J = 8.5)
	🗸
	🗸



	Fumaric acid
	δ 6.52 (s)
	🗸
	-



	Ferulic acid
	δ 7.14 (d, J = 8.0), δ 7.27 (s), δ 3.90 (s)
	🗸
	🗸



	Phenylalanine
	δ 7.38 (t, J = 6.2)
	🗸
	-



	Formic acid
	δ 8.48 (s)
	🗸
	🗸
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