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Abstract

:

Rice protein is considered an important dietary protein source. Information regarding rice nutrient-related protein expression is still scarce, hence further study investigating this aspect is highly needed. Herein, we applied sequential window acquisition of all theoretical mass spectra (SWATH-MS) for a comparative proteomic analysis across six different Malaysian rice varieties. These consisted of black rice (BR: PH9 and BALI), red rice (RR: MRQ100 and MRM16), and white rice (WR: MRQ76 and MR297). This study aimed to unravel rice nutrient-related proteins and if their expressions were significantly different across varieties. A total of 4022 quantified proteins were found to be significantly expressed across all varieties with a false discovery rate (FDR) < 1% and p < 0.05. While among 1792 differentially expressed proteins (DEPs) that were identified, 74 DEPs had functions related to nutrient biosynthesis. There were significantly higher expressions of key enzymes for the carotenoid and amylopectin biosynthesis pathways and seed storage proteins, i.e., prolamins and glutelins in RR. Glycoproteins such as cupin and germin-like protein, as well as enzymes that are involved in the biosynthesis of thiamine and anthocyanin were abundantly found in BR. WR was particularly enriched with biosynthesis enzymes for essential amino acids (methionine and arginine), vitamin B, and unsaturated fatty acid. This study provides us insights into the differential expressions of storage and functional proteins with nutrient-related properties in shaping rice grain pigmentations and plant immunity, as well as in contributing diverse health benefits as daily functional food for human consumption.
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1. Introduction


Rice is one of the major staple foods worldwide, feeding more than half of the world’s population, where rice has become their daily energy source [1]. Rice grains could be an important dietary protein source, where its proteins accounts for about 24% of required dietary protein [2]. Besides a large quantity of starch (85–90%), rice grains contain a substantial amount of protein (7–12%), and a small portion of lipids (0.3–3%) [3]. The grain protein contents vary among different rice, for instance, red rice has the highest protein content (24.6%), followed by black rice (19.23%), brown rice (16.08%), aromatic rice (13.19%), and lastly the white rice (13.13%) [4]. Basically, these proteins are found to be seed storage proteins with the majority consisting of albumin, globulin, prolamin, and glutelin, in addition to a variety of essential amino acids. When compared to other staple crops such as oats, wheat and barley, the quality of rice proteins is considered more superior due to its balanced essential amino acids composition [5]. The protein composition of a particular rice is also closely linked to its palatability and physiochemical properties [6].



To date, there have been more than 110,000 cultivated rice varieties, with the preference for rice varying based on regions and cultures [7]. Nevertheless, traditional landrace rice varieties are still preserved by indigenous people in most of the rice farming regions, mainly because of their high nutritional properties and nutraceutical potentials [8]. These include pigmented rice (i.e., black, dark purple, brown, red) that contain health benefiting antioxidative and bioactive compounds, besides serve as a better source of essential amino acids, protein, vitamins, minerals, and lipids than non-pigmented rice. Among pigmented rice varieties, black rice has the highest content of anthocyanins, whereas a relatively higher amount of proanthocyanidin was observed in red rice [9]; both compounds are potent antioxidants in preventing chronic diseases that are associated with oxidative stress [10,11]. In concurrence with the increasing global health awareness among rice consumers, there has been a growing demand for these pigmented rice varieties, where rice consumption is no longer considered a sole energy source but also driven by its nutritional value and quality.



In the present study, we used a sequential window acquisition of all theoretical mass spectra (SWATH-MS)-based proteomics approach to identify and quantify proteins that were extracted from grains of six rice varieties with different pigmentations, namely black rice (Pulut Hitam 9 or PH9 and BALI), red rice (MRM16 and MRQ100), and white rice (MR297 and MRQ76). Of note is that PH9 and MRQ76 have additional attributes of which PH9 is known as a black glutinous rice, whereas MRQ76 is a white aromatic rice. Our primary aim was to investigate nutrient-related proteins that are differentially expressed across those varieties. Proteins with nutritional properties of interest include storage and functional proteins that are involved in the biosynthesis processes of amino acids, antioxidants, starch, fatty acids, and vitamins. This study has increased our understanding about the nutritional content of rice grains that differed in pigmentation, glutinosity, and aroma characteristics.




2. Materials and Methods


2.1. Plant Materials


The mature grains of six selected Malaysian rice varieties with their grain pigmentation categorized as black (i.e., BALI and Pulut Hitam or PH9), red (i.e., MRM16 and MRQ100), and white (i.e., MR297 and MRQ76), respectively, were harvested from MARDI Seberang Prai rice field, with coordinates at 5.5399872, 100.4700515. These rice varieties were chosen on the basis of different grain pigmentations and hence a varying antioxidant content. Of these, four pigmented rice varieties namely BALI, PH9, MRM16 and MRQ100 possess significantly higher antioxidant activities than the other two non-pigmented rice grains, i.e., MRQ76 and MR297, as reported earlier [12]. MRQ76 is also known to be an aromatic rice with good consumer demand, whereas MR297 is rich with micronutrients.




2.2. Rice Protein Extraction


The matured grains that were collected from three independent plants of each rice variety were de-husked and ground into a fine powder using liquid nitrogen. Approximately 0.5 g fine powder was suspended in 3 vol of extraction buffer (containing 700 mM sucrose, 500 mM Tris pH 8, 100 mM KCl, 2% (v/v) β-mercaptoethanol, 2 mM phenylmethylsulfonyl fluoride pH 8.5) and the total protein was extracted according to a modified phenol extraction method as described in Faurobert, et al. [13]. The obtained protein pellets were resuspended using 8 M urea in 100 mM Tris-HCl (pH 8.8), and vortexed before water-sonication for 15 min. The concentration of each protein sample was determined using a bicinchoninic acid (BCA) assay.




2.3. Determination of Protein Composition via SWATH-MS


2.3.1. Sample Preparation and SWATH-Based Proteomics


Proteins (50 µg) were reduced using 10 mM dithiothreitol (DTT) for 1 h at 37 °C, followed by alkylation using 25 mM iodoacetamide (IAA) for 30 min in the dark and trypsin digestion (1:20 trypsin/protein ratio) for 16 h at 37 °C. The digested samples were purified using CDS Analytical™ Empore™ styrenedivinylbenzene reverse phase sulfonate (SDB-RPS) polymer sorbent StageTips (Thermo Fisher Scientific, Sunnyvale, CA, USA), dried, and resuspended in 50 µL of loading buffer (2% acetonitrile and 0.1% formic acid). A total of 4 μL of each digested sample was diluted with 6 μL of loading buffer (total n = 18 samples) and was used for SWATH spectrometry analyses, where analyses were performed using a TripleTOF™ 6600 mass spectrometer (AB SCIEX, Foster City, CA, USA) coupled to an Eksigent NanoLC® Ultra systems (Eksigent Technologies, Dublin, CA, USA). There were two technical replicates for each injection and three biological replicates that were used for each rice variety (total 18 rice samples for 6 rice varieties). SWATH data were acquired with one blank run between every sample analysis. The detailed experimental steps are as described previously [14].




2.3.2. Data Analysis and Protein Identification


Protein identification was performed by searching the data files that were generated by two-dimensional data-independent acquisition mass spectrometry (2D IDA-MS) using the Paragon TM algorithm with ProteinPilot (v5.0, AB Sciex) (≥95% confidence and false discovery rate or FDR ≤ 1%). A customized rice database was created by combining both UniProt accessible resources, Oryza sativa subsp. japonica (Strain: cv. Nipponbare, Proteome ID: UP000059680) and Oryza sativa subsp. indica (Strain: cv. 93-11, Proteome ID: UP000007015) for protein annotation. Data from 2D-IDAs ion library and SWATH files were imported into PeakView version 2.2 (AB SCIEX Foster City, CA, USA), where protein peak area information were extracted and used for quantification based on the following parameters: 1. The top 6 most intense fragments of each peptide (75 ppm mass tolerance, 5 min retention time window); 2. No shared or modified peptides; and 3. Peptides with confidence ≥ 99% and FDR ≤ 1% (max. 100 peptides per protein). The protein peaks were normalized to the total peak area for each run prior to performing the one-way analysis of variance (ANOVA), in order to statistically compare the relative protein peak areas between the samples. Differentially expressed proteins were defined as proteins that exhibited a fold-change (FC) ± 1.5 and p-value < 0.05. The maximum fold change (MaxFC) was calculated based on the ratio of the largest over the lowest rice group average fold change of protein abundance, where BR, RR, and WR are the three designated rice groups.





2.4. Bioinformatics and Statistical Analyses


Functional enrichment analysis via Gene Ontology (GO) annotation was subsequently carried out on significantly expressed proteins (FDR ≤ 1%) using agriGO (http://bioinfo.cau.edu.cn/agriGO, accessed on 12 June 2022). A GO chart was visualized using WEGO 2.0 (http://wego.genomics.org.cn, accessed on 20 June 2022). Volcano plot and K-means clustering (Pearson correlation method) analyses were performed on log2 transformed normalized protein abundance data using MultiExperiment Viewer software (http://www.tm4.org/mev.html, accessed on 24 June 2022). A Protein–protein interactions (PPIs) network between DEPs in BR, RR, and WR varieties was constructed using STRING database and were visualized in Cytoscape version 3.8 [15].





3. Results


3.1. Overall Proteome Representation across Pigmented and Non-Pigmented Rice Grains


The present study employed SWATH-MS-based quantitative proteomics to compare the proteomes across rice varieties comprised of black rice (BR: PH9 and BALI), red rice (RR: MRM16 and MRQ100), and white rice (WR: MRQ76 and MR297) (Figure 1) with triplicate samples for each variety. The MS raw data, including the results of protein and peptide identification, were deposited to the ProteomeXchange Consortium with the identifier PXD018338 [10]. A total of 5673 proteins were identified across 18 samples on the basis of the data-dependent acquisition. Among these, 4022 significantly expressed proteins were identified (FDR < 1%, confidence level of ≥99%). Amongst a total of 3280 annotated proteins that were retrieved from the rice databases, there were 1606, 2766, and 2277 functional terms that were assigned to all 4022 identified proteins that were assigned to cellular component (CC), molecular function (MF), and biological process (BP), respectively (Figure 2). As for cellular component ontology, annotated proteins were majorly assigned to cell (1441 proteins), cell part (1441 proteins), and organelle (1128 proteins), where these proteins were actively involved in metabolic (1865 proteins) and cellular processes (1371 proteins). Meanwhile, the molecular functions of these proteins were largely associated with catalytic activity (1807 proteins) and binding (1751 proteins). Of note is that a small portion of annotated proteins (50 proteins) exhibited antioxidant activity, suggesting that they are the key contributors of rice grain antioxidant properties.




3.2. Differentially Expressed Proteins across Pigmented and Non-Pigmented Rice Varieties


For a better understanding of the proteomic profile underpinned by distinct grain pigmentation of black, red, and white rice varieties, we performed differential protein expression analysis based on three designated groups: 1. Black rice (BR: PH9 and BALI), 2. Red rice (RR: MRM16 and MRQ100), and 3. white rice (WR: MRQ76 and MR297). ANOVA analysis revealed that a total of 1716 differentially expressed proteins (DEPs) were identified from 4022 normalized proteins across all varieties. Figure 3 shows the highest significant differences between BR and WR, where 195 and 481 of up- and down-regulated proteins were found, respectively (fold change ±1.5, p-value < 0.05). This was followed by RR vs. WR, where 192 and 448 proteins were deemed to be significantly up- and down-regulated, respectively. While BR vs. RR showed the lowest numbers of DEPs, with a total of 163 up-regulated and 101 down-regulated proteins.



A total of six clusters were derived from K-means clustering analysis, where the average protein expression pattern could be deduced from the line joining the centroid of each rice group in an individual cluster (Figure 4). Notably, Cluster 4 constituted the greatest number of differentially expressed proteins (602 DEPs), followed by Cluster 5 (314 DEPs) and Cluster 3 (281 DEPs). Interestingly, DEPs in both Cluster 4 and 5 revealed notably higher expressions in WR compared to BR or RR. These findings indicated that WR displayed a unique protein expression compared to the pigmented ones (BR and RR).




3.3. Nutrient-Related Differentially Expressed Proteins between Rice Groups


All DEPs with functions that were involved in rice nutrient biosynthesis processes were next marked based on BlastP and GO annotation search results. This allows us to examine the association between distinctive grain pigmentation and its nutritional properties. From a total of 1716 DEPs that were identified, 74 or 4.3% of them were involved in the biosynthesis of amino acids and storage proteins, fatty acids and lipids, starch, secondary metabolites (e.g., flavonoid, terpenoid, anthocyanins), and vitamins (Table S1). Of these, the highest number of nutrient-related DEPs were expressed in WR (34 DEPs), followed by RR (19 DEPs) and BR (9 DEPs). Among these, DEP with the highest fold change was found to be Prolamin PPROL 14E (Q0DJ45) (~300-FC), with its expression abundantly found in both BR and RR but exclusively high in BR: BALI. Other types of prolamins which include 13- kDa (P17048 and Q6ZIX4) and 17-kDa (P20698) prolamins were also abundantly expressed in RR, ranging from 54- to 185-FC with a predominant expression in MRM16. Besides prolamins, other seed storage proteins such as glutelin type-A (Q09151 and P07730) and B (Q6T725 and P14323) were also abundantly found in RR, particularly in MRQ100 (1.7- to 29.8-FC).



In addition to seed storage proteins, RR particularly for MRM16 was found to be significantly enriched with starch biosynthetic enzymes. These enzymes include ADP-glucose pyrophosphorylase (P93430, 4-FC), in addition to starch synthases (B1B5Z0 and A2YAY8, 3 to 16-FC) and soluble starch synthases (SSIIa and SSIIIa) (Q0DDE3 and A0A0P0XCU3, approx. 5-FCs). While several other starch biosynthesis enzymes such as pullulanases (A0A0P0W7K6 and B8AV01, 24 to 49 FCs) and isoamylases (ISA2 and ISA3, approx. 3-FCs) were abundantly found in WR. Nutrient-related DEPs with exclusively high expression in BR include cupin type-1 domain-containing protein (B8ALS3, 37-FC) and germin-like proteins (A2XN35, 33-FC), in addition to antioxidative proteins, e.g., chalcone synthase (Q2R3A1, 22-FC) and leucoanthocyanidin dioxygenase 1 (Q93VC3, 13-FC). In contrast, WR was enriched with proteins that were involved in the biosynthesis of essential amino acids such as methionine (A2ZMX3, 9-FC) and arginine (Q6YVI0 and Q10N79, 2 to 3-FC); vitamin B complex, i.e., thiamine thiazole synthase (Q7XXS4, 2.9-FC), pyridoxal 5′-phosphate synthase (Q8W3D0, 2.2-FC), and 6,7-dimethyl-8-ribityllumazine synthase (Q7XUK6, 2.4-FC); vitamin C, i.e., inositol-1-monophosphatase (Q6F2U7, 2.3-FC); and fatty acid, i.e., FabA domain-containing protein (A2YSI3, 4-FC), pyruvate kinase (B8ACE9, 2-FC), and oleosin (Q10EK7, 3-FC).




3.4. Protein–Protein Interactions among Nutrient-Related Differentially Expressed Proteins between Rice Groups


In silico prediction of protein–protein interactions (PPIs) enables the identification of interacting DEPs clusters in a network constructed on the basis of different grain pigmentations across black, red, and white rice varieties. Among all 78 DEP clusters that were identified, 30, 13, and 35 DEPs were predicted to have interactions in BR, RR, and WR, respectively (Figure 5). Gene ontology and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed to understand how these functional DEPs that are involved in certain metabolic pathways interact with each other. According to the KEGG pathway enrichment analysis results, there were 11, 5, and 11 pathways that were enriched in PPIs of BR, RR, and WR, respectively (Table 1). Of these, pathways related to the biosynthesis of amino acids and proteins (aminoacyl-tRNA synthesis) were found to be significantly enriched in all three rice groups (p < 0.05). In contrast, some enriched KEGG pathways that were represented by those DEPs were found to be unique to each rice group. For instance, BR were exclusively enriched with DEPs that were involved in the biosynthesis of fatty acids, while RR were particularly enriched in starch and sucrose metabolism (p = 0.0027). It is worth mentioning that some DEPs in WR were involved in terpenoid backbone biosynthesis and the MAPK signaling pathway in plant.





4. Discussion


The SWATH-MS-based proteomic analysis approach was undertaken in this study to provide a global view on the protein expression across pigmented and on-pigmented rice grains. Among a total of 4022 proteins that were identified from all six selected rice varieties, approximately half of those proteins were involved in metabolic (56.9%) and cellular processes (41.8%). The molecular function of these proteins was mainly associated with catalytic activity (55.1%) and binding (53.4%). In general, rice grain proteins are largely constituted of seed storage proteins (~90%) and a small portion of functional proteins (~10%). Seed storage proteins, which accumulate gradually during seed developmental stages as an important nutrient reservoir, are mostly hydrophilic and involved in catalytic, binding, cellular, and metabolic processes [16]. These proteins could act as the enabler for initiating a series of seed germination events such as storage substance degradation and mobilization, phosphorylation, and substrate binding upon imbibition [17]. In contrast, the functional proteins are lesser in abundance, mostly represented by proteins that are derived from hydrophobic acids (alanine, leucine, and proline); aromatic amino acids (phenylalanine, tryptophane, and tyrosine); and sulfur-rich amino acids (methionine and cysteine), and reported to exhibit antioxidant activity [18]. Notably, the present study revealed approximately 1.5% antioxidative proteins (50 from a total of 3280 annotated proteins) across pigmented and non-pigmented rice grains, which was reasonably higher than 1% antioxidative protein from white rice grain itself as reported earlier by Yang, et al. [19].



Approximately 4.3% of DEPs with functions related to rice nutrient biosynthesis were identified from all DEPs when a targeted protein annotation with GO enrichment analysis was performed. Among the six clusters derived by K-mean clustering analysis, it was observed that nutrient-related DEPs were found to be exclusively enriched in BR (Cluster 3), RR (Cluster 1), and WR (Cluster 4 and 5), with approximately 12% (9/74 DEPs), 26% (19/74 DEPs), and 46% (34/74 DEPs), respectively. The highest expression of protein among all was prolamins (~54- to 300-FC) and these proteins are abundantly available in black and red rice. Similarly, glutelin type A and B were also abundant in black and red rice, particularly in red rice of MRQ100 with a maximum 30-fold change observed. Both prolamins and glutelin are the major seed storage proteins in rice, where they accounted for 20–30% and 70–80% of the total seed protein content, respectively [20,21]. These seed storage proteins are synthesized and accumulated during grain filling and become the stored nitrogen sources for germinating seedlings. The exceptional high expressions of these proteins in red rice varieties could be reasonably explained by significant interactions between ribosomal proteins and proteins that are involved in the translation process and aminoacyl-tRNA biosynthesis pathway. According to a study that was reported by Wang et al. [22], both glutelin and prolamin could exert antioxidant activities in the in vitro gastrointestinal tract. They found that when these proteins were subjected to pepsin-pancreatin digestion, glutelin exhibited stronger free scavenging and metal chelating activities as well as reducing power compared to prolamin. The antioxidant activities of these proteins were likely to be due to the release of antioxidant peptides IY and VY upon pepsin treatment [23]. In addition, prolamin was found to exert bioactive activities which could activate anti-leukemia immunity in human [24,25], with additional hypoglycemic as well as antioxidant and antihypertensive effects [26,27].



The expressions of stress-related glycoproteins namely cupin type-1 domain-containing protein and germin-like proteins were found to be up-regulated the most in BR. These two proteins are highly similar in structure where germin-like proteins are part of the cupin superfamily proteins [28,29,30]. Cupin and germin-like proteins possess superoxide dismutase activity [31,32], which is an important antioxidant defense against oxidative stress [33], thereby increasing plant resistance against broad-spectrum diseases [34,35,36] and abiotic stresses [37,38,39]. These characteristics could be explained by the oxalate oxidase activity of germin-like protein which catalyzes the aerobic oxidation of oxalic acid into carbon dioxide and hydrogen peroxide, and in turn triggers plant defense mechanisms [40]. In addition, the functional proteins that are involved in rice pericarp pigment biosynthesis were significantly enriched in black and red rice varieties. Notably, enzymes that catalyze the very first (chalcone synthase) and penultimate steps (anthocyanidin synthase) of the flavonoid biosynthesis pathway were abundantly found in black rice varieties, while a significant increase in geranylgeranyl diphosphate synthase, the precursor for carotenoid biosynthesis was observed in red rice varieties. Studies have reported the important roles of chalcone synthase, anthocyanins, and geranylgeranyl diphosphate synthase in contributing to plant biotic and abiotic resistances [41,42,43].



The palatability of cooked rice is always of great concern for the consumer and rice breeders, which are highly dependent on rice grain’s starch content and composition (amylose and amylopectin). The present study found that red rice varieties were significantly enriched with starch biosynthetic enzymes with a relatively higher expression observed in MRM16. This is in accordance with the PPI analysis results, where DEPs from red rice varieties were demonstrated to strongly interact with proteins that were involved in starch and sucrose metabolism. The enriched enzymes include ADP-glucose pyrophosphorylase, which catalyzes the first step of starch biosynthesis in the cytosol, in addition to starch synthase and soluble starch synthase (SSIIa and SSIIIa) in the subsequent reactions. Mutation of either SSIIa or SSIIIa and double mutation of these genes produced rice grains with a chalky kernel appearance, decreased viscosity, and increased amylose content [44]. In contrast, the enrichment of starch synthase and soluble starch synthase could lead to increased amylopectin content in rice, where cooked rice becomes softer, with a higher degree of stickiness and palatability [45,46]. In the present study, white rice varieties are hypothesized to have increased pullulanase and isoamylase activities, as up-regulated expressions of putative pullulanases (A0A0P0W7K6 and B8AV01) and isoamylases (ISA2 and ISA3) were observed. Both pullulanase and isoamylase hydrolyse α-1-6 linkages of amylopectin result in a water-insoluble amylopectin structure and resistant starch, thereby increasing the apparent amylose content of rice grain [47,48]. These collectively could reasonably explain the a lower amylose content in red rice varieties (i.e., MRM16, amylose content = 17.6%) than white rice varieties (i.e., MRQ76, amylose content = 19%; MR297, amylose content = 23%) [49,50].



Nutrient compositions such as fatty acids, essential amino acids, micronutrients, and vitamins are among those important components contributing to the nutritional and quality attributes of a particular rice grain. The present study revealed a range of functional proteins that were associated with these attributes that were found to be highly expressed in black and white rice varieties. For instance, significantly up-regulated expressions of FabA domain-containing protein, pyruvate kinase, and oleosin, which are crucial for the biosynthesis and mobilization of unsaturated fatty acids [51,52,53], were found particularly in the white rice varieties, where these health benefiting unsaturated fatty acids are mostly available within the aleurone layer of rice bran. Likewise, white rice varieties were significantly enriched with functional proteins that were involved in the biosynthesis of essential amino acids such as methionine and arginine. Studies have shown that proteins containing methionine or arginine residues have the ability to scavenge reactive oxygen species (ROS), effectively defending against oxidative stress [54,55,56]. Apart from these, the biosynthetic enzymes for vitamin B1, i.e., thiamine thiazole synthase and thiamine pyrophosphokinase, were abundantly expressed in white rice (higher in MRQ76) and black rice (higher in BALI), respectively. In contrast, the proteins that are involved in vitamin B2 and B6 biosynthetic processes were highly expressed in white rice, as 6,7-dimethyl-8-ribityllumazine synthase and pyridoxal 5′-phosphate synthase subunit PDX1.2 were the key enzymes for those respective processes. The potency of vitamin B family members as antioxidants has been well-studied and their roles in activating defense mechanisms against environmental stresses in plants has been discussed [57,58,59]. This is plausible that a collective antioxidant activity that is exerted by vitamin Bs and essential amino acids confer pest and disease tolerance and resistance characteristics in white rice varieties (MRQ76 and MR297) as reported earlier [60,61,62]. This could be supported by PPI analysis where oxidative stress and plant defense associated pathways i.e., oxidative phosphorylation, peroxisome and MAPK signaling pathway, were over-represented in white rice varieties. More importantly, the consumption of these antioxidative proteins could protect our body against oxidative stresses [54,56,63,64].




5. Conclusions


A general public acceptance for an ideal diet should be largely composed of whole-grain foods such as rice that is enriched with antioxidants, essential amino acids, unsaturated fats, vitamins, and micronutrients, as well as high amylose content that is known to lower risk of non-communicable diseases. The present study has clearly alluded to the potential of rice with different grain pigmentations as a daily functional food, on the basis of their unique nutritional protein compositions contributing to a diverse health benefit for human consumption. As some of the rice nutrient-related proteins are removed during the milling process, consumers are, therefore, advised to choose lightly milled rice, especially for white rice, in order to retain as much of the nutrition as possible, and therefore, the health benefits that are available from rice grain. In addition, information on the varying protein content and composition governed by grain pigmentation in this selected rice germplasm is an invaluable resource and can be utilized for future works such as developing protein-based biomarkers that are related to nutritional and quality traits. Hence, the outcome of this study holds high potential in facilitating rice breeding activities for generating elite rice varieties with enhanced nutritional levels and improved health benefits.
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Figure 1. Selected de-husked grains of pigmented and non-pigmented rice varieties that were used in this study. Black rice (BR) varieties are represented by PH9 (A) and BALI (B); red rice varieties (RR) consist of MRM16 (C) and MRQ100 (D); and white rice (WR) varieties are comprised of MRQ76 (E) and MR297 (F). 
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Figure 2. Gene ontology annotation for all 4022 identified proteins of Oryza sativa indica spp. across four pigmented and two non-pigmented rice varieties using the WEGO biological tool. The annotations were grouped into three categories: cellular component, molecular function, and biological process. The left-hand Y axis represents the percentage of the genes in categories and the right-hand Y axis stands for the number of the genes in each group. 
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Figure 3. Volcano plots between black and white rice (BR vs. WR) (A), red and white rice (RR vs. WR) (B), and black and red rice (BR vs. RR) (C). The protein abundance data were plotted on a log2 scale (x-axis) versus a –log10 transformation of the p-value (y-axis). A significant cut off (p < 0.05) was set (grey line on the y-axis) and the significant up- and down-regulated proteins were determined using ± 1.5-fold change, respectively. BR vs. WR: 195 and 481 significant up- dan down-regulated proteins, respectively (A); RR vs. WR: 192 and 448 significant up- and down-regulated proteins, respectively (B); and BR vs. RR: 163 and 101 significant up- and down-regulated proteins, respectively (C). 
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Figure 4. K-means clustering of differentially expressed proteins across three designated rice groups (BR, RR, and WR). Values represent the log transformed normalized abundance value of proteins that significantly differed between group(s) with a fold change ±1.5 and significance threshold, p < 0.05 according to ANOVA analysis. Group 1, 2, and 3 represent BR, RR, and WR, respectively. Colored data points mark the centroids of each cluster. 
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Figure 5. Protein–protein interactions (PPIs) network between differential expression proteins (DEPs) in black (PH9 and BALI), red (MRM16 and MRQ100), and white (MRQ76 and MR297) rice. Colors indicate nodes of different types of protein. A total of 30, 13, and 35 DEPs were interacted in black, red, and white rice varieties, respectively (A–C). 
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Table 1. KEGG and gene ontology (GO) enrichment analysis for differentially expressed proteins (DEPs) in the protein–protein interaction network of black (BR), red (RR) and white (WR) rice group.
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Black (BR)

	

	

	




	
GO Type

	
GO ID

	
GO Term

	
p-Value




	
Biological process

(BP)

	
GO:0006082

	
Organic acid metabolic process

	
0.0064




	
GO:0009084

	
Glutamine family amino acid biosynthetic process

	
0.0064




	
GO:0008652

	
Cellular amino acid biosynthetic process

	
0.0135




	
GO:0019752

	
Carboxylic acid metabolic process

	
0.0161




	
GO:0017144

	
Drug metabolic process

	
0.0487




	
GO:1901564

	
Organonitrogen compound metabolic process

	
0.0487




	
KEGG

	
dosa01200

	
Carbon metabolism

	
5.90 × 10−4




	
dosa00640

	
Propanoate metabolism

	
0.0014




	
dosa01040

	
Biosynthesis of unsaturated fatty acids

	
0.0024




	
dosa00071

	
Fatty acid degradation

	
0.0031




	
dosa00280

	
Valine, leucine and isoleucine degradation

	
0.0031




	
dosa00592

	
Alpha-linolenic acid metabolism

	
0.0031




	
dosa01212

	
Fatty acid metabolism

	
0.0052




	
dosa00620

	
Pyruvate metabolism

	
0.007




	
dosa04146

	
Peroxisome

	
0.007




	
dosa00230

	
Purine metabolism

	
0.0172




	
dosa01230

	
Biosynthesis of amino acids

	
0.0371




	
Red (RR)

	

	

	




	
GO Type

	
GO ID

	
GO Term

	
p-Value




	
Biological process (BP)

	
GO:0006412

	
Translation

	
0.0169




	
GO:0006518

	
Peptide metabolic process

	
0.0169




	
Molecular function (MF)

	
GO:0003735

	
Structural constituent of ribosome

	
0.0012




	
Cellular component (CC)

	
GO:0005840

	
Ribosome

	
0.0022




	
GO:0005634

	
Nucleus

	
0.0309




	
GO:0005737

	
Cytoplasm

	
0.041




	
KEGG

	
dosa00052

	
Galactose metabolism

	
0.0018




	
dosa00970

	
Aminoacyl-tRNA biosynthesis

	
0.0018




	
dosa03050

	
Proteasome

	
0.0018




	
dosa00500

	
Starch and sucrose metabolism

	
0.0027




	
dosa03010

	
Ribosome

	
0.0061




	
White (WR)

	

	

	




	
GO Type

	
GO ID

	
GO Term

	
p-Value




	
Cellular component (CC)

	
GO:0005743

	
Mitochondrial inner membrane

	
0.0164




	
GO:0098796

	
Membrane protein complex

	
0.0232




	
KEGG

	
dosa00190

	
Oxidative phosphorylation

	
1.87 × 10−8




	
dosa01230

	
Biosynthesis of amino acids

	
6.66 × 10−7




	
dosa01200

	
Carbon metabolism

	
9.64 × 10−7




	
dosa00260

	
Glycine, serine, and threonine metabolism

	
1.90 × 10−4




	
dosa00630

	
Glyoxylate and dicarboxylate metabolism

	
1.90 × 10−4




	
dosa00020

	
Citrate cycle (TCA cycle)

	
0.0047




	
dosa00900

	
Terpenoid backbone biosynthesis

	
0.0047




	
dosa00710

	
Carbon fixation in photosynthetic organisms

	
0.0077




	

	
dosa04146

	
Peroxisome

	
0.0087




	

	
dosa04016

	
MAPK signaling pathway—plant

	
0.015




	

	
dosa00010

	
Glycolysis/Gluconeogenesis

	
0.017
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