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Introduction 

Rice, (Oryza sativa L.), was the staple food for more than half of 

the world’s population out of which 50 % of the rice produced 

and consumed comes from India and China. Every year, about 

480 million metric tonnes of milled rice were produced (1). In 

addition, it provided employment to nearly 200 million 

households and served as a source of income in the 

underdeveloped nations (Food and Agriculture Organization. 

June 29, 2013). The post-harvest storage of rice seeds was a 

critical aspect of agricultural practice, influencing their quality, 

nutritional content and market value. Ensuring the quality and 

nutritional integrity of rice seeds throughout the post-harvest 

storage process was crucial for maintaining food security and 

meeting the dietary needs of populations worldwide. Post-

harvest storage conditions had profoundly impacted the 

quality, shelf life and nutritional content of rice seeds, making 

it imperative to understand the biochemical changes that 

occurred during storage. 

 Seed longevity was influenced by the storage 

environmental conditions such as the temperature, equilibrium 

relative humidity and oxygen pressure (2). Many physiological 

and biochemical changes occurred during seed deterioration. 

The most accepted indicators of seed deterioration included 

reduced germination rates and decreased vigour. Research also 

identified various physiological, cellular, biochemical and 

metabolic changes that occur during seed storage. These 

included lipid peroxidation, enzyme inactivation, cellular 

membrane disruption, reduced energy production, alterations 

in protein synthesis and degradation of DNA and RNA and 

disruption in redox homeostasis. Among these, alterations in the 

metabolite composition of rice seeds played a pivotal role in 

determining their overall quality and nutritional value. 

Metabolomics, an advanced analytical approach, emerged as a 

powerful tool for studying these dynamic metabolic changes in 

rice seeds during storage. Thus, enhancing seed storability by 

preserving seed vigour during storage was crucial for rice 

production (3). 

 Metabolomics, a relatively new discipline within high-

throughput functional genomics, enabled global analysis and 

identification of the accumulation of metabolites or small 

molecules within a cell at a given time. Consequently, 

metabolomics, which provided a comprehensive, unbiased, 

high-throughput examination of complex metabolite mixtures 

in target organisms, was employed in various seed studies. 

Metabolomics involved a complex field of analytical chemistry 

and bioinformatics in which advanced techniques to 

determine the levels of a wide range of metabolites were 

employed in a series of procedures, including sample 

extraction and preparation, metabolite detection using 
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Abstract  

Rice is a vital staple crop that not only served as a primary food source but also contributed significantly to the national economy. Its 
propagation through seeds was therefore crucial for ensuring sustainable agricultural productivity. However, seed viability declined over 

time due to physiological and biochemical changes during storage, leading to deterioration and reduced quality. Understanding these 

metabolic changes was essential for preserving seed longevity. Metabolomics emerged as a robust analytical approach for profiling a 
wide range of rice seed metabolites and identifying biomarkers linked to seed ageing. Techniques like mass spectrometry (MS) and 

nuclear magnetic resonance (NMR) allowed for high-resolution, comprehensive analysis. Metabolomics enabled early detection of seed 

ageing with high accuracy and supported strategies that extended rice seed viability. This enhanced seed quality management and 

reduced post-harvest losses effectively. This review highlighted the metabolite composition of rice seeds, factors influencing changes 
during storage, key metabolomics methodologies and their applications in improving seed quality, longevity and future breeding 

programs. 
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analytical instruments and data processing and mining by 

means of bioinformatics techniques (4). The ultimate goal of 

plant metabolomics was quantification of the metabolome in 

plants (5). Metabolomics was divided into targeted and 

untargeted approaches. It utilized high-resolution separation 

techniques in conjunction with sensitive detection methods to 

analyse small molecules over a broad dynamic range (6). 

 This approach was generally used for the 

characterization of rice aging and traceability to provide a 

potential pathway and determine the changes in biological 

phenotypes. 

Metabolite composition of rice seeds 

Rice seeds contained a wide range of metabolites which were 

broadly classified into primary and secondary metabolites. 

Understanding these metabolites was crucial for enhancing 

rice cultivation, nutritional value and storage properties. 

1. Primary metabolites of rice seeds 

Primary metabolites in rice seeds were essential compounds 

involved in the growth, development and metabolic processes 

necessary for the seed's viability and successful germination. 

The major primary metabolites in rice included carbohydrates, 

proteins, lipids. 

 Carbohydrates were the most abundant primary 
metabolites in rice seeds, serving as the primary energy source 

during germination and early seedling growth. Seeds 

contained a variety of carbohydrates, including 

oligosaccharides and polysaccharides. Starch being the chief 

component comprised of 72 % to 82 % of the dry weight in 

brown rice grain (7) and roughly 90 % in milled rice grain (8). In 

the endosperm of "albuminous" members of Poaceae family, 

carbohydrates, particularly starch, dominated, comprising 

about 80 % of the seed's total composition. The main 

components of starch, amylose and amylopectin possessed 

unique characteristics. Amylopectin, which made up 65 % to 

85 % of starch granules, was extensively branched due to α-

(1,6) bonds, with waxy mutants possibly containing entirely 

amylopectin (9). In contrast, amylose consisted  of linear α-1,4 

linked glucose units, occasionally featuring α-1,6 branch 

points (10). Wild rice starch yielded less but contained higher 

amylose levels than long grain brown rice starch (11). Factors 

such as  grain size and sucrose levels affected the rate at which 

starch accumulated in rice grains (12). 

 While starch predominated, rice seeds also contained 

other carbohydrates, but in smaller quantities which include 

monosaccharides like glucose, fructose and oligosaccharides 

like raffinose and sucrose. In the early stages of seed 

development, monosaccharides like glucose and to a lesser 

extent, fructose were relatively abundant, but their levels 

decreased as the seed matured. In mature seeds, these 

monosaccharides comprised only a very small portion of the 

total sugar content, representing less than 0.2 % of the dry 

weight in cereals (13). In rice seeds, disaccharides were present 

in small quantities, with sucrose being the most notable. The 

sucrose concentration was significantly higher in the embryo 

compared to the endosperm of cereals (14). Sucrose was the 

predominant one, but the cereals also contained notable 

amounts of raffinose, stachyose and occasionally verbascose.  

 Lipid represented another important class of primary 

metabolites. The lipid content was higher in the embryo, 

followed by the aleurone layer of the seed where they were 

arranged in the lipid droplets and in sphaerosomes (15). In the 

endosperm, lipids were more concentrated in the outer layer, 

leading to a progressive decline towards the centre of kernel 

(16-18). Lipids in crops like rice were classified as starch lipids 

and non-starch lipids based on their cellular distribution and 

association;  they were also categorized  as neutral lipids, 

glycolipids and phospholipids (19). 

 Rice seed storage proteins (SSPs) were exclusively 

synthesized in the endosperm and accumulated in large 

quantities. These proteins were classified into albumins, 

globulins, prolamins and glutelins based on their solubility, 

using the Classical Osborne Fractionation method developed 

in 1924 (20). Within the ripe grain (caryopsis) of rice, there are 

twenty primary amino acids were present, including eight 

essential amino acids crucial for human and animal health. 

The concentration of free amino acids in a mature grain was 

very low, typically ranging from 0.35 % to 0.55 % of the total 

amino acid content.  

2. Secondary metabolites of rice seeds 

Secondary metabolites performed a variety of physiological 

roles, including regulating rice growth and development, 

enhancing disease resistance, providing anti-insect properties 

and exhibiting allelopathic effects. Additionally, they 

possessed a range of biological activities, such as 

antimicrobial, antioxidant properties (21). Some important 

secondary metabolites in rice seeds included phenolic 

compounds, flavonoids and terpenoids. 

 Ferulic acid and p-coumaric acid were the predominant 
phenolic acids in rice, with higher concentrations found in 

brown rice compared to milled rice (22). Earlier studies 

revealed that rice bran had the highest total phenolic and 

flavonoid contents (23). 

 Flavonoids were typically classified into several 

categories including flavones, flavonols, flavanols (also known 

as flavan-3-ols), flavanonols, isoflavones and flavanones. As 

per previous report Tricin, among the seven typically identified 

flavonoids in rice, emerged as the predominant one in the 

bran, constituting 77 % of the total amount of these seven 

flavonoids (24). 

 The other major secondary metabolites were the 

terpenoids, which were further divided into monoterpenoids, 

diterpenoids and triterpenoids.  

The major secondary metabolites of rice seeds and their 

biological roles were illustrated in Table 1. 

Factors affecting metabolite composition during storage 

The three important external factors - temperature, relative 

humidity and  oxygen exposure determined the storage 

potential of rice seeds (25). Besides these, the genetic factors 

and the storage duration also predominantly influenced the 

metabolite composition (Fig. 1). 

1. Temperature 

The influence of temperature on the metabolite composition 
of rice seeds was a complex phenomenon  
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As 

per 

report the storage at 25 °C caused a decrease in sucrose and 

glucose levels in most Basmati rice varieties. Basmati 86 

showed a reduction in sucrose from 3.10 to 2.20 mg/ kg and in 

glucose from 37.50 to 1.70 mg/ kg, while Basmati 515 showed a 

reduction in sucrose from 5.80 to 2.40 mg/  kg and in glucose 

from 95.60 to 28.70 mg/ kg. At 5 °C, fructose increased in 

Basmati 86 from 9.70 to 15.70 mg/ kg, Basmati Super from 9.00 

to 11.80 mg/ kg and Basmati Kainat from 7.60 to 15.00 mg/ kg, 

while sucrose and glucose decreased in most varieties. 

Basmati S. fine showed an increase in glucose from 64.90 to 

97.00 mg/ kg at 5 °C. After 3 months of storage at 25 °C, Basmati 

86 showed a significant decrease in palmitic acid (17.49 to 8.07 

g/100 g), oleic acid (38.01 to 9.89 g/100 g) and linoleic acid 

(33.45 to 8.06 g/100 g). After 6 months of storage at 5 °C, 

palmitoleic acid increased to 17.80 g/ 100 g and stearic acid to 

3.69 g/ 100 g. In Basmati Super, after 3 months at 25 °C, oleic 

acid decreased from 46.21 to 21.88 g/ 100 g, linoleic acid from 

28.64 to 10.30 g / 100 g and palmitic acid from 17.3 to 10.72 g/ 

100 g. After 6 months at 5 °C, oleic acid decreased to 10.93 g / 

100 g, linoleic acid to 16.73 g / 100 g and palmitic acid to 8.26 

g / 100 g (26). 

 The effect of storage temperature on the fatty acid 

composition of Kusabue and Katakutara rice showed notable 

differences, at 30°C resulted in Kusabue had higher levels of 

16:0 (palmitic acid-53.33 %) and 18:1 (oleic acid-(42.06 %) 

compared to Katakutara. At 60 °C, Kusabue exhibited a 

decrease in 16:0 (39.32 %) and an increase in 18:2 (linoleic acid) 

(36.83 %), while Katakutara showed a slight increase in 16:0 

(29.98 

%) 

and a 

decrease in 18:2 (29.81 %). Both cultivars had increased 18:1 

and 18:2 in neutral and polar lipids at 60 °C (27). Together these 

studies indicated that the temperature had a great influence 

on the metabolite composition of rice seeds. 

2. Relative humidity 

The influence of humidity on the metabolite composition of 

rice seeds was multifaceted. In a previous report on rice seeds 

stored under various conditions, it was noted that at 20 °C and 

40 % humidity, the initial fatty acid content measured 3.27 mg/ 

100 g and began to increase over time, with aging effects 

becoming evident from the 35th day onward (28). At 60 % 

humidity, the content also increased, peaking by the 40th day. 

In a high-humidity environment (80 %), fatty acid content rose 

steadily before decreasing after reaching the peak, with a rapid 

increase starting on the 35th day. At 30 °C and 35 °C, fatty acid 

levels increased significantly, with 80 % humidity accelerating 

the rise. Temperature and humidity together influenced the 

increase in fatty acids, with 30 °C and 35 °C showing the most 

rapid increase in fatty acid content, especially at 80 % 

humidity. The total starch content (%) in rice decreased under 

all relative humidity (RH) conditions, with higher RH (80 %) 

causing faster degradation than lower RH (40 %). At 20 °C, 

starch content dropped from 65 % to 52 % (40 % RH), 50 % (60 

% RH) and 48 % (80 % RH) by day 10, stabilizing around 47- 45 

% by day 50. At 30 °C, it declined from 58 % to 50 % (40 % RH), 

48 % (60 % RH) and 46 % (80 % RH) by day 6, stabilizing at 48-

45 % by day 24. At 35 °C, it fells from 62 % to 50 % (40 % RH), 48 

% (60 % RH) and 46 % (80 % RH) by day 4, stabilizing at 48-46 % 

Table 1. Major secondary metabolites in rice seeds and their functions  

Class of Metabolite Examples Biological Role References 

Phenolic Compounds Ferulic acid, p-Coumaric acid Antioxidant, antimicrobial (21, 22, 23) 

Flavonoids Tricin, Anthocyanins, Flavones, Flavonols, Flavanols, 
Isoflavones, Flavanones 

Antioxidant, pigmentation (24) 

Terpenoids Gibberellins, Momilactone B, Lupeol, Cycloartenol etc. Aroma, phytohormones, defence, 
allelopathy 

(21) 

Fig.1. Factors affecting metabolite composition of rice seeds during storage. 
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by day 12. Lower RH slowed degradation, while higher RH 

accelerated it. 

 Primed seeds stored under LT-V (low temperature-

vacuum), RT-V (Room temperature-vacuum) and RT-A-LH 

(Room temperature-aerobic-low RH) maintained stable α-

amylase activity and sugar content for 60 days. In contrast, RT-

A-HH (Room temperature-aerobic-high RH) storage caused 

sharp declines, with α-amylase activity decreasing by 55.0 %, 

59.6 %, 75.3 % and 70.6 % after 15, 30, 45 and 60 days, 

respectively and sugar content dropping by 51.3 %, 49.3 % and 

49.4 % compared to LT-V, RT-V and RT-A-LH, highlighting high 

humidity’s adverse effects (29). 

 Together, these studies indicated that humidity can 

indeed influence the metabolite composition of seeds. 

3. Oxygen exposure 

The impact of oxygen exposure on the metabolite composition 

of cereals during storage was a complex phenomenon. The use 

of oxygen absorbers has been shown to inhibit lipid degradation 

in unpolished grains like brown rice and whole grain wheat by 

reducing the accumulation of free fatty acids (35). Rice seeds 

stored under elevated partial pressure of oxygen (EPPO) 

conditions exhibited significant changes in lipid and volatile 

compound composition. Oxidized lipids, which were negatively 

correlated with seed viability (r < -0.98), increased during 

storage, while triacylglyceride (TAG) 52:3 + O, initially present, 

declined to non-detectable levels, transforming into other 

oxidized TAGs that negatively affected germination. Lipids like 

coenzyme Q9 and tri-linoleoyl-glycerol, positively correlated 

with viability (r > 0.85), decreased with storage. Volatile profiling 

identified 183 compounds, with EPPO-stored samples showing 

marked increases in volatiles such as  3,5-octadien-2-one, 2-

methyl-2-propanol, hexanal, 2-heptanone, acetic acid and 

heptanal, all of which were correlated with reduced seed 

germination and extended storage (36). Conversely, under 

anaerobic conditions, only rice seeds were capable of degrading 

non-boiled, soluble starch, indicating the presence of a 

complete set of starch-degrading enzymes (37). 

4. Genetic factors 

The metabolite composition of rice was notably affected by 

genetic factors, as evidenced by studies conducted (30, 31). 

Investigation into rice grains demonstrated that various 

metabolites were under the control of distinct genetic factors. 

Research further supported this notion, indicating that the 

metabolic makeup of rice kernels correlated with genetic 

diversity and can serve as a predictor of quality traits. 

Furthermore, a previous study emphasized the influence of 

crossing parentage and environmental conditions on metabolite 

profiles, particularly in wild-type cultivars, which had a 

significant impact on the metabolite composition of low phytic 

acid rice offspring.  

 In the study, among the IIYou 998 (IIY) and BoYou 998 

(BY) seeds, the IIY seeds showed significant changes in 19 

metabolites during storage whereas BoYou 998 (BY) seeds 

exhibited significant changes only in 8 metabolites (33). The 

raffinose levels were also lower in IIY seeds before and after 

storage compared to BY seeds indicating the lower storage 

potential of IIY seeds. As per previous report that after 20 days 

of storage at 10.9 % moisture content and 45 °C, 

"IR65483" (long-lived) seeds showed increased levels of 

kaempferide, quercetin-3-arabinoside, S-sulfocysteine and D-

glucose, while "WAS170" (short-lived) seeds did not, instead 

they had higher levels of thiamine monophosphate and 

harmaline, indicating seed deterioration which are due to key 

metabolic and genetic factors in seed longevity (34).  

5. Storage duration 

The impact of storage duration on the metabolite composition 

of cereals varied depending on the specific metabolite and 

cereal type. The report observed changes in the fatty 

components of cereals during prolonged storage (38). The 

metabolite composition of rice varieties changed significantly 

during storage. Total starch content decreased after storage, 

while amylose content increased by 9.63-11.65 % in japonica, 

2.99-4.67 % in indica and 8.07-8.97 % in indica-japonica 

hybrids. Fat content decreased sharply by 60.00-65.00 %, 37.21

-46.51 % and 41.67-42.42 %, respectively. Abscisic acid (ABA) 

content gradually decreased throughout the year, while 

raffinose content initially increased by 19.35-45.45 %, 7.02-

10.77 % and 16.13-28.13 % after 4 months but later declined to 

the lowest levels after one year. Additionally, antioxidant 

enzyme activity decreased, leading to increased fatty acid 

values and malondialdehyde (MDA) levels. These chemical 

changes over one year contributed to deteriorated cooking 

quality, evidenced by reduced viscosity, increased 

gelatinization temperature and harder cooked rice (39). Over 

the 120-day storage period, rice seed metabolite composition 

showed significant changes where the starch content 

decreased from 77 % at 60 days to 75 % at 120 days (40). As per 

previous report, the rice was stored at 25 °C for 0 to 7 months 

(41). The total protein content of fresh harvest rice (0 months) 

decreased by 19.81 % over the 7-month storage period. 

Metabolomics analysis techniques 

Metabolomics was a technology for analysing metabolites in 

organisms including plant metabolites which were produced 

for growth, development and defence against natural 

predators in plants. In addition, metabolomics helped in 

understanding plant metabolic states, functions of unknown 

genes and breeding crops as valuable traits like taste and yield 

were closely related to metabolic conditions (4). 

 Metabolomics studies on seed storage revealed 

significant changes in metabolite profiles during storage, 

affecting seed longevity and quality deterioration. The steps in 

metabolomics analysis of rice seed metabolites were briefed in 

Fig. 2. Comparative analyses of rice cultivars with different 

storability showed changes in amino acids and sugars, with 

raffinose potentially playing a role in seed storability (33). 

These insights enhanced our knowledge of seed storage 

processes and could have helped devise strategies to preserve 

seed quality. 

 Improving the rice cultivars with valuable traits had 

been a constant challenge as rice was the most important 

staple crop in the world (42).  It was believed that adopting 

metabolomic techniques in rice was useful in enhancing its 

quality, taste and nutritive value along with the understanding 

of useful traits like those of yield and defence response (33). 

Metabolomics utilized a few analytical platforms such as 

nuclear magnetic resonance (NMR) spectroscopy, mass 
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spectrometry (MS) and separation methods based on 

chromatography and electrophoresis.  

1. Nuclear Magnetic Resonance (NMR) Spectroscopy 

Nuclear Magnetic Resonance (NMR) spectroscopy was an 

essential tool in metabolomics, known for its high 

reproducibility, quantitative capabilities and non-invasive 

nature.  It was able to identify unknown metabolites in complex 

mixtures and trace downstream products of isotope-labelled 

substrates. Although NMR was less sensitive than mass 

spectrometry, it could  monitor content differences among 

thousands of metabolites and observe dynamic biochemical 

profile characteristics (43). The simplicity of sample preparation, 

the ability to quantify metabolite levels and its non-destructive 

nature made NMR particularly suitable for extensive or long-

term clinical metabolomic studies. However, its lower sensitivity 

compared to other analytical techniques remains a drawback 

(44). Advancements in two-dimensional (2D) and 

multidimensional (nD) NMR  greatly improved its sensitivity and 

resolution despite those limitations(44,45). Despite longer run 

times, nD-NMR provided valuable structural and functional 

information on biomolecules. Ultra-fast (UF) 2D NMR was 

developed to reduce analysis time by acquiring various spectra 

in a single scan (44-46). Comprehensive multiphase (CMP) NMR, 

a recent innovation, was able to simultaneously analyze all three 

states (solid, gel and liquid forms) with minimal run time 

increase and was successfully used for structural elucidation in 

seeds and during plant growth (45, 47, 48). 

2. Mass Spectrometry (MS) 

Mass spectrometry (MS), in contrast, was frequently paired 

with various chromatography systems in one or two 

dimensions (49). Two-dimensional liquid chromatography (LC) 

and gas chromatography (GC), along with multidimensional 

LC/GC technologies, gained attention as analytical techniques. 

These methods combined two or more columns with different 

stationary phase selectivities, enhancing resolution and peak 

capacities (50). Ion mobility MS became increasingly popular 

due to its ability to quickly analyze samples, eliminate 

interferences and separate isomers and isobars, as well as its 

capability to identify compounds based on both ion size-to-

charge and ion mass-to-charge (m/z) ratios (51). Liquid 

chromatography-mass spectrometry (LC-MS) and capillary 

electrophoresis-mass spectrometry (CE-MS) have become 

essential tools. Advances in column technology, miniaturized 

systems and interfacing techniques have enhanced their 

reproducibility and sensitivity (52).  

3. Gas Chromatography Coupled to Mass Spectrometry (GC-MS) 

GC-MS was the most widely used analytical technique in 

metabolite profiling which combines high separation efficiency 

and resolution with mass-selective detection. It could analyse 

a wide range of volatile and/or derivatized non-volatile 

Fig.2. Steps in metabolomics analysis.    

Note: The steps involved in metabolomics of rice seed metabolites such as sample preparation in which sample homogenization or extraction 
methods are employed to extract metabolites from the seeds. Following sample preparation, metabolite profiling is carried out in which 

metabolites are extracted from the rice seed samples using appropriate solvents or extraction methods. A range of analytical platforms are 
accessible for data acquisition, based on mass spectrometry (MS) or nuclear magnetic resonance (NMR) techniques (44). Additionally, Fourier 

transform infrared spectroscopy (FTIR) is gaining recognition in metabolomics for its capability for rapid analysis and characterizing intricate 
molecular structures simultaneously (100). These techniques separate, detect and quantify the metabolites present in the samples. 

Subsequently, the analytical devices produce raw data which includes retention times, mass spectra and peak intensities of identified 
metabolites and the data is processed and analysed using software. This includes statistical analysis to identify significant differences in 

metabolite abundance between samples. 

Subsequently, the analytical devices produce raw data which includes retention times, mass spectra and peak intensities of identified 
metabolites and the data is processed and analysed using software. This includes statistical analysis to identify significant differences in 

metabolite abundance between samples. Data annotation is done by making comparisons between their mass spectra and retention times 
with entries in reference databases, or via supplementary experiments like tandem mass spectrometry (MS/MS). Then the identified and 

validated metabolites are further analyzed to understand their biological significance and metabolic pathways they are involved in. This step 
helps in elucidating the metabolic processes occurring in rice seeds and their roles in various physiological and biochemical functions. 

Metabolomics data is integrated with other omics data such as genomics, transcriptomics and proteomics. The results of the metabolomics 

analysis are reported and visualization tools are used to present the data effectively. 
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metabolites with high analytical reproducibility and lower cost 

compared to other techniques such as LC-MS or LC-NMR.GC 

time-of-flight MS (TOF-MS) was popular due to its higher mass 

accuracy and resolution. One of the important requirements for 

GC-MS analysis was analyte volatility and thermal stability. 

Hence the metabolites had to  be made volatile through 

chemical derivatization, which added time and complexity to 

sample preparation (53-57). Through chemical derivatization, 

GC-MS was also able to detect hydrophilic metabolites such as 

organic acids, sugars and amino acids. It also involved the 

electron-impact ionisation analysis, which identified fragment 

peaks, provided structure information for known metabolites 

(4). 

4. Liquid Chromatography Coupled to Mass Spectrometry (LC-MS) 

LC-MS was an effective method for profiling hydrophobic 

secondary metabolites including alkaloids, flavonoids and 

phenylpropanoids as it offered high chromatographic 

performance for separation of these substances (4). LC-MS 

operated at lower temperatures, allowing for the analysis of 

heat-labile metabolites. LC was a versatile separation 

technique that could be used for targeted or non-targeted 

analysis of metabolites as it allowed for analyte recovery 

through fraction collection or concentration, which was more 

challenging than using GC separations. ESI was the most 

commonly used ionization technique for LC-MS, as it  reduced 

ionization competition and increased the number of 

detectable analytes.LC-MS operated at lower temperatures, 

which enabled for the analysis of heat labile metabolites (56-

58). 

5. Capillary Electrophoresis Mass Spectrometry (CE-MS) 

CE-MS was able to detect ionic metabolites such as amino acids, 

organic acids, nucleotides and sugar phosphates without 

utilizing chemical derivatization experiments, primarily those 

belonging to central metabolic pathways like glycolytic and 

tricarboxylic acid cycles (4). CE-MS was considered a powerful 

separation technique for charged metabolites, with superior 

separation efficiencies compared to LC. Capillary zone 

electrophoresis (CZE) was the major CE mode used for 

metabolite analysis due to its simplicity and lack of additives. 

Other CE modes, such as  micellar electrokinetic chromatography 

(MEKC) or capillary electrochromatography (CEC), were also 

employed to achieve simultaneous separation of charged and 

neutral metabolites (57-60). 

6. Fourier Transform Infrared (FTIR) Spectroscopy 

Fourier transform mass spectrometry (FT/MS) instruments, 

such as FT-ICR and FTICR-MS,  proven effective in 

metabolomics for comprehensive metabolite profiling, precise 

quantification and structural elucidation  (61-64). These 

instruments offered precise mass measurements with 

exceptional resolving power, enabling efficient high-

throughput metabolomics analyses (63, 64). Notably, FTICR-

MS was highlighted for its suitability in high-throughput 

metabolomic investigations, being capable of profiling over 

400 metabolites within 24 hours (64). 

7. Near Infrared (NIR) Spectroscopy 

Near-infrared (NIR) spectroscopy stood as a valuable method 

for metabolite analysis, offering benefits such as non-

destructive sample examination and the capacity to analyze 

intact tissue samples (44). Its application extended to 

understanding, preventing, diagnosing and managing human 

diseases  .When paired with other analytical methods such as 

mass spectrometry and chromatography, NIR spectroscopy 

facilitated thorough qualitative and quantitative metabolite 

analysis within intricate mixtures (65). Despite its lower 

sensitivity compared to mass spectrometry, NIR 

spectroscopy's notable reproducibility and quantitative 

capability made it an invaluable asset in the realm of 

metabolomics. 

Metabolite changes during seed ageing and deterioration 

Metabolites served as a potential marker as their diagnostic 

procedures for their detection could be developed with ease 

(66). The metabolites with biomarker potential played an 

important role in seed ageing detection by having a significant 

function in seeds (Table 2). 

1. Fatty acid metabolism 

Alterations in the fatty acid content of rice during storage were 

evident, characterized by a decline in total fat content (67) and 

rise in fatty acid values (68). As per report the changes in lipid 

profile, with an increase in malondialdehyde content along 

with a decrease in antioxidant enzyme activity all contribute to 

the loss of rice quality during storage (67). A significant element 

in the decline of grain quality was the lipase activity (69). The 

hydrolysis of glycerol phospholipids and glycerides increased 

the amount of free fatty acids, which in turn caused lipid 

oxidation, a significant spoiling event that occurred during rice 

storage. Stored rice samples showed higher linoleic acid levels, 

disrupting the linoleic acid metabolism pathway, resulting in 

various oxidation products (70). The degradation of 

phosphatidylcholine (PC) was considered  a trigger for rice 

aging due to which rice developed rancid flavour (71).  

 As reported previously, assessed eight lipid subclasses in 

Ezhong and Liaoxing rice varieties over 540 days of storage (70). 

In Ezhong, Phosphatidylcholine (PC), 

Phosphatidylethanolamine (PE) and Phosphatidylglycerol (PG) 

decreased by 7.99 %, 11.4 % and 6.52 %, respectively, while in 

Liaoxing, these lipids dropped by 36.07 %, 39.32 % and 22.10 %. 

Metabolite Trend in Ageing Function in Seed Reference 

Malondialdehyde (MDA) Increases progressively with aging 
Marker of lipid peroxidation, indicator of 

oxidative damage 
(67) 

Raffinose Shows an initial increase, then declines. Helps maintain membrane stability and 
storability 

(33, 73) 

γ-Aminobutyric acid 
(GABA) 

Varies by stress level and variety Acts as antioxidant and stress signal 
molecule 

(33, 74, 75) 

Linoleic acid Initially accumulates, later oxidizes forming 
rancid compounds 

Component of membrane lipids  (70, 72) 

Glucose (Reducing Sugar) Gradual increase due to starch breakdown Byproduct of starch degradation (33, 39, 69) 

Table 2. Metabolites with biomarker potential for seed aging detection in rice 
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Saturated fatty acids (SFA) Monounsaturated fatty acids (MUFA) 

and increased in Ezhong by 15.55 %, 30.88 % and in Liaoxing by 

9.30 %, 6.01 %. Polyunsaturated fatty acid (PUFA) levels 

remained stable in Ezhong but rose by 11.56 % in Liaoxing 

reflecting difference in storage impact between the varieties. 

  In the study, Brown rice had higher levels of petroleum 

ether extractable lipids (PEE-L) (22.5–28.2 mg/g) compared to 

milled rice (3.0-4.5 mg/g), whereas milled rice contained 

greater amounts of aqueous propan-1-ol extractable fatty 

acids (PWE-FA) (72). Storage at 37 °C led to reductions in oleic 

and linoleic acids in brown rice PWE-FA and linoleic acid in 

milled rice PEE-L, suggesting that PWE-L were more stable. 

Total lipid content showed minimal variation, ranging from 

30.5-39.2 mg / g in brown rice and 11.4-12.1 mg / g in milled 

rice. (In a previous report, a reduction in fatty acids in brown 

rice was noted following 12 months of storage, accompanied 

by notable shifts in lipid metabolism (69). It was further 

emphasized the increase in fatty acid levels during prolonged 

storage, coupled with a decline in rice quality (39). These 

investigations collectively underscore the dynamic nature of 

fatty acid composition in rice seeds during storage. 

2. Carbohydrates metabolism 

The carbohydrates were involved in metabolic pathways like 
Pentose Phosphate Pathway (PPP), glycolysis, TCA cycle, 

starch & sucrose metabolism etc. Reducing sugars like glucose 

and fructose were observed to increase during storage. During 

storage, the enzymatic degradation eventually led to the 

increased contents of reducing sugars in the storage sensitive 

seeds. Among the seeds of BY and IIY during natural storage, 

the sugars like glucose, sucrose, cellobiose, glucopyranose, 

gentiobiose, kestose, erythritol, sorbitol, mannitol, gluconic 

acid, glycerol and glycerol-3-phophate were higher in the 

relative storage sensitive IIY seeds, while only the raffinose 

level were lower in IIY than in BY seeds after the 24 month 

natural storage period (33). Certain cultivars with lower levels 

of raffinose exhibited poorer storability. Raffinose was shown 

to improve sucrose’s ability in retaining the dry condition of the 

membranes in liquid crystalline condition and inhibit its 

natural tendency to crystallize and lose its protective 

properties (73). 

 Changes in carbohydrate composition occurred in rice 

seeds during storage, including a reduction in total starch 

content, increased amylose content and decreased fat content 

(39). The storage of brown rice resulted in diminished level of 

carbohydrates, amino acids and fatty acids, along with 

increased levels of sugar alcohols, amines and aldehydes (69).   

  Two japonica, two indica and two indica-japonica 

hybrid varieties were assessed and the results shown that the 

amylose content increased by 9.63-11.65 % in japonica rice, 

2.99-4.67 % in indica rice and 8.07-8.97 % in indica-japonica 

hybrids (39). Incontrast, fat content decreased by 60.00-65.00 

%, 37.21-46.51 % and 41.67-42.42 %, respectively. After one 

year of storage, the raffinose levels decreased, although 

initially rose by 19.35-45.45 %, 7.02-10.77 % and 16.13-28.13 % 

after four months, before dropping to the lowest levels after a 

year. 

3. Amino acids metabolism 

Amino acids which have showed significant changes during 

storage include glycine, phenylalanine, proline, serine, 

tyrosine, GABA, glutamic acid etc. The altered amino acids 

were mainly involved in pathways like in glyoxylate and 

dicarboxylate metabolism, glycine, serine and threonine 

metabolism, butanoate metabolism, C5- branched dibasic 

acid metabolism (74). A comparative study between the rice 

varieties of IIY and BY revealed that,15 out of 18 amino acids in 

the storage sensitive IIY seeds which included valine, leucine, 

glutamine, tryptophan, lysine, phenylalanine, isoleucine, 

alanine, asparagine, tyrosine, glycine, GABA, serine, aspartic 

acid and glutamic acid- significantly decreased during the 

course of 24 month storage period, whereas methionine, 

glutamine and proline however, remained constant (33). GABA 

was associated with the antioxidant properties and reactive 

oxygen species (ROS) scavenging. The amount of free amino 

acids was higher at elevated temperatures compared to  lower 

temperatures during storage (75). 

 In a study, it was reported that initially, the total free 

amino acid content was 219.8 mg /100 g dry weight (3). After 1 

year, this decreased to 146.4 mg /100 g at 30 °C and 169.2 

mg/100 g at 4 °C. After 3 years, the content dropped further to 

53.1 mg /100 g in paddy rice stored at 4 °C and 58.1 mg /100 g in 

brown rice stored at the same temperature. Significant 

reductions were observed for individual amino acids like 

lysine, glutamic acid and serine, with greater losses at higher 

temperatures and prolonged storage. These changes 

highlighted the impact of storage conditions on amino acid 

stability in rice grains.  Significant variations in amino acid 

levels, especially those involved in glutathione metabolism 

was observed between the two rice varieties (76). Glutathione 

(GSH) was identified as vital for reducing oxidative damage 

and activating metabolism-related enzymes. L-cysteine levels 

were upregulated in indica rice (JZ) and downregulated in 

japonica rice (NJ), suggesting that indica rice possessed a 

stronger defense mechanism against abiotic stress. Another 

report state that the primary aroma-active compounds and 

taste components of Jasmine rice, including free amino acids, 

altered during storage, potentially affecting the rice's flavor 

profile (75). Collectively, these studies highlighted the dynamic 

nature of amino acid composition in rice during storage. 

Role of antioxidants during storage 

Hydrogen peroxide (H2O2) was a persistent reactive oxygen 

species (ROS) which is known as a significant signalling 

molecule has the ability in causing oxidative damage linked to 

damage to cellular components (77). ROS served dual 

functions they acted as a crucial messengers that started 

cellular defences against biotic and abiotic stresses, while at 

higher concentrations, they also caused  oxidative damage, 

leading to cell death (78). Prolonged seed storage resulted in 

gradual build-up of ROS thereby elevating the risk of oxidative 

damage. Increased ROS concentrations led to damage to 

proteins, DNA and phospholipids consequently resulting in 

reduction of seed viability and associated physiological 

changes. The regulation of ROS by enzymatic and non-

enzymatic (antioxidant activities) mechanisms and DNA repair 

mechanisms in the embryo needed to be optimally maintained  

to preserve seed viability (79). 

 An antioxidant was a compound that, even when 

present in a smaller amount compared to an oxidizable 
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substance, could slow down or stop the oxidation of that 

substance (80, 81). Antioxidants could be enzymatic 

(superoxide dismutase, catalase, glutathione peroxidase) and 

non-enzymatic (glutathione, proteins like ferritin, transferrin, 

vitamin C, vitamin E, EDTA and low molecular weight 

scavengers, like uric acid, co-enzyme Q & lipoic acid) (82). They 

were also classified as water-soluble antioxidants like 

flavonoids, ascorbic acid, uric acid and glutathione, as well as 

lipid-soluble antioxidants such as carotenoids, tocopherols 

and ascorbylpalmitate/stearate. 

 The seed coat (Testa) which was brown in colour in 

most seeds provide protection to the developing embryos 

from oxidative damage as it contains phenolic compounds 

that acted as antioxidants. Major antioxidant enzymes 

included superoxide dismutase (SOD), ascorbate peroxidase 

(APX), catalase and glutathione peroxidase (83). 

 Sugars helped in preserving the structural integrity of the 
proteins and membranes in dry conditions by forming a glassy 

state that inhibited deteriorative reactions (84-86). Changes in 

sugar levels during storage could trigger degenerative changes 

in seeds. Raffinose family oligosaccharides (RFOs) which were 

the most common oligosaccharides in higher plants contained D

-glucose. The addition of activated galactose moieties provided 

by galactinol enables sucrose to be converted into raffinose (87). 

Raffinose helped protect sucrose by inhibiting lipid 

crystallisation & other deteriorative effects, thereby preserving 

membrane integrity (88, 89). One of the key enzymes of the 

raffinose family oligosaccharide (RFO) pathway was the 

Galactinol Synthase (66). 

 Vitamin E, a naturally occurring essential nutrient 

comprised of 8 tocochromanols which are divided into α, β, γ 

& δ tocopherols and α, β, γ & δ tocotrienols. Tocopherols are 

the micronutrients with the properties of antioxidants (90). 

Tocopherols and Tocotrienols were collectively referred to as 

tocochromanols -lipophilic antioxidants that accumulated 

mainly in seeds. Tocopherols were found in most dicot seeds 

and in the embryos of monocots whereas the tocotrienols 

were mostly restricted to the endosperm of monocot seeds 

and in certain dicots. In rice, tocotrienols accumulated in 

higher levels in the pericarp and endosperm. Structurally 

tocotrienols differ from tocopherols due to the presence of 

three trans-double bonds in their hydrocarbon tail (91, 92). The 

rice germ fraction, which made up 4.6 % of the seed, contained 

the highest concentration of tocopherols (480 Kg ha-1) and 

tocotrienols (90 Kg ha-1), comparable to that of the pericarp 

whereas 16.9 % of the seed contained lower tocopherols levels 

(38.1 Kg ha-1) but high concentration of tocotrienols (90.3 Kg ha-

1) (83). Tocopherols and tocotrienols helped  protect PUFAs 

from oxidation and subsequently contributing to the seed 

longevity, as lipid oxidation was considered a major factor that 

influencing it (93). A study reported that the tocopherols 

function in protecting the embryo from ROS attack during 

ageing (including accelerated ageing) and also during stress 

conditions by ensuring optimum germination while 

tocotrienols in the pericarp may assist in lowering the seed’s 

metabolic activity during accelerated ageing (83). Tocopherols 

possessed antioxidative and free radical scavenging properties 

(94, 95)and aided in maintaining the structure and integrity of 

membranes (96).  

 

Future Prospects 

 Metabolomics involved the analysis of a wide range of 

metabolites including amino acids, lipids, nucleic acids, 

carbohydrates, amines, vitamins and secondary 

metabolites such as flavonoids, polyphenols, terpenoids, 

steroids and alkaloids (46). 

 Metabolomics was applied in numerous areas including 

agriculture, medical science and useful in metabolite 

Fig. 3. Applications of metabolomics. 
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profiling of microbial and plant metabolites. It served as a 

valuable tool, as the metabolite profiling of plant 

metabolites helped in understanding the metabolic 

pathways present and how these were influenced by 

genetic and environmental factors. The applications of 

metabolomics in various areas were illustrated in Fig. 3. 

 Plant metabolomics was an advancing field of research, 

characterized by large, chemically diverse metabolomes 

that are often under-represented in public database (97).  

 In food and agriculture metabolites served as a powerful 

tool for crop quality improvement, analysis of metabolite 

composition and changes at various stages of plant growth 

and understanding metabolic responses to various 

environmental stresses. The metabolomics was a crucial 

tool for assessing the metabolite changes in agriculture 

and it also found  applications in medicine, food industry 

(4).  

 Annotating detected metabolites, however, remained a 

major challenge, with ongoing efforts to isolate and 

determine their structures.  

 In spite of the challenges, integrating metabolomics with 

other methods such as phytochemical genomics showed 

potential to enhance rice grain quality and progress our 

knowledge of rice metabolism (98).  

 Food shortages were a significant global issue exacerbated 

by population growth, which drove the need for innovative 

solutions in agriculture.  

 Metabolomics, a promising advancement in biological 

research, offered potential to address these challenges by 

enhancing agricultural research.  

 Utilizing high-throughput technologies, metabolomics 

enables the discovery and analysis of new bio products by 

examining microorganisms and their genetic, protein, RNA 

and metabolic components.  

 Despite current limitations, such as inadequate processing 

tools, analytical skills and reference databases, 

metabolomics remains a valuable and evolving research 

field. 

 Addressing these limitations could significantly improve its 

effectiveness in tackling critical issues such as  climate 

change, crop stress responses, breeding and nutritional 

improvements in crops (99). 

 

Conclusion  

The study of rice seed metabolomics during storage was 

essential for understanding the biochemical changes that 

influences seed viability, vigor and overall crop performance. 

Storage conditions such as temperature, humidity and 

duration can significantly alter the seed's metabolic profile, 

including changes in amino acids, sugars, organic acids and 

lipids. These shifts impaired germination and led to quality 

deterioration, often indicated by increased lipid peroxidation. 

Metabolomics enables comprehensive profiling of these 

compounds, providing insights into the mechanisms of seed 

ageing and deterioration. It also supports the identification of 

biomarkers linked to seed viability, aiding in the selection of 

resilient rice varieties and the development of optimized 

storage protocols. Ultimately, metabolomics plays a vital role 

in preserving seed quality, improving storage practices and 

contributing to sustained rice production and food security. 

 

Acknowledgements  

The authors would like to express their deepest gratitude 

to Department of Seed Science and Technology for their 

invaluable guidance and support throughout this study. 

Special thanks are extended to the Chairman and advisory 

members for their valuable feedback and constructive 

suggestions on the manuscript. The figures presented in 

this review article were created with BioRender (https://

BioRender.com). 

 

Authors' contributions 

PS and RV performed the conceptualization. The original draft 

of the manuscript was written by PS and RV. Review and 

editing were carried out by VM, PB and RR. All authors have 

read and approved the final version of the manuscript. 

 

Compliance with ethical standards 

Conflict of interest: Authors do not have any conflict of 

interests to declare. 

Ethical issues: None  

 

References 

1. Muthayya S, Sugimoto JD, Montgomery S, Maberly GF. An 
overview of global rice production, supply, trade and 

consumption. Ann NewYork Acad Sci. 2014;1324(1):7–14.  

2. Pirredda M, Fañanás-Pueyo I, Oñate-Sánchez L, Mira S. Seed 
longevity and ageing: a review on physiological and genetic 

factors with an emphasis on hormonal regulation. Plants. 2023;13
(1):41. https://doi.org/10.3390/plants13010041  

3. Aibara S, Ismail IA, Yamashita H, Ohta H, Sekiyama F, Morita Y. 
Changes in rice bran lipids and free amino acids during storage. 

Agric Biol Chem. 1986;50(3):665–73. https://

doi.org/10.1080/00021369.1986.10867450  

4. Oikawa A, Matsuda F, Kusano M, Okazaki Y, Saito K. Rice 
metabolomics. Rice. 2008;1:63–71. https://doi.org/10.1007/

s12284-008-9009-4  

5. Kusano M, Fukushima A, Kobayashi M, Hayashi N, Jonsson P, 
Moritz T, et al. Application of a metabolomic method combining 
one-dimensional and two-dimensional gas chromatography-time

-of-flight/mass spectrometry to metabolic phenotyping of natural 

variants in rice. J Chromatogr B. 2007;855(1):71–79. https://
doi.org/10.1016/j.jchromb.2007.05.002  

6. Hall RD, de Maagd RA. Plant metabolomics is not ripe for 

environmental risk assessment. Trends Biotechnol. 2014;32
(8):391–92. https://doi.org/10.1016/j.tibtech.2014.05.002  

7. Frei M, Siddhuraju P, Becker K. Studies on the in vitro starch 
digestibility and the glycemic index of six different indigenous rice 

cultivars from the Philippines. Food Chem. 2003;83(3):395–402. 

https://doi.org/10.1016/S0308-8146(03)00101-8  

file:///E:/Journal%20Works/PlantScienceToday%20PST%20Articles/Layout%20PST/PST%20Layout/May%2025/Normal/8812/PST%208812%20Revised%20manuscript%20without%20highlighted.doc#_ENREF_97#_ENREF_97
file:///E:/Journal%20Works/PlantScienceToday%20PST%20Articles/Layout%20PST/PST%20Layout/May%2025/Normal/8812/PST%208812%20Revised%20manuscript%20without%20highlighted.doc#_ENREF_4#_ENREF_4
file:///E:/Journal%20Works/PlantScienceToday%20PST%20Articles/Layout%20PST/PST%20Layout/May%2025/Normal/8812/PST%208812%20Revised%20manuscript%20without%20highlighted.doc#_ENREF_98#_ENREF_98
file:///E:/Journal%20Works/PlantScienceToday%20PST%20Articles/Layout%20PST/PST%20Layout/May%2025/Normal/8812/PST%208812%20Revised%20manuscript%20without%20highlighted.doc#_ENREF_99#_ENREF_99
https://BioRender.com
https://BioRender.com
https://doi.org/10.3390/plants13010041
https://doi.org/10.1080/00021369.1986.10867450
https://doi.org/10.1080/00021369.1986.10867450
https://doi.org/10.1007/s12284-008-9009-4
https://doi.org/10.1007/s12284-008-9009-4
https://doi.org/10.1016/j.jchromb.2007.05.002
https://doi.org/10.1016/j.jchromb.2007.05.002
https://doi.org/10.1016/j.tibtech.2014.05.002
https://doi.org/10.1016/S0308-8146(03)00101-8


POORNIMA ET AL  10     

https://plantsciencetoday.online 

8. Zhou Z, Robards K, Helliwell S, Blanchard C. Ageing of stored rice: 

changes in chemical and physical attributes. J Cereal Sci. 2002;35
(1):65–78. https://doi.org/10.1006/jcrs.2001.0418  

9. Hanashiro I. Fine structure of amylose. In: Nakamura Y, editor. 
Starch: metabolism and structure. Springer Nat; 2015. p. 41–60 

https://doi.org/10.1007/978-4-431-55495-0_2 

10. Bao J. Rice starch. In: Bao J, editor. Rice: Chemistry and 
Technology. Elsevier; 2019. p. 55–108 https://doi.org/10.1016/

B978-0-12-811508-4.00003-4 

11. Hoover R, Sailaja Y, Sosulski F. Characterization of starches from 
wild and long grain brown rice. Food Res Int. 1996;29(2):99–107. 

https://doi.org/10.1016/0963-9969(96)00016-6 

12. Singh R, Perez CM, Pascual CG, Juliano BO. Grain size, sucrose 
level and starch accumulation in developing rice grain. 

Phytochem. 1978;17(11):1869–74. https://doi.org/10.1016/S0031-
9422(00)88722-1 

13. Stone B. Cereal grain carbohydrates. Cereal grain quality. Springer; 
1996. p. 251–88 https://doi.org/10.1007/978-94-009-1513-8_9 

14. MacLeod DAM, Preece PI. Studies on the free sugars of the barley 
grain V. Comparison of sugars and fructosans with those of other 

cereals. J Inst Brew. 1954;60(1):46–55. https://doi.org/10.1002/
j.2050-0416.1954.tb02747.x 

15. Buttrose M, Soeffky A. Ultrastructure of lipid deposits and other 
contents in freeze-etched coleoptile cells of ungerminated rice 
grains. Aust J Biol Sci. 1973;26(2):357–64. https://doi.org/10.1071/

BI9730357 

16. Normand F, Soignet D, Hogan J, Deobald H. Content of certain 
nutrients and amino acid patterns in high-protein rice flour. Rice 

J. 1966;69(9):13–18. 

17. Houston D. High-protein flour can be made from all types of 
milled rice. Rice J. 1967;70(9):12–15. 

18. Hogan J, Normand F, Deobald H, Mottern H, Lynn L, Hunnell J. 

Production of high-protein rice flour. Rice J. 1968;71(11):5–6. 

19. Choudhury NH, Juliano BO. Lipids in developing and mature rice 
grain. Phytochem. 1980;19(6):1063–69. https://

doi.org/10.1016/0031-9422(80)83057-3 

20. Shewry PR, Casey R. Seed proteins. Springer; 1999. p. 1–10 
https://doi.org/10.1007/978-94-011-4431-5_1  

21. Wang W, Li Y, Dang P, Zhao S, Lai D, Zhou L. Rice secondary 
metabolites: structures, roles, biosynthesis and metabolic 

regulation. Molecules. 2018;23(12):3098. https://doi.org/10.3390/

molecules23123098 

22. Zhou Z, Robards K, Helliwell S, Blanchard C. The distribution of 
phenolic acids in rice. Food Chem. 2004;87(3):401–06. https://
doi.org/10.1016/j.foodchem.2003.12.015  

23. Huang B, Rachmilevitch S, Xu J. Root carbon and protein 
metabolism associated with heat tolerance. J Exp Bot. 2012;63
(9):3455–65. https://doi.org/10.1093/jxb/ers003  

24. Goufo P, Trindade H. Rice antioxidants: phenolic acids, 
flavonoids, anthocyanins, proanthocyanidins, tocopherols, 

tocotrienols, γ-oryzanol and phytic acid. J Food Sci Nutr. 2014;2

(2):75–104. https://doi.org/10.1002/fsn3.86 

25. Hay FR, Rezaei S, Buitink J. Seed moisture isotherms, sorption 
models and longevity. Front Plant Sci. 2022;13:891913. https://

doi.org/10.3389/fpls.2022.891913 

26.  Naveed A, Zubair M, Baig A, Farid M, Ahmed W, Rehman R, et al. 
Effect of storage on the nutritional and antioxidant properties of 
brown Basmati rice. Food Sci Nutr. 2023;11(5):2086–98. https://

doi.org/10.1002/fsn3.2962 

27. Ramarathnam N, Osawa T, Namiki M, Kawakishi S. High 
temperature storage effect on longevity of rice seeds. J Food Sci. 

1987;52(3):835–36. https://doi.org/10.1111/j.1365-

2621.1987.tb06743.x 

28. Du J, Lin Y, Gao Y, Tian Y, Zhang J, Fang G. Nutritional changes 

and early warning of moldy rice under different relative humidity 
and storage temperature. Foods. 2022;11(2):185. https://

doi.org/10.3390/foods11020185  

29. Wang W, He A, Peng S, Huang J, Cui K, Nie L. The effect of storage 
condition and duration on the deterioration of primed rice seeds. 

Front Plant Sci. 2018;9:172. https://doi.org/10.3389/fpls.2018.00172 

30. Matsuda F, Okazaki Y, Oikawa A, Kusano M, Nakabayashi R, 
Kikuchi J, et al. Dissection of genotype-phenotype associations in 

rice grains using metabolome quantitative trait loci analysis. 
Plant J. 2012;70(4):624–36. https://doi.org/10.1111/j.1365-

313X.2012.04903.x 

31. Redestig H, Kusano M, Ebana K, Kobayashi M, Oikawa A, Okazaki 
Y, et al. Exploring molecular backgrounds of quality traits in rice 

by predictive models based on high-coverage metabolomics. 
BMC Sys Biol. 2011;5:1–11. https://doi.org/10.1186/1752-0509-5-

176 

32. Zhou C, Tan Y, Goßner S, Li Y, Shu Q, Engel KH. Impact of crossing 
parent and environment on the metabolite profiles of progenies 

generated from a low phytic acid rice (Oryza sativa L.) mutant. J 
Agric Food Chem. 2019;67(8):2396–407. https://doi.org/10.1021/

acs.jafc.8b06696 

33. Yan S, Huang W, Gao J, Fu H, Liu J. Comparative metabolomic 
analysis of seed metabolites associated with seed storability in rice 

(Oryza sativa L.) during natural aging. Int J Plant Physiol Biochem. 
2018;127:590–98. https://doi.org/10.1016/j.plaphy.2018.04.020 

34. Lee JS, Hay FR. Variation in seed metabolites between two indica 

rice accessions differing in seed longevity. Plants. 2020;9(9):1237. 
https://doi.org/10.3390/plants9091237 

35. Tsuzuki W, Suzuki Y, Yamada S, Kano S, Ohnishi H, Fujimoto T, et 

al. Effect of oxygen absorber on accumulation of free fatty acids in 
brown rice and whole grain wheat during storage. Lwt-Food Sci 

Technol. 2014;58(1):222–29.  

36. Prasad CTM, Kodde J, Angenent GC, De Vos RC, Diez-Simon C, 
Mumm R, et al. Experimental rice seed aging under elevated 

oxygen pressure: Methodology and mechanism. Front Plant Sci. 
2022;13:1050411. https://doi.org/10.3389/fpls.2022.1050411 

37. Guglielminetti L, Yamaguchi J, Perata P, Alpi A. Amylolytic 

activities in cereal seeds under aerobic and anaerobic conditions. 
Plant Physiol. 1995;109(3):1069–76. https://doi.org/10.1104/

pp.109.3.1069 

38. Sivuk A, Kasatkina A, Strukova E, Naĭdina V, Zharkovskaia E. Effect 
of prolonged storage on various indices of the fatty components of 

freeze-dried products. Kosm Biol Aviakosm Med. 1986;20(2):69–72. 

39. Zhu D, Shao Y, Fang C, Li M, Yu Y, Qin Y. Effect of storage time on 
chemical compositions, physiological and cooking quality 

characteristics of different rice types. J Sci Food Agric.  2023;103
(4):2077–87. https://doi.org/10.1002/jsfa.12275 

40. Chowdhury S, Chowdhury M, Bhattacherjee S, Ghosh K. Quality 

assessment of rice seed using different storage techniques. J 
Bangladesh Agril Univ. 2014;12(2):297–305. https://

doi.org/10.3329/jbau.v12i2.28688 

41. Wongdechsarekul S, Kongkiattikajorn J. Storage time affects 
storage proteins and volatile compounds and pasting behavior of 

milled rice. KKU Res J. 2010;15(9):852–62.  

42. Sakakibara KY, Saito K. genetically modified plants for the 
promotion of human health. Biotechnol Lett. 2006;28:1983–91. 

https://doi.org/10.1007/s10529-006-9194-4 

43. Xiao CN, Wang Y. NMR-based metabolomic methods and 
applications. Plant Met. 2014:275–301. https://
doi.org/10.1007/978-94-017-9291-2_12 

44. Emwas AH, Alghrably M, Al-Harthi S, Poulson BG, Szczepski K, 
Chandra K, et al. New advances in fast methods of 2D NMR 

https://plantsciencetoday.online
https://doi.org/10.1006/jcrs.2001.0418
https://doi.org/10.1007/978-4-431-55495-0_2
https://doi.org/10.1016/B978-0-12-811508-4.00003-4
https://doi.org/10.1016/B978-0-12-811508-4.00003-4
https://doi.org/10.1016/0963-9969(96)00016-6
https://doi.org/10.1016/S0031-9422(00)88722-1
https://doi.org/10.1016/S0031-9422(00)88722-1
https://doi.org/10.1007/978-94-009-1513-8_9
https://doi.org/10.1002/j.2050-0416.1954.tb02747.x
https://doi.org/10.1002/j.2050-0416.1954.tb02747.x
https://doi.org/10.1071/BI9730357
https://doi.org/10.1071/BI9730357
https://doi.org/10.1016/0031-9422(80)83057-3
https://doi.org/10.1016/0031-9422(80)83057-3
https://doi.org/10.1007/978-94-011-4431-5_1
https://doi.org/10.3390/molecules23123098
https://doi.org/10.3390/molecules23123098
https://doi.org/10.1016/j.foodchem.2003.12.015
https://doi.org/10.1016/j.foodchem.2003.12.015
https://doi.org/10.1093/jxb/ers003
https://doi.org/10.1002/fsn3.86
https://doi.org/10.3389/fpls.2022.891913%0d
https://doi.org/10.3389/fpls.2022.891913%0d
https://doi.org/10.1002/fsn3.2962
https://doi.org/10.1002/fsn3.2962
https://doi.org/10.1111/j.1365-2621.1987.tb06743.x
https://doi.org/10.1111/j.1365-2621.1987.tb06743.x
https://doi.org/10.3390/foods11020185
https://doi.org/10.3390/foods11020185
https://doi.org/10.3389/fpls.2018.00172
https://doi.org/10.1111/j.1365-313X.2012.04903.x
https://doi.org/10.1111/j.1365-313X.2012.04903.x
https://doi.org/10.1186/1752-0509-5-176
https://doi.org/10.1186/1752-0509-5-176
https://doi.org/10.1021/acs.jafc.8b06696
https://doi.org/10.1021/acs.jafc.8b06696
https://doi.org/10.1016/j.plaphy.2018.04.020
https://doi.org/10.3390/plants9091237
https://doi.org/10.3389/fpls.2022.1050411
https://doi.org/10.1104/pp.109.3.1069
https://doi.org/10.1104/pp.109.3.1069
https://doi.org/10.1002/jsfa.12275
https://doi.org/10.3329/jbau.v12i2.28688
https://doi.org/10.3329/jbau.v12i2.28688
https://doi.org/10.1007/s10529-006-9194-4
https://doi.org/10.1007/978-94-017-9291-2_12
https://doi.org/10.1007/978-94-017-9291-2_12


11 

Plant Science Today, ISSN 2348-1900 (online) 

experiments. Nucl Magn Reson. 2019:83–106. https://

doi.org/10.5772/intechopen.90263 

45. Gouilleux B, Rouger L, Giraudeau P. Ultrafast 2D NMR: methods 
and applications. Annu Rep NMR Spectrosc. 2018;93:75–144. 
https://doi.org/10.1016/bs.arnmr.2017.08.003 

46. Parida AK, Panda A, Rangani J. Metabolomics-guided elucidation 
of abiotic stress tolerance mechanisms in plants. In: Ahamad P, 
Ahanger MA, Aleymeni NA, editor. Plant Metabolites Regulation 

Under Environmental Stress. Academic Press; 2018. p. 89–131 

https://doi.org/10.1016/B978-0-12-812689-9.00005-4 

47. Fortier-McGill BE, Dutta MR, Lam L, Soong R, Liaghati-Mobarhan Y, 
Sutrisno A, et al. Comprehensive multiphase (CMP) NMR 
monitoring of the structural changes and molecular flux within a 

growing seed. J Agric Food Chem. 2017;65(32):6779–88. https://

doi.org/10.1021/acs.jafc.7b02421 

48. Bastawrous M, Jenne A, Tabatabaei AM, Simpson AJ. In-vivo NMR 
spectroscopy: A powerful and complimentary tool for 

understanding environmental toxicity. Metabolites. 2018;8(2):35. 
https://doi.org/10.3390/metabo8020035 

49. Kapoore RV, Vaidyanathan S. Towards quantitative mass 
spectrometry-based metabolomics in microbial and mammalian 

systems. Philos Trans Royal Soc A.  2016;374(2079):20150363. 

https://doi.org/10.1098/rsta.2015.0363 

50. Stoll DR, Harmes DC, Staples GO, Potter OG, Dammann CT, 
Guillarme D, et al. Development of comprehensive online two-

dimensional liquid chromatography/mass spectrometry using 
hydrophilic interaction and reversed-phase separations for rapid 

and deep profiling of therapeutic antibodies. Anal Chem. 2018;90
(9):5923–29. https://doi.org/10.1021/acs.analchem.8b00776 

51. Paglia G, Astarita G. Metabolomics and lipidomics using traveling-

wave ion mobility mass spectrometry. Nat Protoc. 2017;12(4):797
–813. https://doi.org/10.1038/nprot.2017.013 

52. Ramautar R, de Jong GJ. Recent developments in liquid-phase 

separation techniques for metabolomics. Bioanalysis. 2014;6
(7):1011–26. https://doi.org/10.4155/bio.14.51 

53. Dettmer K, Aronov PA, Hammock BD. Mass spectrometry-based 
metabolomics. Mass Spectrom Rev. 2007;26(1):51–78. https://

doi.org/10.1002/mas.20108 

54. Mas S, Villas-Bôas SG, Edberg Hansen M, Åkesson M, Nielsen J. A 
comparison of direct infusion MS and GC-MS for metabolic 

footprinting of yeast mutants. Biotechnol Bioeng.  2007;96

(5):1014–22. https://doi.org/10.1002/bit.21194 

55. Kopka J. Current challenges and developments in GC-MS based 
metabolite profiling technology. J Biotech. 2006;124(1):312–22. 
https://doi.org/10.1016/j.jbiotec.2005.12.012 

56. Halket JM, Waterman D, Przyborowska AM, Patel RK, Fraser PD, 
Bramley PM. Chemical derivatization and mass spectral libraries 
in metabolic profiling by GC/MS and LC/MS/MS. J Exp Bot. 2005;56

(410):219–43. https://doi.org/10.1093/jxb/eri069 

57. Bedair M, Sumner LW. Current and emerging mass-spectrometry 
technologies for metabolomics. Trends Anal Chem. 2008;27

(3):238–50. https://doi.org/10.1016/j.trac.2008.01.006 

58. Iwasa K, Cui W, Sugiura M, Takeuchi A, Moriyasu M, Takeda K. 
Structural analyses of metabolites of phenolic 1-

benzyltetrahydroisoquinolines in plant cell cultures by LC/NMR, 
LC/MS and LC/CD. J Nat Prod. 2005;68(7):992–1000. https://

doi.org/10.1021/np0402219 

59. Ramautar R, Demirci A, de Jong GJ. Capillary electrophoresis in 
metabolomics.Trends Anal Chem. 2006;25(5):455–66. https://

doi.org/10.1016/j.trac.2006.02.004 

60. Monton MRN, Soga T. Metabolome analysis by capillary 
electrophoresis-mass spectrometry. J Chromatogr A. 2007;1168(1

-2):237–46. https://doi.org/10.1016/j.chroma.2007.02.065 

61. Junot C, Madalinski G, Tabet JC, Ezan E. Fourier transform mass 

spectrometry for metabolome analysis. Analyst. 2010;135(9):2203
–19. https://doi.org/10.1039/c0an00021c 

62. Brown SC, Kruppa G, Dasseux JL. Metabolomics applications of FT
-ICR mass spectrometry. Mass Spectrom Rev. 2005;24(2):223–31. 

https://doi.org/10.1002/mas.20011 

63. Alves S, Rathahao-Paris E, Tabet JC. Potential of fourier transform 
mass spectrometry for high-throughput metabolomics analysis. 

Adv Bot Res 67: Elsevier; 2013. p. 219–302. https://

doi.org/10.1016/B978-0-12-397922-3.00005-8 

64. Han J, Danell RM, Patel JR, Gumerov DR, Scarlett CO, Speir JP, et 
al. Towards high-throughput metabolomics using ultrahigh-field 
fourier transform ion cyclotron resonance mass spectrometry. 

Metabolomics. 2008;4:128–40. https://doi.org/10.1007/s11306-

008-0104-8 

65. Pelczer I. High-resolution NMR for metabomics. Curr Opin Drug 
Discov Devel. 2005;8(1):127–33. 

66. de Souza VD, Willems L, van Arkel J, Dekkers BJ, Hilhorst HW, 
Bentsink L. Galactinol as marker for seed longevity. Plant Sci. 

2016;246:112–18. https://doi.org/10.1016/j.plantsci.2016.02.015 

67. Zhu L, Tian Y, Ling J, Gong X, Sun J, Tong L. Effects of storage 
temperature on indica-japonica hybrid rice metabolites, analyzed 

using liquid chromatography and mass spectrometry. Int J Mol 
Sci. 2022;23(13):7421. https://doi.org/10.3390/ijms23137421 

68. Hu H, Li S, Pan D, Wang K, Qiu M, Qiu Z, et al. The variation of rice 
quality and relevant starch structure during long-term storage. 
Agric. 2022;12(8):1211. https://doi.org/10.3390/agriculture12081211 

69. Wang C, Feng Y, Fu T, Sheng Y, Zhang S, Zhang Y, et al. Effect of 
storage on metabolites of brown rice. J Sci Food Agric. 2020;100
(12):4364–77. https://doi.org/10.1002/jsfa.10462 

70. Zhang D, Duan X, Shang B, Hong Y, Sun H. Analysis of lipidomics 
profile of rice and changes during storage by UPLC-Q-extractive 
orbitrap mass spectrometry. Food Res Int. 2021;142:110214. 

https://doi.org/10.1016/j.foodres.2021.110214  

71. Liu L, Waters DL, Rose TJ, Bao J, King GJ. Phospholipids in rice: 
Significance in grain quality and health benefits: A review. Food 

Chem. 2013;139(1–4):1133–45. https://doi.org/10.1016/
j.foodchem.2012.12.046 

72. Zhou Z, Blanchard C, Helliwell S, Robards K. Fatty acid 
composition of three rice varieties following storage. J Cereal Sci. 
2003;37(3):327–35. https://doi.org/10.1006/jcrs.2002.0502 

73. Caffrey M, Fonseca V, Leopold AC. Lipid-sugar interactions: 
relevance to anhydrous biology. Plant Physiol. 1988;86(3):754–58. 
https://doi.org/10.1104/pp.86.3.754https://doi.org/10.1104/

pp.86.3.754 

74. Zhao X, Wang W, Zhang F, Deng J, Li Z, Fu B. Comparative 
metabolite profiling of two rice genotypes with contrasting salt 

stress tolerance at the seedling stage. PloS One. 2014;9
(9):e108020. https://doi.org/10.1371/journal.pone.0108020 

75. Zhao Q, Xue Y, Shen Q. Changes in the major aroma-active 
compounds and taste components of Jasmine rice during 
storage. Food Res Int. 2020;133:109160. https://doi.org/10.1016/

j.foodres.2020.109160 

76. Wang X, Zhou Q, Wang X, Song S, Liu J, Dong S. Mepiquat chloride 
inhibits soybean growth but improves drought resistance. Front 

Plant Sci. 2022;13:982415. https://doi.org/10.3389/
fpls.2022.982415 

77. Møller IM, Jensen PE, Hansson A. Oxidative modifications to 
cellular components in plants. Annu Rev Plant Biol. 2007;58:459–
81. https://doi.org/10.1146/annurev.arplant.58.032806.103946 

78. Jeevan KS, Rajendra PS, Banerjee R, Thammineni C. Seed birth to 

death: dual functions of reactive oxygen species in seed 
physiology. Ann Bot. 2015;116(4):663–68. https://doi.org/10.1093/

aob/mcv098 

https://doi.org/10.5772/intechopen.90263
https://doi.org/10.5772/intechopen.90263
https://doi.org/10.1016/bs.arnmr.2017.08.003
https://doi.org/10.1016/B978-0-12-812689-9.00005-4%0d
https://doi.org/10.1021/acs.jafc.7b02421
https://doi.org/10.1021/acs.jafc.7b02421
https://doi.org/10.3390/metabo8020035
https://doi.org/10.1098/rsta.2015.0363%0d
https://doi.org/10.1021/acs.analchem.8b00776
https://doi.org/10.1038/nprot.2017.013
https://doi.org/10.4155/bio.14.51
https://doi.org/10.1002/mas.20108
https://doi.org/10.1002/mas.20108
https://doi.org/10.1002/bit.21194
https://doi.org/10.1016/j.jbiotec.2005.12.012
https://doi.org/10.1093/jxb/eri069
https://doi.org/10.1016/j.trac.2008.01.006
https://doi.org/10.1021/np0402219
https://doi.org/10.1021/np0402219
https://doi.org/10.1016/j.trac.2006.02.004
https://doi.org/10.1016/j.trac.2006.02.004
https://doi.org/10.1016/j.chroma.2007.02.065
https://doi.org/10.1039/c0an00021c
https://doi.org/10.1002/mas.20011
https://doi.org/10.1016/B978-0-12-397922-3.00005-8
https://doi.org/10.1016/B978-0-12-397922-3.00005-8
https://doi.org/10.1007/s11306-008-0104-8
https://doi.org/10.1007/s11306-008-0104-8
https://doi.org/10.1016/j.plantsci.2016.02.015
https://doi.org/10.3390/ijms23137421
https://doi.org/10.3390/agriculture12081211
https://doi.org/10.1002/jsfa.10462
https://doi.org/10.1016/j.foodres.2021.110214
https://doi.org/10.1016/j.foodchem.2012.12.046
https://doi.org/10.1016/j.foodchem.2012.12.046
https://doi.org/10.1006/jcrs.2002.0502
https://doi.org/10.1104/pp.86.3.754https:/doi.org/10.1104/pp.86.3.754
https://doi.org/10.1104/pp.86.3.754https:/doi.org/10.1104/pp.86.3.754
https://doi.org/10.1371/journal.pone.0108020
https://doi.org/10.1016/j.foodres.2020.109160
https://doi.org/10.1016/j.foodres.2020.109160
https://doi.org/10.3389/fpls.2022.982415
https://doi.org/10.3389/fpls.2022.982415
https://doi.org/10.1146/annurev.arplant.58.032806.103946
https://doi.org/10.1093/aob/mcv098
https://doi.org/10.1093/aob/mcv098


POORNIMA ET AL  12     

https://plantsciencetoday.online 

79. Kranner I, Colville L. Metals and seeds: biochemical and molecular 

implications and their significance for seed germination. Environ 
Exp Bot. 2011;72(1):93–105. https://doi.org/10.1016/

j.envexpbot.2010.05.005 

80. Halliwell B, Gutteridge J. Free radicals in biology and medicine: 
OUP. USA; 2015. https://doi.org/10.1093/

acprof:oso/9780198717478.001.0001 

81. Godic A, Poljšak B, Adamic M, Dahmane R. The role of 
antioxidants in skin cancer prevention and treatment. Oxid Med 

Cell Longev. 2014;2014. https://doi.org/10.1155/2014/860479 

82. Poljsak B, Šuput D, Milisav I. Achieving the balance between ROS 
and antioxidants: when to use the synthetic antioxidants. Oxid 
Med Cell Longev. 2013;2013. https://doi.org/10.1155/2013/956792 

83. Chen D, Li Y, Fang T, Shi X, Chen X. Specific roles of tocopherols 
and tocotrienols in seed longevity and germination tolerance to 
abiotic stress in transgenic rice. Plant Sci. 2016;244:31–39. https://

doi.org/10.1016/j.plantsci.2015.12.005 

84. Bernal-Lugo I, Leopold A. Seed stability during storage: Raffinose 
content and seed glassy state1. Seed Sci Res. 1995;5(2):75–80. 

https://doi.org/10.1017/S0960258500002646 

85. ElSayed A, Rafudeen M, Golldack D. Physiological aspects of 
raffinose family oligosaccharides in plants: protection against 

abiotic stress. Plant Biol. 2014;16(1):1–8. https://doi.org/10.1111/
plb.12053 

86. Nishizawa A, Yabuta Y, Shigeoka S. Galactinol and raffinose 
constitute a novel function to protect plants from oxidative 
damage. Plant Physiol. 2008;147(3):1251–63. https://

doi.org/10.1104/pp.108.122465 

87. Sengupta S, Mukherjee S, Basak P, Majumder AL. Significance of 
galactinol and raffinose family oligosaccharide synthesis in 

plants. Front Plant Sci. 2015;6:656. https://doi.org/10.3389/
fpls.2015.00656 

88. Williams RJ, Leopold AC. The glassy state in corn embryos. Plant 
Physiol. 1989;89(3):977–81. https://doi.org/10.1104/pp.89.3.977 

89. Leprince O, Hendry G, McKersie B. The mechanisms of desiccation 
tolerance in developing seeds. Seed Sci Res. 1993;3(4):231–46. 

https://doi.org/10.1017/S0960258500001859 

90. Hwang JE, Ahn JW, Kwon SJ, Kim JB, Kim SH, Kang SY, et al. 
Selection and molecular characterization of a high tocopherol 

accumulation rice mutant line induced by gamma irradiation. Mol 
Biol Rep. 2014;41:7671–81. https://doi.org/10.1007/s11033-014-

3660-1 

91. Horvath G, Wessjohann L, Bigirimana J, Jansen M, Guisez Y, 
Caubergs R, et al. Differential distribution of tocopherols and 

tocotrienols in photosynthetic and non-photosynthetic tissues. 
Phytochemistry. 2006;67(12):1185–95. https://doi.org/10.1016/

j.phytochem.2006.04.004 

92. Yang W, Cahoon RE, Hunter SC, Zhang C, Han J, Borgschulte T, et al. 

Vitamin E biosynthesis: functional characterization of the monocot 
homogentisate geranylgeranyl transferase. Plant J. 2011;65(2):206–

17. https://doi.org/10.1111/j.1365-313X.2010.04417.x 

93. Bailly C. Active oxygen species and antioxidants in seed biology. 
Seed Sci Res. 2004;14(2):93–107. https://doi.org/10.1079/

SSR2004159 

94. Tappel AL. Vitamin E as the biological lipid antioxidant. Vitam 
Horm 20: Elsevier; 1962. p. 493–510. https://doi.org/10.1016/

S0083-6729(08)60732-3 

95. Behl C, Moosmann B. Oxidative nerve cell death in Alzheimers 
disease and stroke: antioxidants as neuroprotective compounds. 
2002. https://doi.org/10.1515/BC.2002.053 

96. Falk J, Munné-Bosch S. Tocochromanol functions in plants: 
antioxidation and beyond. J Exp Bot. 2010;61(6):1549–66. https://
doi.org/10.1093/jxb/erq030 

97. Freund DM, Hegeman AD. Recent advances in stable isotope-
enabled mass spectrometry-based plant metabolomics. Curr 
Opin Biotechnol. 2017;43:41-8. https://doi.org/10.1016/

j.copbio.2016.08.002 

98. Yang Z, Nakabayashi R, Okazaki Y, Mori T, Takamatsu S, Kitanaka S, 
et al. Toward better annotation in plant metabolomics: isolation 

and structure elucidation of 36 specialized metabolites from Oryza 
sativa (rice) by using MS/MS and NMR analyses. Metabolomics. 

2014;10:543–55. https://doi.org/10.1007/s11306-013-0619-5 

99. Alawiye TT, Babalola OO. Metabolomics: Current application and 
prospects in crop production. Biol. 2021;76(1):227–39. https://

doi.org/10.2478/s11756-020-00574-z 

  

Additional information 

Peer review: Publisher  thanks Sectional Editor and the other anonymous 
reviewers for their contribution to the peer review of this work. 

Reprints & permissions information is available at https://
horizonepublishing.com/journals/index.php/PST/open_access_policy 

Publisher’s Note: Horizon e-Publishing Group remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations. 

Indexing: Plant Science Today, published by Horizon e-Publishing Group, is 
covered by Scopus, Web of Science, BIOSIS Previews, Clarivate Analytics, 
NAAS, UGC Care, etc 
See https://horizonepublishing.com/journals/index.php/PST/
indexing_abstracting 

Copyright: © The Author(s). This is an open-access article distributed under 
the terms of the Creative Commons Attribution License, which permits 
unrestricted use, distribution and reproduction in any medium, provided the 
original author and source are credited (https://creativecommons.org/
licenses/by/4.0/) 

Publisher information:  Plant Science Today is published by HORIZON e-
Publishing Group with support from Empirion Publishers Private Limited, 
Thiruvananthapuram, India. 

https://plantsciencetoday.online
https://doi.org/10.1016/j.envexpbot.2010.05.005
https://doi.org/10.1016/j.envexpbot.2010.05.005
https://doi.org/10.1093/acprof:oso/9780198717478.001.0001
https://doi.org/10.1093/acprof:oso/9780198717478.001.0001
https://doi.org/10.1155/2014/860479
https://doi.org/10.1155/2013/956792
https://doi.org/10.1016/j.plantsci.2015.12.005
https://doi.org/10.1016/j.plantsci.2015.12.005
https://doi.org/10.1017/S0960258500002646
https://doi.org/10.1111/plb.12053
https://doi.org/10.1111/plb.12053
https://doi.org/10.1104/pp.108.122465
https://doi.org/10.1104/pp.108.122465
https://doi.org/10.3389/fpls.2015.00656
https://doi.org/10.3389/fpls.2015.00656
https://doi.org/10.1104/pp.89.3.977
https://doi.org/10.1017/S0960258500001859
https://doi.org/10.1007/s11033-014-3660-1
https://doi.org/10.1007/s11033-014-3660-1
https://doi.org/10.1016/j.phytochem.2006.04.004
https://doi.org/10.1016/j.phytochem.2006.04.004
https://doi.org/10.1111/j.1365-313X.2010.04417.x
https://doi.org/10.1079/SSR2004159
https://doi.org/10.1079/SSR2004159
https://doi.org/10.1016/S0083-6729(08)60732-3
https://doi.org/10.1016/S0083-6729(08)60732-3
https://doi.org/10.1515/BC.2002.053
https://doi.org/10.1093/jxb/erq030
https://doi.org/10.1093/jxb/erq030
https://doi.org/10.1016/j.copbio.2016.08.002
https://doi.org/10.1016/j.copbio.2016.08.002
https://doi.org/10.1007/s11306-013-0619-5
https://doi.org/10.2478/s11756-020-00574-z
https://doi.org/10.2478/s11756-020-00574-z
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

