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Abstract

:

The control of protein and amylose content is the principal challenge in rice nutrient and quality improvement. In this study, water deficits in 2- and 3-day intervals were imposed on two Japonica cultivars K1 and K3, and an Indica K4 subtype after anthesis to harvest. It was observed that although rice yield was affected, the protein content was increased 6.53–6.63% to 9.93–10.16%. The amylose quantity was reduced significantly from 22.00–22.43% to 16.33–17.56%, while fatty acids in rice grain were not influenced. Total anthocyanins were greatly promoted by 53.1% as compared to the non-treated trials. The antioxidant capacity in rice grain increased up to 59.1% in 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging and 41.6% in reducing power assays. Findings of this research revealed that the 3-day interval of water deficit imposition was the most effective to improve rice macronutrients and quality, as well as beneficial phytochemicals and antioxidants in rice grain. The water control after anthesis to harvest in rice cultivation is beneficial and economical for farmers to improve rice nutrients and quality, thus contributes to the sustainable rice production in many developing countries.
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1. Introduction


Global agriculture in the 21st century deals with the challenge of providing healthy and sufficient foods under increasing water deficit for the demand of rapid population growth [1,2,3]. Rice (Oryza sativa L.) is the staple food in Asia, where about 90% of the world’s rice is produced and plays an important role to prepare food for a billion people in the world. It was reported that 80% percent of the total freshwater resources are used for rice irrigation in Asia [4], whilst rapid growing population with urban increasing and industrial evolution has made water scarce for irrigation [5].



The improvement of grain quality has been a crucial task in rice breeding worldwide [6]. Of which, the enhancement of protein content and fatty acids as macronutrients [7] and reduction of amylose content were among the most important goals. To date, marker-assisted breeding (MAS) has been the principal method to increase rice quality [8]. There were many quantitative trait locus (QTLs)/genes correlated to quality properties that have been mapped and cloned, associated with development of molecular markers to facilitate selection for specific types of grain quality [8]. The growth of the world population requires a doubling of rice production by 2050 [6]. The breeding of new rice cultivars with better nutrients and quality is complicated, laborious, and costly; thus, researchers in developing countries are facing a lack of facilities and funds as compared to developed countries. Therefore, the establishment of more effective, beneficial, and economical control to increase rice nutrients and quality is needed.



The response of rice to water deficit stress varied among species and genotypes, length, and severity of drought at molecular, cellular, and physiological levels [6]. Fofana et al. [9] observed that drought occurring at the ripening stage seems to promote the characters determining rice grain quality including total milling rate, head rice ratio, and protein content. Water deficit increased the remobilization of stored carbon accumulation and water-stress-accelerated grain-filling [10]. Meanwhile, the effect of water deficit on the rice quality may be different among upland and lowland rice varieties [11]. When plants are subjected to abiotic stresses, they accumulate phenolics, flavonoids, anthocyanin, and proline in greater quantity [12]. Some of these secondary metabolites are associated with cell walls, while others exist without any chemical bond within the plant cell vacuoles [13]. Whole rice grain contains phenolics and anthocyanin, which have been reported to reduce chronic diseases such as cancer, cardiovascular disease, and obesity [14]. The health benefits of anthocyanins are that they protect against oxidative damage, and promote the immune system and detoxification enzymes [15]. The principal role of proline is to preserve enzymes from dehydration and salt accumulation rather than to decrease osmotic potential in the plants [16]. On the other hand, the stimulation of plant antioxidant activity is an efficient defense mechanism against the effects of oxygen radicals [17]. It has been known that genotypic and environmental variables affect the phytochemicals and the bran color of rice grain [18].



Stress of water deficit at the anthesis stage has been known to reduce crop yield [19] for rice [20,21], corn (Zea mays L.) [22], oat (Avena sativa L.) [23], and barley (Hordeum vulgare L.) [24]. It was estimated that 50% of the rice production can be affected by drought [25]. Thus, there have been many studies conducted with attempts to breed rice cultivars tolerant to drought [26], as well as proper water use in rice production against drought [6]. In addition, a number of new rice varieties have been bred and released yearly with higher yield potential and stronger resistance to abiotic and biotic stresses. However, the grain nutrients and quality of such varieties is ignored [27]. It was proposed that cultivation technology should be improved to enhance crop water use efficacy and simultaneously preserve crop yield under drought stress to ensure food security in many developing countries [25]. The aim of this research was to examine the imposition of different water deficit intervals after anthesis to harvest on yield parameters, protein and fatty acids, amylose, and changes in phytochemicals and antioxidant potential in rice grain.




2. Materials and Methods


2.1. Plant Materials and Treatments


Seeds of three varieties including K1 and K3 (Japonica) and, K4 (Indica) were used. K1 and K3 were the two cultivars developed from the Koshihikari variety grown in Higashi Hiroshima, Hiroshima Prefecture, Japan. K1 was the Khang Dan, originated from North of Vietnam. First, the seeds were sterilized and immersed at 50 °C for 10 min, then subsequently soaked at 25 °C for 48 h. The seeds were then washed many times with distilled water. The 20-day seedlings were transplanted in Wagner pots (height: 30 cm; diameter: 20 cm) which were filled with 4 kg commercial soil (JA-ZENCHU Co., Hiroshima, Japan) containing 0.16 g nitrogen (N), 0.2 g phosphorous (P) and 0.26 g potassium (K). The experiment was conducted based on the Randomized Complete Block Design (RCBD) with three replications. Each block (replication) consisted of six treatments (3 level of water and 3 varieties). Thus, totally the experiment had 81 pots. The maximum and minimum temperature in the greenhouse was 39 and 20 °C, respectively. Each pot was planted with three rice seedlings on 5 June 2017. After one week, they were thinned to two seedlings in each pot. (N) was applied three times, including 0.5 g N in each pot one day before transplanting as basal fertilizer. 0.5 g N as top dressing at 30 days after transplanting (DAT) and 0.2 g at 65 DAT. 2.0 g (P) and 2 g (K) were applied one day before transplanting.



Rice plants were irrigated to maintain 85% soil moisture until anthesis. The 85% soil moisture was monitored using the moisture meter TDR-341F (Fujiwara Scientific Company Co., Ltd., Osaka, Japan). Three days after anthesis, different trials of continuous flooding which the water level was maintained 5 cm above the soil as control (W1), intermittent flooding at 2-day intervals (W2) followed by two days no irrigation and intermittent flooding at 3-day intervals (W3) followed by three days no irrigation were applied until harvest. At harvest, the plant spikes were dried at 50 °C for 48–72 h. Rice grains were separated and adjusted to 14% moisture content using oven method before further analysis.




2.2. Rice Yield


Filled grain number per panicle, filled grain percentage, and weight of 100 seeds were measured as grain yield components. Subsequently, rice grains were dehulled using an automatic rice husker machine (model TR-250, Kett Electric Laboratory, Tokyo, Japan) to remove the rice husk. The non-polished grains were evaluated for protein, amylose, and fatty acid contents, which were measured using a quality tester machine (PGC Shizuoka Seiki PS-500) version (2–12, Shizuoka Seiki Co., Ltd., Shizuoka, Japan).




2.3. Chemicals


Folin–Ciocalteu reagent, sodium hydroxide, DPPH (1,1-diphenyl-2-picrylhydrazyl), BHT (dibutyl hydroxytoluene), aluminum (III) chloride hexahydrate (AlCl3·6H2O), sodium carbonate (Na2CO3), and other chemicals were purchased from Kanto Chemical Co., Inc., Tokyo, Japan.




2.4. Free Phenolics


Total free phenolics was extracted following the method described by Shao et al. [14] with slight modifications. An amount of 1.0 g of rice flour extracted with 20 mL of 90% methanol twice. The mixture was shaken at room temperature for 40 min, then centrifuged (HITACHI, CF15RXII, Tokyo, Japan) at 15,300× g for 10 min at 4 °C to collect the supernatants. The obtained solvent was evaporated using a rotary evaporator (SB-350-EYELA, Tokyo, Japan) at 37 °C to remove methanol after adjusting the pH to 1.5–2.0. The precipitates were defatted using hexane three times then extracted with 60 mL of ethyl acetate three times. It was then evaporated to dryness using a rotary evaporator, and finally dissolved in 50% methanol for further analysis.




2.5. Bound Phenolics


The residue after extracting the free phenolics was washed by 40 mL of distilled water. Briefly, an amount of 1.5 g of the residue was hydrolyzed using 50 mL of 4 M NaOH and stirred for 4 h at 50 °C. The mixture was then centrifuged (HITACHI, CF15RXII, Tokyo, Japan) for 30 min to remove the residue trash after adjusting the pH to 1.5–2.0 using 37% hydrochloric acid. The extract was defatted using hexane and extracted with ethyl acetate. After dryness, the precipitate was dissolved in 50% methanol for further analysis.




2.6. Total Phenolic Content (TPC)


The TPC was measured following the Folin–Ciocalteu method as described by Ti et al. [28] with slight modifications. A fractional 0.125 mL of the extracts was added in 0.5 mL of distilled water and 0.125 mL of Foline–Cioacalteu reagent, and then neutralized with 1.25 mL of 7% sodium carbonate. The mixture was incubated for 90 min at room temperature in the dark. The absorbance was read at 760 nm using a microplate reader (Thermo Fisher Scientific Oy - Ratastie 2, 01620 Vantaa - Finland). The total phenolic content is shown as mg gallic acid equivalent (mg GAE)/100 g dry weight (DW).




2.7. Total Flavonoid Content (TFC)


The TFC was calculated following the colorimetric method as described by Ti et al. [28]. An amount of 0.5 mL of the extract was mixed with 0.5 mL of 2% aluminum chloride solution. The absorbance was read at 510 nm using a microplate reader (Thermo Fisher Scientific Oy - Ratastie 2, 01620 Vantaa - Finland). The TFC was expressed as mg rutin equivalent (RE)/100 g DW.




2.8. Antioxidant Activities


2.8.1. DPPH Radical Scavenging Activity


The free radical scavenging activity was performed following the method as described by Elzaawely et al. [29]. A volume of 0.5 mL extract from rice grain was mixed with 0.25 mL of DPPH solution and 0.1 mL of 0.1 M acetate buffer pH (5.5). The mixture was shaken and kept at room temperature for 30 min in the dark. The absorbance was measured at 517 nm using a microplate reader (Thermo Fisher Scientific Oy - Ratastie 2, 01620 Vantaa - Finland). The BHT standard (5–20 ppm) was used as the positive reference. The inhibition concentration (IC50) was the concentration of the samples, which give a 50% DPPH radical scavenging activity. Thus, the lower IC50 value indicated the higher antioxidant activity. The following formula calculated the percentage of DPPH radical scavenging activity:


DPPH Radical Scavengin Activity(%)=[(Acontrol−Asample)]×100











In the formula, Acontrol shows the absorbance of the reaction without a sample. Asample indicates the absorbance of the sample.




2.8.2. Reducing Power


The reducing power was determined using the method as described by Singh et al. [30]. Briefly, an aliquot of 0.1 mL of the extract was added with 2.5 mL potassium ferricyanide (1%) and 2.5 mL of phosphate buffer (0.2 M, pH 6.5). The mixture was incubated at 50 °C for 30 min. Then, 2.5 mL of trichloroacetic acid (10%) was added to the mixture. The mixture was centrifuged at 4000 rpm for 10 min, and an aliquot of 2.5 mL of the supernatant was subsequently taken and mixed with 2.5 mL of distilled water and 0.5 mL FeCl3 (0.1%). The absorbance was read at 700 nm using a microplate reader (Thermo Fisher Scientific Oy - Ratastie 2, 01620 Vantaa - Finland). The BHT standard (5–20 ppm) was used as the positive control. The IC50 value was calculated, thus a lower IC50 indicated a higher antioxidant activity.





2.9. Total Anthocyanin Content (TAC)


The TAC was measured following the method reported by Fuleki et al. [31]. Of which, an amount of 0.5 g rice flour was extracted with 15 mL methanol: 1M HCl (85:15, v/v) three times using a stirrer in the dark. The mixture was centrifuged at 4100 g for 15 min at room temperature. Two buffers were prepared: the first one at pH 1.0 (1.49% KCl water buffer, acidified with hydrochloric acid) and the second buffer at pH 4.5 (1.64% sodium acetate water buffer acidified with hydrochloric acid). After diluting the samples 10 times and getting a volume of 2 mL, the absorbance of each sample was read at 520 nm and 700 nm using a microplate reader (Thermo Fisher Scientific Oy - Ratastie 2, 01620 Vantaa - Finland). The formula below was used to calculate TAC, whilst the TAC was shown as a cyaniding-3-glucoside equivalent:


Total anthocyanin(mgl)=A×MW×DF×1000(€×L)








where A was the absorbance, which was calculated to be: A = (A520 nm–A700 nm) pH 1.0 − (A520 nm–A700 nm) pH 4.5. MW was the molecular weight for cyanidin-3-glucoside (449.2 g/mole), DF is the dilute factor, and € was the molar absorbance of cyanidin-3-glucoside (26,900 L/(cm mole), L was cell path length (1 cm), and 1000 was the conversion factor from mL to liter.




2.10. Proline Content


The proline content was determined following the method as described by Bates et al. [32]. An amount of 0.5 g of rice flour was homogenized with 10 mL of sulfosalicylic acid (3%). The homogenate was centrifuged at 3000 rpm for 10 min. Then, an aliquot of 2 mL of the supernatant was mixed with 2 mL acid ninhydrin and 2 mL of glacial acetic acid in a test tube and kept in the water bath at 100 °C for 95 min, and the reaction was finalized in an ice bath. The mixture was extracted with 4 mL toluene, and the absorbance was measured at 520 nm using toluene as the blank. Pure proline (20–100 ppm) was used as a standard. The proline accumulation was calculated as below:


ProlineμmolesgDW:[(prolineμgml×mltoluene)115.5μgμmole]÷[g sample5]



(1)








2.11. Statistical Analysis


The data were analyzed using Minitab 16.0 (Minitab Inc., State College, PA, USA). Results were reported as means + standard deviation (SD). Differences among varieties and treatments were found using ANOVA (analysis of variance), followed by Tukey multiple comparison tests. The level of significance was 5% (p < 0.05).





3. Results


3.1. Grain Yield Components


The influence of water treatments apparently affected yield components (Table 1). The filled grains were not affected due to the W2 and W3 treatments, whilst the influence on filled grain, weight of 100 seeds, and grain weight per pot varied among yield parameters and treatments, of which W3 showed the highest reduction. Comparing between the subtypes Japonica K1 and K2 and Indica K3, no marked difference was observed (Table 1).




3.2. Grain Macronutrients and Quality


Table 2 shows the contents of protein and fatty acids (macronutrients) and quality (amylose) rice grain. In general, the interruption of water provision increased the protein content more than the control, of which W3 showed a greater protein content value than W2 (Table 2). In contrast, the amylose percentage was declined significantly at 2- and 3-day intervals, of which the W3 treatment caused greater reduction of amylose content. The influence on amylose content varied among rice cultivars (Table 2). In case of fatty acids, the irrigation intervals did not show any significant influence among treatments and rice varieties (Table 2). The discontinuous provision of water at 2- or 3-day intervals increased protein content, but in contrast, the amylose content was markedly decreased, whist fatty acids in rice grains were not affected. In general, only protein and amylose were affected by the imposition of a water deficit (Table 2). To compare between the two subtypes Indica and Japonica, no significance in protein was observed, whereas the amylose content of the Indica K4 was less affected than the Japonica K1 and K2 (Table 2).




3.3. Total Anthocyanin (TAC) and Proline Contents


It was observed that the water deficit markedly increased total anthocyanin contents, of which the W3 treatment obtained a higher TAC value than the W2. It was suggested that the duration of water deficit associated with the increase of total anthocyanins. Similarly, the proline contents promoted when water was interrupted at W2 interval. The amount of proline was significantly increased at W3 interval in greater level than the W2 (Table 3). It was proposed that both anthocyanins and prolines induced by rice plants in water deficit stress. The drought duration was proportional to the increase of anthocyanins and prolines in rice (Table 3).




3.4. Total Phenolic (TPC) and Total Flavonoid Contents (TFC)


Table 4 showed that total flavonoids were increased in W2 and W3 treatments as compared to the control W1; however, no statistically significant difference was observed among treatments. Similarly, no marked difference among treatments against free phenolics was found. In contrast, the bound phenolics were promoted, of which W3 induced greater amounts of bound phenolics than W2 and the control W1 (Table 4).




3.5. Antioxidant Activity


In Table 5, the DPPH radical scavenging and reducing power activities were expressed using the IC50 values, thus the lower IC50 indicated greater antioxidant activity. It was found that compared to the control, both DPPH scavenging and reducing power activities were significantly higher than the controls, of which the W3 treatment showed markedly greater levels of DPPH radical scavenging activity than the W2. The reducing power was promoted, but the W2 treatment was not significantly different from the control. The W3 treatment caused greater reducing power than the W2 and the controls (Table 5).




3.6. Correlation among Quality Traits, Phytochemical Contents, and Antioxidant Activity


The correlations among the quality contents, phytochemical capacity, and antioxidant activity are shown in Table 6. The result indicated that protein% had a significantly negative correlation with amylose% (r = −0.84, p = 0.01), whilst it revealed a significantly positive correlation with TPC (r = 0.88, p = 0.01), RP% (r = 0.88, p = 0.01), and TAC (r = 0.92, p = 0.001). The TPC expressed a significantly positive correlation with TFC (r = 0.78, p = 0.05) and TAC (r = 0.93, p = 0.001), and exerted more RP% (r = 0.83, p = 0.01) rather than DPPH%. From the antioxidant activity assays, a positive significant correlation was observed between RP% and TAC (r = 0.86, p = 0.01).





4. Discussion


Roughly 34% of rice is cultivated in rainfed lowland, 9% in rainfed upland, and 9% in flood-prone area, while irrigated ecosystem accounts for 50% total world rice cultivation area [33]. Water deficit is the principal catalyst of many famines and caused destructive effects on rice production worldwide. Asia is the most affected region, with total losses of crop and livestock reached $28 billion, followed by Africa with $25 billion [34]. Drought devastates rice at panicle initiation and flowering [35]. However, this study showed that, in contrast, the implication of a water deficit after anthesis was effective on rice macronutrients, yield, phytochemicals, and antioxidant activities. The imposition of water deficit after anthesis to harvest in rice cultivation as conducted by this study can be implemented easily by farmers in many developing countries.



In this study, the filled grain number per panicle did not change in W2 and W3 treatments, whereas the filled grains percentage, weight of 100-seeds, and grain weight per pot slightly decreased in W2 and W3 (Table 1). It was reported that intermittent irrigations increased the number of unfilled grain [36] and the water-stress-enhanced grain-filling period to result in a reduction of grain weight [10]. In intermittent irrigation, the oxygen supply was improved, and this condition helped rice to uptake more nutrients. In this study, the protein percentage was increased significantly by both W2 and W3 treatments. Simultaneously, the amylose content was markedly reduced, meanwhile no change on fatty acids in rice grain was found (Table 2). The impact of water deficit stress on rice grain quality was different for upland and low land cultivars [37,38]. The increase of rice protein as a macronutrient can be beneficial to people in many places in the world [39], although the high protein content may decrease the eating quality and viscogram capacity [40]. Therefore, the imposition of water deficit during grain filling and ripening stage may be a useful factor on improving rice quality.



Anthocyanins are water soluble pigments that are linked with sugars, such as glucose, galactose, etc., and can be found in glycosylated forms [41]. Anthocyanins, as health-enhancing substances, have been found in many cereal grains, of which black rice showed the highest TAC [42]. In rice, TAC in rice grain was generally lower than in leaves and roots [43]. However, via the treatment of water deficit after anthesis until harvest by this study, TAC was significantly promoted in rice grain (Table 3). The induced accumulation of proline in the rice plant was related to an increase of proline antecedents such as glutamic acid, ornithine, and arginine [44]. The endosperm of small cereals contained proline, which contributed to the protein storage and the aroma of the rice grain [45]. This research found that the proline quantity in rice grain was more pronounced in water deficit treatments, as this finding was consistent with previous studies [46]. Although total flavonoids were not influenced, the amount of bound phenolics was strongly increased (Table 4) and it might be associated with the acceleration of antioxidant activities in rice grain (Table 5). Nichols et al. [47] demonstrated that phenolic compounds, such as quercetin and kaempferol glycosides, had some protective functions primarily as antioxidants, which could be increased by herbivore discouragement and sunscreen against UV destruction.



DPPH is the spectrophotometric procedure that is commonly used to determine the antioxidant properties of the sample extracts. Plants synthesized various bioactive compounds to respond to biotic and abiotic stresses [48]. Grain as the principal product of the rice plant and the source of nutritional elements plays a significant role in defending the body from oxidative damages. In this study’s rice grain, antioxidants tended to increase significantly for W2 and W3 (Table 5). It was reported that the rice grain antioxidant activity was associated with phenolic, proline, and anthocyanin content [49]. Thus, it was shown that the antioxidant activity in rice was promoted by the increase of these phytochemicals in rice grains by imposing a water deficit after anthesis in this study.



In this study, by imposition of water deficit at 3-day intervals after anthesis, a significant positive correlation was revealed among protein content, TPC, RP%, and total anthocyanin content, whilst a significantly negative correlation was observed with amylose percentage (Table 6). Based on the findings of this study, TPC and TFC contributed to higher antioxidant activity (RP%) and TAC, which make these results consistent with previous studies [50].




5. Conclusions


Findings of this research highlighted that the treatment of water deficit at 3-day intervals after anthesis showed a more effective influence on rice yield and quality parameters, phytochemicals (total phenolics and total anthocyanins), and antioxidant activity than the 2-day interval. Although filled grain, weight of 100 seeds, and grain weight per pot were slightly reduced, contents of protein, amylose, and fatty acid were significantly increased. Total anthocyanins and proline were markedly promoted, but total phenolics and flavonoids were not influenced much. The antioxidant capacity including DPPH radical scavenging and reducing power activities were significantly accelerated. This study indicated that imposition of water deficit at 3-day intervals increased nutrients and health benefits in rice grain. The control of water provision as implemented in this study is apparently beneficial for farmers to produce better nutrients and quality rice grain in a sustainable and economical rice production in many developing countries.
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