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Abstract

:

Effect of high temperature (HT) on anthocyanin (ANS) accumulation and its relationship with reactive oxygen species (ROS) generation in color rice kernel was investigated by using a black kernel mutant (9311bk) and its wildtype (WT). 9311bk showed strikingly higher ANS content in the kernel than WT. Just like the starch accumulation in rice kernels, ANS accumulation in the 9311bk kernel increased progressively along with kernel development, with the highest level of ANS at kernel maturity. HT exposure evidently decreased ANS accumulation in 9311bk kernel, but it increased ROS and MDA concentrations. The extent of HT-induced decline in kernel starch accumulation was genotype-dependent, which was much larger for WT than 9311bk. Under HT exposure, 9311bk had a relatively lower increase in ROS and MDA contents than its WT. This occurrence was just opposite to the genotype-dependent alteration in the activities of antioxidant enzymes (SOD, CAT and APX) in response to HT exposure, suggesting more efficiently ROS detoxification and relatively stronger heat tolerance for 9311bk than its WT. Hence, the extent of HT-induced declines in grain weight and kernel starch content was much smaller for 9311bk relative to its WT. HT exposure suppressed the transcripts of OsCHS, OsF3’H, OsDFR and OsANS and impaired the ANS biosynthesis in rice kernel, which was strongly responsible for HT-induced decline in the accumulation of ANS, C3G, and P3G in 9311bk kernels. These results could provide valuable information to cope with global warming and achieving high quality for color rice production.
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1. Introduction


Rice (Oryza sativa L.) is one of the most important cereal crops in the world, especially in Asian countries. Although white rice is the most widely consumed form of rice, there are many special rice cultivars that contain color pigments, such as black, red and purple rice [1]. The kernel color of rice is considered as one of most important traits for the improvement of grain quality, due to its potential biological and pharmacological applications. Previous studies have confirmed that the phenotype of rice kernel is attributed to the accumulation of anthocyanins in pericarps [2]. Anthocyanins are natural colorants belonging to the category of bioflavonoids, which may be divided into two types of chemical compounds: anthocyanins (ANS) and anthocyanidins [3]. Two types of anthocyanins share a common basic core structure, namely the flavylium ion structure [2,3]. In fact, anthocyanidins are the sugar-free or deacyl-glycosylated forms of anthocyanins, while ANS are the glycosylated or acyl-glycosylated forms of anthocyanins by coupling sugar to the anthocyanidin molecule [2,3,4,5]. For two types of anthocyanins, ANS was mostly abundant in cereal kernels that may function as antioxidants [2,3]. In rice, the ANS in color pericarps are comprised of peonidin-glucoside (P3G), cyaniding-3-O-glucoside (C3G) and other-3 glycosides [6]. The amount of different types of ANS in color rice pericarps is greatly variable, depending on the cultivar and growth environment. For instance, the rice cultivars with black kernel pericarps generally have higher P3G and C3G content than those with red kernel [6].



High temperature during grain filling is one of the most important environmental factors affecting crop yield and grain quality [7]. Previously, great efforts have been made to recognize the effect of high temperature on rice grain quality. It has been demonstrated that high temperature at grain filling stage causes the formation of loosely packed starch granules with larger air space, which may result in reduced kernel weight together with increased occurrence of chalky and abnormal grains [6,7]. High temperature (HT) exposure at the grain filling stage obviously reduces the ratio of amylose to total starch accumulation in non-waxy rice endosperms [7,8]. Furthermore, the palatability property of cooking rice cultivars may be remarkably compromised due to the alteration of starch gelatinization resistance in rice endosperms after rice plants exposure to high temperature during grain filling [7,9]. However, little information is available about the impact of high temperature on the expression of key gene related to ANS biosynthesis and the consequent variations in ANS accumulation and its composition in color rice kernels.



The ANS biosynthesis in higher plants was regulated by several key enzymes in the phenylpropanoid pathway, such as isomerase (CHI), chalcone synthase (CHS), flavone 3-hydroxylase (F3H), flavonol synthase (FLS) and flavonoid 3′-hydroxylase (F3′H) [8]. Previous studies have revealed that nutrient deficiencies, especially of phosphorus (P) and nitrogen (N), may induce the accumulation of anthocyanin and anthocyanidin compounds in many plant species [9]. Low temperatures significantly up-regulated the expression of anthocyanin biosynthesis genes, which led to a marked increase in ANS amount in red-skinned grapes [10]. Interestingly, environmental stresses (e.g., chilling, drought and salinity) may cause the oxidative damage of plant cells by rapidly enhancing generation of reactive oxygen species (ROS), like O2− (superoxide), H2O2 (hydrogen peroxide) and OH− (hydroxyl radical) [11]. However, the overexpression of anthocyanin regulatory gene IbMYB1 in potato was found to have relatively higher ANS concentration, lower ROS accumulation and stronger tolerance against chilling adversity than its wild types [12]. Several other studies also have suggested that the over-accumulation of antioxidant flavonoids significantly increases Arabidopsis survival under chilling stress. Hence, the ANS accumulation in plant tissues may function as the antioxidants that protect plant against the oxidative damage from stressful chilling and salinity adversities [13]. By contrast, the benefit of suppressing ANS biosynthesis at high temperatures is unknown. In general, plant cells possess a well-organized antioxidant defense system for detoxification of ROS. The defense system contains both enzymatic antioxidants like catalase (CAT), superoxide dismutase (SOD) and ascorbate peroxidase (APX) and non-enzymatic antioxidants such as anthocyanin, tocopherols, carotenoids and flavonoids [11]. However, it is unclear whether or not the enhanced ANS accumulation in color rice kernels is beneficial for the improvement of anti-oxidative ability of rice under HT exposure.



In this study, two indica rice cultivars, 9311 and its corresponding mutant with the black kernel phenotype (9311bk), were utilized to compare their differences in pigment content and ANS composition in developing kernels under HT exposure. HT–induced alteration in the expression of various key genes responsible for ANS biosynthesis and its relation to ROS accumulation in developing kernels was further investigated in 9311bk and its wild type plants at grain filling stage. The objectives of our research were: 1) to clarify the temporal pattern of kernel ANS accumulation and ANS biosynthesis metabolism in response to HT exposure for color rice and 2) to examine the pleiotropic effects of altered ANS accumulation metabolism on the ROS detoxification in developing kernels of color rice when rice plants was imposed to HT at the grain filling stage.




2. Materials and Methods


2.1. Plant Materials and Temperature Treatments


Two rice genotypes, 9311 and its corresponding mutant with the black kernel phenotype, 9311bk, were used in the study. The wild type 9311 is a well-known commercial indica rice cultivar with its full genome sequence accessible at http://rise2.genomics.org.cn/. The 9311bk is derived from 9311 cultivar (Oryza sativa L. ssp. indica) by gamma-irradiated 9311 mature seeds, and the stably inherited mutant was acquired through the sequential self-pollination and their identifications of black kernel phenotype in M2–M7 generations, with M8 seeds being employed in this experiment. The extent of black color rice was different among different lines, further characterization of mutation genes will be carried out in future. No visible differences in plant height, panicle morphology, leaf color, grain shape and kernel polyphenol content were observed between the 9311bk and its wild type (Figure 1A,C). However, 9311bk exhibited a black pericarp (Figure 1B), with the strikingly higher kernel ANS content for 9311bk compared with its wild type (Figure 1D).



The experiments of different temperature treatments were performed in 2018 at the experimental station of Zhejiang University, Hangzhou, China. Rice seeds were sown on April 25 and 25–30 days old seedlings were transplanted into the plastic pots filled with air-dried, fully mixed and pre-soaked clay loam soil. The soil contained 1.36 g/kg total N, 24.5 mg/kg available P and 129.3 mg/kg exchangeable K. The pots were placed in a greenhouse under natural light cycles and moderate temperature environment (28 °C day-time/22 °C night-time). At full heading stage, 30–40 panicles with uniform anthesis were randomly selected and tagged. Afterward, the pots were moved to two phytotrons (PGV-36; CONVIRON, Winnipeg, Manitoba, Canada) to impose the different temperature treatments until maturity.



One phytotron was used for high temperature (HT) and the other for normal temperature (NT). The daily mean temperatures were set to 32 °C for HT and 22 °C for NT. The diurnal change of temperature was designed by a simulation of daily temperature fluctuation based on natural climate. The daily maximum and minimum temperatures were set up at 2:00 p.m. and 5:00 a.m., with 36 °C and 28 °C for HT and 24 °C and 20 °C for NT, respectively. Two phytotrons were kept without distinction in other climate conditions except for temperature treatment; the photoperiod was from 5:30 a.m. to 7:00 p.m. with 150 to 180 J m−2 s−1 of light intensity, and the relative humidity was maintained around 75–80% with a wind speed of 0.5 m s−1. After the initiation of temperature treatment (full heading), 3–5 tagged panicles were sampled at 7-day interval up to 28 DAA. The fresh grain samples were frozen in liquid nitrogen and stored at −80 °C until further experimental analysis. Another set of samples was fixed in an oven at 105 °C for 30 min and then dried to constant weight at 80 °C for the determination of sugar and starch.




2.2. Determination of Anthocyanin, Flavonoid and Polyphenol Contents in Rice Grains


The ANS concentration in rice grains was measured spectrophotometrically as previously described by Teng, et al. [14]. The ANS amount was calculated as the product of extraction solution volume and relative ANS concentration. One ANS unit equals one absorbance unit (A530 − (1/4 × A657)) in 1 mL of extraction solution.



Total phenolic content of rice grain was measured according to the method of Dewanto, et al. [15]. Total flavonoid content of rice grain was measured according to the method of Zhishen, et al. [16], with catechin (Sigma, Saint Louis, Missouri, USA) being used as a standard. The total flavonoid contents were expressed as catechin equivalents.




2.3. Measurement of ANS Composition by HPLC


The extraction of grain anthocyanin was conducted by using the procedures described previously Yoshimura, et al. [17]. Briefly, 1 g of the ground rice samples was homogenized in 10 mL of methanol containing 1% HCl (v/v) for 24 h in the dark at 4 °C. The crude extracts were filtered with Whatman No. 2 paper. These crude extracts were then subjected to HPLC.



HPLC analysis was performed using a liquid chromatography system (SCL-10A, Shimadzu, Kyoto, Japan) equipped with two pumps (LC-10A), a control system (SCL-10A), a diode array detector (SPD-20A), a CTA-20A column oven and a column COSMOSIL 5C18-AR-II 4.66250 mm i.e., 5 mm (Nacalaitesque, Kyoto, Japan). The mobile phase consisted of water: formic acid (96:4, v/v; A phase) and methanol: formic acid (96:4, v/v; B phase). Sample elution used the time gradient program: 0–0.01 min 10% B, 0.01–5.00 min 20% B; 5.01–50.00 min 50% B and 50.01–60.00 min 100% B. Ten mL of sample was injected. Quantification was performed at l = 520 nm. All chromatographic tests were carried out at 37 °C with a flow of 0.5 mL/min. Cyanidin-3-O-glucoside and peonidin-3-O-glucoside were quantified using a calibration curve of the corresponding standard compounds. All determinations were performed in triplicate.




2.4. RNA Isolation, cDNA Preparation, and Real-Time Fluorescence Quantitative PCR


The procedures of RNA extraction and cDNA preparation for rice grains were performed as described previously [8], with some modifications. Trizol Plus reagent kit (Invitrogen, Carlsbad, CA, USA) was used for the extraction of total RNA and the First Strand cDNA Synthesis kit (Toyobo, Osaka, Japan) was used for cDNA synthesis by following the manufacturer’s instructions. Quantitative real-time PCR was performed by using the SYBR Green real-time PCR Master Mix Reagent Kit (Toyobo, Osaka, Japan). The reactions were performed in a Bio-Rad CFX96 real-time system (Bio-Rad, Hercules, CA, USA) by following the manufacturer’s protocol. The amplification reagents contained 10 μL SYBR, 1 μL cDNA, 1.6 μL 10 mM primer pairs and 7.4 μL RNase Free H2O. All gene-specific primer pairs were designed by using online software GenScript, and the optimal primer of annealing temperature for each gene was listed in Table S1. The expression of Actin was used as internal control. The amplification of various genes was normalized by ACTIN-1 expression, and their relative expression levels were calculated by the 2(−ΔΔCT) method [18]. The average values and standard errors were calculated from three independent biological replicates.




2.5. Determination of Malondialdehyde (MDA), Hydrogen Peroxide (H2O2), Superoxide Radical (O2−) and Antioxidant Enzyme Activity


The MDA and O2− contents in rice grains were determined spectrophotometrically as described by Lichtenthaler [19]. The H2O2 concentration was measured calorimetrically as described by Khan et al. [20].



SOD and APX activities were assayed, according to Cakmak and Marschner [21]. CAT activities were measured as described by Khan et al. [20]. Data collections of enzyme activities were carried out on a Shimadzu UV-vis 2450/2550 spectrophotometer (Shimadzu, Kyoto, Japan). Triplicate measurements were assayed for each sample.




2.6. Determination of Carbohydrates


The extraction of carbohydrate was performed by following the method described by Li et al. [22].The samples were dried in an oven and ground into fine powder. 500 mg ground sample was added in a 10 mL centrifuge tube, containing 5 mL of 80% (v/v) ethanol and kept in a water bath at 80 °C for 30 min. The tube was then centrifuged at 5000× g for 15 min after cooling. The extraction process was repeated three times. The supernatant was then diluted to 25 mL with distilled water and soluble sugar content was measured as described by Yang, et al. [23]. The residue in the centrifuge tube was dried at 80 °C for starch extraction. 2 mL distilled water was added to the tube, which was then shaken in a boiling water bath for 15 min, followed by addition of 2.5 mL of 9.36 M HClO4 added after cooling. The solution was shaken for 15 min and centrifuged at 5000× g for 15 min. The supernatant was collected and a 2 mL of 4.68 M HClO4 was added to the residue. The extraction was repeated as mentioned above. The supernatants were combined and diluted to 25 mL with distilled water. The starch content was measured by the method of Yang et al. [23].Triplicate measurements were assayed for each sample.




2.7. Statistical Analysis


The data were subjected to a two-way analysis of variance (ANOVA) using the IBM SPSS statistical software 20 package (Chicago, IL, USA). The means were compared by the Tukey’s least significant difference (LSD) test (p < 0.05). Standard error (SE) was computed and illustrated in the figures and tables.





3. Results


3.1. Differences in Kernel Pigment Concentration and ANS Composition Between 9311bk and Wild Type under Different Temperature Regimes


9311bk differed evidently from WT in flavonoid and ANS contents during grain filling periods (7–35 DAA), with the strikingly higher ANS content for 9311bk relative to WT under the same temperature treatment (Figure 2A,B). The kernel flavonoid and ANS contents increased progressively along with grain filling, with the largest amount in mature kernels (Figure 2A,B). On the other hand, the insignificant difference in polyphenol content was found between 9311bk and WT (Figure 2C). These results clearly indicated that the black color of 9311bk kernels was chemically derived from the ANS accumulation, rather than the polyphenol and other pigment.



As shown in Figure 2D, HT exposure at grain filling significantly decreased the total ANS content (mg/g) in 9311bk, and HT-induced decline in kernel ANS content was also shown for WT (Figure 2D). Furthermore, HT exposure significantly decreased the accumulation of ANS, C3G and P3G in 9311bk kernels on a per-kernel basis (μg kernel−1; Figure 2E), and the gap in kernel ANS concentration between two temperature regimes widened progressively with the advancement in grain development (Figure 2D,E). Interestingly, the effect of HT exposure on grain weight and kernel starch accumulation (Figure 2H,G) was quite different from that on total ANS, C3G and P3G concentrations in rice kernels (Figure 2D,E). For instance, the starch content and grain weight in HT-ripening kernel were significantly lower than those of NT-ripening kernel at maturity, although HT exposure accelerated grain filling and enhanced the starch concentration at the early stage of grain filling (Figure 2H,G). Comparatively, the extent of HT-induced decline in kernel starch content was relatively smaller for 9311bk than WT at later stage of grain filling (Figure 2H). The soluble sugar content in 9311bk kernels was relatively higher than WT kernels under the same temperature regime (Figure 2F), and HT-inducible increase in total soluble sugar contents was found for both 9311bk and WT (14–28 d post anthesis; Figure 2F).




3.2. Expression Pattern of Various Genes Involved in ANS Biosynthesis in Developing Kernels and Its Response to HT Exposure at Grain Filling


The transcriptional profile of various genes involved in ANS biosynthesis pathway (OsPAL, OsCHS, OsCHI, OsF3H, OsF3’H, OsDFR and OsANS) and also their temporal patterns during developing kernels were comprehensively investigated by using quantitative real-time reverse transcription PCR (Figure 3). The result showed that 9311bk had the strikingly higher transcripts of OsCHS, OsCHI, OsF3H, OsF3’H, OsDFR and OsANS in developing kernels than its wild type. The OsPAL transcripts in the developing kernels of 9311bk also showed significantly higher expression than those of WT at the earlier filling stage (7 d and 14 d post anthesis). Obviously, the transcripts of OsCHS, OsF3’H, OsDFR and OsANS in WT kernels were detectable at very low levels (Figure 3B,E–G) except OsPAL, which was relatively abundant in WT kernels (Figure 3A). For the temporal pattern of transcriptional expression of various genes in 9311bk kernels, the transcripts of OsCHS and OsF3H decreased gradually along with grain filling (Figure 3B,D), but the opposite was true for OsANS, which exhibited an abrupt decline in transcript level along with grain filling (Figure 3F). In addition, the maximum values of OsCHI, OsF3’H and OsDFR were observed at the middle and late stage (21 d post anthesis; Figure 3C,E,F). Interestingly, the transcript levels of all the seven genes (OsPAL, OsCHS, OsCHI, OsF3H, OsF3’H, OsDFR and OsANS) in 9311bk kernels were strongly repressed by HT exposure at grain filling stage, in relation to the NT treatment at the same sampling time (Figure 3). This result suggested that HT exposure had an inhibitory impact on the ANS biosynthesis in rice kernel, which was strongly responsible for HT-induced decline in the accumulation amounts of ANS, C3G and P3G in 9311bk kernels.




3.3. Difference in the Response of Kernel ROS Content, MDA Accumulation and Antioxidant Enzyme to HT Exposure Between 9311bk and Its Wild Type


The genotype-dependent alterations in the kernel ROS level, MDA content and the activities of antioxidant enzymes, in response to HT exposure, were investigated in 9311bk and WT (Figure 4). The results showed that HT exposure led to the marked increases in ROS level (H2O2 and O2− contents) and MDA content in developing kernels for both genotypes (Figure 4A–C). However, the extent of HT-induced increase in kernel ROS level and MDA content was greatly variable between the rice genotypes (9311bk and WT). The elevated extent of ROS level and MDA content in 9311bk kernels was evidently smaller than those in WT under HT exposure (Figure 4A–C). This result implied that 9311bk was less susceptible to HT exposure and also depicted relatively lower oxidative damage under HT exposure than WT. Interestingly, the developing kernels of two genotypes significantly differed in terms of antioxidant enzyme activities. Relatively higher activities of SOD, CAT and APX were observed for 9311bk, as compared to WT, under exposure to HT (Figure 4D–F).





4. Discussion


Anthocyanin biosynthesis is an energy-demanding process and energy balance might be optimized in response to the varying environment. ANS biosynthesis is increased at cold temperatures, and this increase has been suggested to enhance the survival of plants under cold stress [24]. In the current study, HT exposure suppressed the ANS accumulation in rice kernels (Figure 2B) and inhibited the transcriptional expression of various genes involving in the ANS biosynthesis pathway (Figure 3). However, the ANS content in 9311bk kernels under HT exposure still was strikingly higher than its WT. Previous studies had revealed that HT exposure significantly enhanced the rate of grain filling, but it decreased the grain weight and final yield [25,26,27]. Our present data provided the supporting evidence that HT exposure at the filling stage significantly lowered grain weight and starch amount accumulation in rice kernels. However, the extent of HT-induced declines in grain weight and kernel starch content was relatively smaller for 9311bk than WT (Figure 2H,G), implying that the starch accumulation in 9311bk was less affected by HT exposure than in wild type (Figure 2H). Interestingly, 9311bk had significantly lower ROS concentration and higher activity of antioxidant enzymes (SOD, CAT and APX) in developing kernels than its WT under HT exposure (Figure 4). Hence, we deduced that ANS rich 9311bk has a stronger defense ability to scavenge ROS molecules efficiently than its WT, and the genotype-dependent alterations in ANS biosynthesis and its accumulation in color kernels might contribute greatly to the enhancements of kernel-filling capacity and its heat tolerance under HT stress (Figure 5). The possible reason for the elevated heat tolerance of color rice could be explained by the combination of two factors: Firstly, ANS biosynthesis and its accumulation in plant tissues may play an important role in protecting plant against ROS damage, because of ANS being widely considered as antioxidant molecules in plant cells [28]. In previous studies, Gould, et al. [29] revealed that anthocyanin-rich parts of Pseudowintera colorata leaves showed higher H2O2 scavenging ability as compared to their green counterparts when plant leaves were exposed to mechanical injury. Cotton plants, suffering from nutrient imbalance, were reported to accumulate higher anthocyanins in leaves under drought stress with a consequent higher ROS-scavenging ability [30]. In our present study, HT exposure enhanced ROS concentration and MDA accumulation in rice kernels (Figure 4A–C), which was well consistent with previous reports [31]. However, 9311bk differed evidently from its wildtype in the response of MDA accumulation to HT exposure (Figure 4C), and the concentrations of H2O2 and O2− in 9311bk kernels were significantly lower than those in its wildtype kernels under HT exposure (Figure 4A,B). More importantly, the kernel flavonoid and ANS contents in 9311bk kernels increased progressively along with grain filling, with the largest amount in its mature kernels (Figure 2A,B), while the ANS content in WT kernels was detectable at a very low level (Figure 2A,B). In this regard, ANS accumulation might be directly responsible for the alleviation of oxidative damage in color rice kernels, due to the striking difference in kernel ANS accumulation amount between 9311bk and its WT (Figure 2A,B); secondly, the altering ANS biosynthesis in color rice kernels may also play a regulatory role in the activation of the antioxidant enzyme system, because the antioxidant enzymes (SOD, CAT and APX) had been widely considered as an important mechanism actively used by plants to detoxify ROS damage [20,32]. Several previous studies had also revealed that the ANS accumulation in plant tissues was closely associated with the activities of SOD and CAT for better antioxidant defense system under stressful environment [33,34,35,36]. Thus, the ANS accumulation in plant tissues may also stimulate the activation of the antioxidant enzyme system, this occurrence was another important reason for the elevated heat tolerance of color rice and the relatively stable starch accumulation in 9311bk kernels under the HT exposure at filling stage.



The production of ANS was markedly increased under various environmental stresses [24,31]. ANS are believed to be regulated by sugar [28], and light [37]. Sugars activated the accumulation of anthocyanins in numerous plant species like Arabidopsis, petunia, grape and radish (Raphanus sativus L.) hypocotyls [28,38,39,40]. Sugar is a common regulator of gene expression for metabolic enzymes and proteins involved in photosynthesis, carbohydrate metabolism and ANS biosynthesis [41]. Previous studies have investigated the sugar-induced accumulation of ANS in fruits [42,43]. CHS was induced by sugars in transgenic Arabidopsis leaves and the genes, encoding DFR and ANS, were found to be up-regulated under chilling stress [42,44]. Higher light intensities significantly stimulate CHS and CHI transcript levels in grape (Vitis vinifera) cells while DFR and ANS were not sufficiently stimulated. Petunia corollas, cultured in vitro without sucrose, were devoid of pigmentation [45]. A study on Arabidopsis revealed that the down-stream genes in the flavonoid biosynthetic pathway were easily induced by sucrose, with several hundred-fold upregulation for such gene transcript under higher sucrose concentration, whereas the transcriptional expression of some genes upstream of DFR was relatively stable or only slight up-regulation by sucrose induction [45]. In this study, 9311bk had relatively higher content of total soluble sugar content (TSS) than its WT under the same temperature regime (Figure 2F), which was well consistent with the genotypic-dependent alteration in the ANS accumulation in developing kernels (Figure 2B). Furthermore, HT exposure increased the TSS content in developing kernels at the middle and late stages of grain filling, with more profoundly enhanced TSS content for 9311bk relative to it WT (Figure 2F). This result suggested that the genotypic-dependent alteration in the ANS accumulation in developing kernels had a marked impact on kernel TSS content and starch accumulation in response to HT exposure. Interestingly, the TSS content in developing kernels showed decreasing trend during grain filling, while it was opposite for the temporal pattern of kernel ANS accumulation during grain filling, although the TSS content in 9311bk kernels was significantly higher than its WT (Figure 2B). This phenomenon could be explained by the translocation from sugar to starch via starch biosynthetic metabolism in rice kernels, because sugar provides substrates for biosynthesis of biopolymers such as starch, cellulose, callose, protein and ANS in plant tissues [45]. Hence, HT induced-enhancement in kernel TSS content was closely associated with HT-induced decline in ANS accumulation for 9311bk. In this aspect, the suppression of anthocyanin biosynthesis might be beneficial for plants under HT stress, because thermomorphogeneic growth, at a cost of reduced anthocyanin biosynthesis, might enhance survival under HT stress [31]. Obviously, HT exposure suppressed the transcript amounts of various genes involving in ANS biosynthesis in developing kernels (Figure 3), despites the different expression in their temporal pattern during kernel development. For instance, the transcripts of OsCHS, OsANS and OsF3H dropped continuously along with kernel development (Figure 3B,D,G), while the transcripts of OsCHI, OsF3’H and OsDFR evidently enhanced at the early and middle stages, followed by the significantly lowered transcripts at the late filling stages (Figure 3C,E,F). Obviously, the ANS accumulation in 9311bk kernels was in parallel to the transcriptional expression of OsCHS, OsCHI, OsF3’H and OsDFR during kernel filling under HT exposure, while in wild type the expressions of all the genes were quite low except OsPAL. These results implied that such genes (OsCHS, OsCHI, OsF3’H and OsDFR) might be the key regulatory genes responsible for the response of ANS biosynthesis in 9311bk kernels to HT exposure. The higher expression of OsPAL transcript in the developing kernels of both wild type and 9311bk (Figure 3A) could be explained by the fact that PAL participate in the biosynthesis of various phenolic compounds by phenylpropanoid metabolic pathway [46], besides its involvement in the ANS biosynthesis pathway. In addition, our present result also revealed that the ANS content in color rice kernels increased progressively along with grain filling, with the largest amount in kernels (Figure 2A,B), which also was not well consistent with the temporal pattern of OsCHS, OsCHI, OsF3’H and OsDFR during grain filling (Figure 3C,E,F). Considering the relatively slower increases in grain weight and starch accumulation amount at the late stage of grain filling (Figure 2G,H). This discrepancy possibly was attributable to the varying ratio of ANS content to the total amount of starch accumulation and water content in developing kernels, although HT exposure evidently suppressed the accumulation of both ANS and starch in rice kernels (Figure 2A,B,H). Further investigations should be required to clarify the regulatory network for the relationship of ANS metabolism with starch biosynthesis and oxidative homeostasis in color rice kernels as effected by HT exposure at the filling stage.




5. Conclusions


HT exposure evidently suppressed the transcriptional expression of various key genes involving in ANS biosynthesis pathway and caused the ANS accumulation amount in color rice kernels. However, the transcripts of various key genes involving in ANS biosynthesis metabolism and ANS concentration in 9311bk kernels under HT exposure still was strikingly higher than its WT. Under HT exposure, ANS rich 9311bk had relatively lower increase in ROS and MDA contents than its WT, while it was just opposite to the genotype-dependent alteration in the activities of antioxidant enzymes (SOD, CAT and APX) in response to HT exposure, suggesting that 9311bk has stronger defense ability to efficiently scavenge ROS than its WT. Hence, the starch accumulation in 9311bk kernel was less affected by HT exposure than in the wild type.
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	ANS
	Anthocyanidins



	ROS
	Reactive oxygen species



	SOD
	Superoxide dismutase



	POD
	Peroxidase



	APX
	Ascorbate peroxidase



	CAT
	Catalase



	DAA
	Days after anthesis



	O2−
	Superoxide anion



	MDA
	Malondialdehyde



	Chl
	Chlorophyll







References


	



Pereira-Caro, G.; Cros, G.; Yokota, T.; Crozier, A. Phytochemical profiles of black, red, brown, and white rice from the Camargue region of France. J. Agric. Food Chem. 2013, 61, 7976–7986. [Google Scholar] [CrossRef]

	



Reddy, V.; Dash, S.; Reddy, A. Anthocyanin pathway in rice (Oryza sativa L): Identification of a mutant showing dominant inhibition of anthocyanins in leaf and accumulation of proanthocyanidins in pericarp. Theor. Appl. Genet. 1995, 91, 301–312. [Google Scholar] [CrossRef] [PubMed]

	



Goufo, P.; Trindade, H. Rice antioxidants: Phenolic acids, flavonoids, anthocyanins, proanthocyanidins, tocopherols, tocotrienols, γ-oryzanol, and phytic acid. Food Sci. Nutr. 2014, 2, 75–104. [Google Scholar] [CrossRef] [PubMed]

	



Fitzgerald, M.A.; McCouch, S.R.; Hall, R.D. Not just a grain of rice: The quest for quality. Trends Plant Sci. 2009, 14, 133–139. [Google Scholar] [CrossRef] [PubMed]

	



Oikawa, T.; Maeda, H.; Oguchi, T.; Yamaguchi, T.; Tanabe, N.; Ebana, K.; Yano, M.; Ebitani, T.; Izawa, T. The birth of a black rice gene and its local spread by introgression. Plant Cell 2015, 27, 2401–2412. [Google Scholar] [CrossRef]

	



Thitisaksakul, M.; Jiménez, R.C.; Arias, M.C.; Beckles, D.M. Effects of environmental factors on cereal starch biosynthesis and composition. J. Cereal Sci. 2012, 56, 67–80. [Google Scholar] [CrossRef]

	



Ahmed, N.; Tetlow, I.J.; Nawaz, S.; Iqbal, A.; Mubin, M.; Nawaz ul Rehman, M.S.; Butt, A.; Lightfoot, D.A.; Maekawa, M. Effect of high temperature on grain filling period, yield, amylose content and activity of starch biosynthesis enzymes in endosperm of basmati rice. J. Sci. Food Agric. 2015, 95, 2237–2243. [Google Scholar] [CrossRef]

	



Yamakawa, H.; Hirose, T.; Kuroda, M.; Yamaguchi, T. Comprehensive expression profiling of rice grain filling-related genes under high temperature using DNA microarray. Plant Physiol. 2007, 144, 258–277. [Google Scholar] [CrossRef]

	



Hodges, D.M.; Nozzolillo, C. Anthocyanin and anthocyanoplast content of cruciferous seedlings subjected to mineral nutrient deficiencies. J. Plant Physiol. 1995, 147, 749–754. [Google Scholar] [CrossRef]

	



Gao-Takai, M.; Katayama-Ikegami, A.; Matsuda, K.; Shindo, H.; Uemae, S.; Oyaizu, M. A low temperature promotes anthocyanin biosynthesis but does not accelerate endogenous abscisic acid accumulation in red-skinned grapes. Plant Sci. 2019, 283, 165–176. [Google Scholar] [CrossRef]

	



Basu, S.; Roychoudhury, A.; Saha, P.P.; Sengupta, D.N. Differential antioxidative responses of indica rice cultivars to drought stress. Plant Growth Regul. 2009, 60, 51–59. [Google Scholar] [CrossRef]

	



Cheng, Y.-J.; Kim, M.-D.; Deng, X.-P.; Kwak, S.-S.; Chen, W. Enhanced salt stress tolerance in transgenic potato plants expressing IbMYB1, a sweet potato transcription factor. J. Microbiol. Biotechnol. 2013, 23, 1737–1746. [Google Scholar] [CrossRef] [PubMed]

	



Fini, A.; Brunetti, C.; Di Ferdinando, M.; Ferrini, F.; Tattini, M. Stress-induced flavonoid biosynthesis and the antioxidant machinery of plants. Plant Signal. Behav. 2011, 6, 709–711. [Google Scholar] [CrossRef] [PubMed]

	



Teng, S.; Keurentjes, J.; Bentsink, L.; Koornneef, M.; Smeekens, S. Sucrose-specific induction of anthocyanin biosynthesis in Arabidopsis requires the MYB75/PAP1 gene. Plant Physiol. 2005, 139, 1840–1852. [Google Scholar] [CrossRef]

	



Dewanto, V.; Wu, X.; Adom, K.K.; Liu, R.H. Thermal processing enhances the nutritional value of tomatoes by increasing total antioxidant activity. J. Agric. Food Chem. 2002, 50, 3010–3014. [Google Scholar] [CrossRef]

	



Zhishen, J.; Mengcheng, T.; Jianming, W. The determination of flavonoid contents in mulberry and their scavenging effects on superoxide radicals. Food Chem. 1999, 64, 555–559. [Google Scholar] [CrossRef]

	



Yoshimura, Y.; Zaima, N.; Moriyama, T.; Kawamura, Y. Different localization patterns of anthocyanin species in the pericarp of black rice revealed by imaging mass spectrometry. PLoS ONE 2012, 7, e31285. [Google Scholar] [CrossRef]

	



Wang, F.; Liu, J.; Zhou, L.; Pan, G.; Li, Z.; Zaidi, S.-H.-R.; Cheng, F. Senescence-specific change in ROS scavenging enzyme activities and regulation of various SOD isozymes to ROS levels in psf mutant rice leaves. Plant Physiol. Biochem. 2016, 109, 248–261. [Google Scholar] [CrossRef]

	



Lichtenthaler, H.K. Chlorophylls and carotenoids—Pigments of photosynthetic membranes. Methods Enzymol. 1987, 148, 350–382. [Google Scholar]

	



Khan, A.R.; Wakeel, A.; Muhammad, N.; Liu, B.; Wu, M.; Liu, Y.; Ali, I.; Zaidi, S.H.R.; Azhar, W.; Song, G. Involvement of ethylene signaling in zinc oxide nanoparticle-mediated biochemical changes in Arabidopsis thaliana leaves. Environ. Sci. Nano 2019, 6, 341–355. [Google Scholar] [CrossRef]

	



Cakmak, I.; Marschner, H. Magnesium deficiency and high light intensity enhance activities of superoxide dismutase, ascorbate peroxidase, and glutathione reductase in bean leaves. Plant Physiol. 1992, 98, 1222–1227. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.; Wang, F.; Lin, W.; Zhao, Q.; Liu, J.; Cheng, F. Carbon reserve and remobilization in leaf sheaths during the grain-filling stage in response to leaf early senescence. Acta Physiol. Plant. 2017, 39, 10. [Google Scholar] [CrossRef]

	



Yang, J.; Zhang, J.; Wang, Z.; Zhu, Q.; Liu, L. Water Deficit–induced senescence and its relationship to the remobilization of pre-stored carbon in wheat during grain filling. Agron. J. 2001, 93, 196–206. [Google Scholar] [CrossRef]

	



Catalá, R.; Medina, J.; Salinas, J. Integration of low temperature and light signaling during cold acclimation response in Arabidopsis. Proc. Natl. Acad. Sci. USA 2011, 108, 16475–16480. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Tang, L.; Shi, P.; Yang, B.; Sun, T.; Cao, W.; Zhu, Y. Effects of short-term high temperature on grain quality and starch granules of rice (Oryza sativa L.) at post-anthesis stage. Protoplasma 2017, 254, 935–943. [Google Scholar] [CrossRef]

	



Shi, W.; Muthurajan, R.; Rahman, H.; Selvam, J.; Peng, S.; Zou, Y.; Jagadish, K.S. Source–sink dynamics and proteomic reprogramming under elevated night temperature and their impact on rice yield and grain quality. New Phytol. 2013, 197, 825–837. [Google Scholar] [CrossRef]

	



Yoshida, S.; Hara, T. Effects of air temperature and light on grain filling of an indica and a japonica rice (Oryza sativa L.) under controlled environmental conditions. Soil Sci. Plant Nutr. 1977, 23, 93–107. [Google Scholar] [CrossRef]

	



Hara, M.; Oki, K.; Hoshino, K.; Kuboi, T. Effects of sucrose on anthocyanin production in hypocotyl of two radish (Raphanus sativus) varieties. Plant Biotech. 2004, 21, 401–405. [Google Scholar] [CrossRef]

	



Gould, K.; McKelvie, J.; Markham, K. Do anthocyanins function as antioxidants in leaves? Imaging of H2O2 in red and green leaves after mechanical injury. Plant Cell Environ. 2002, 25, 1261–1269. [Google Scholar] [CrossRef]

	



Edreva, A.; Velikova, V.; Tsonev, T.; Dagnon, S.; Gürel, A.; Aktaş, L.; Gesheva, E. Stress-protective role of secondary metabolites: Diversity of functions and mechanisms. Gen. Appl. Plant Physiol. 2008, 34, 67–78. [Google Scholar]

	



Mahmood, K.; Xu, Z.; Rothstein, S.J. ROS induces anthocyanin production via late biosynthetic genes and anthocyanin deficiency confers the hypersensitivity to ROS-generating stresses in Arabidopsis. Plant Cell Physiol. 2017, 58, 1364–1377. [Google Scholar]

	



Awasthi, R.; Bhandari, K.; Nayyar, H. Temperature stress and redox homeostasis in agricultural crops. Front. Environ. Sci. 2015, 3, 11. [Google Scholar] [CrossRef]

	



Winkel-Shirley, B. Biosynthesis of flavonoids and effects of stress. Curr. Opin. Plant Biol. 2002, 5, 218–223. [Google Scholar] [CrossRef]

	



Dixon, R.A.; Xie, D.Y.; Sharma, S.B. Proanthocyanidins—A final frontier in flavonoid research? New Phytol. 2005, 165, 9–28. [Google Scholar] [CrossRef] [PubMed]

	



Agati, G.; Biricolti, S.; Guidi, L.; Ferrini, F.; Fini, A.; Tattini, M. The biosynthesis of flavonoids is enhanced similarly by UV radiation and root zone salinity in L. vulgare leaves. J. Plant Physiol. 2011, 168, 204–212. [Google Scholar] [CrossRef]

	



Naing, A.H.; Park, K.I.; Ai, T.N.; Chung, M.Y.; Han, J.S.; Kang, Y.-W.; Lim, K.B.; Kim, C.K. Overexpression of snapdragon Delila (Del) gene in tobacco enhances anthocyanin accumulation and abiotic stress tolerance. BMC Plant Biol. 2017, 17, 65. [Google Scholar] [CrossRef]

	



Cominelli, E.; Gusmaroli, G.; Allegra, D.; Galbiati, M.; Wade, H.K.; Jenkins, G.I.; Tonelli, C. Expression analysis of anthocyanin regulatory genes in response to different light qualities in Arabidopsis thaliana. J. Plant Physiol. 2008, 165, 886–894. [Google Scholar] [CrossRef]

	



Neta-Sharir, I.; Shoseyov, O.; Weiss, D. Sugars enhance the expression of gibberellin-induced genes in developing petunia flowers. Physiol. Plant. 2000, 109, 196–202. [Google Scholar] [CrossRef]

	



Zheng, Y.; Tian, L.; Liu, H.; Pan, Q.; Zhan, J.; Huang, W. Sugars induce anthocyanin accumulation and flavanone 3-hydroxylase expression in grape berries. Plant Growth Regul. 2009, 58, 251–260. [Google Scholar] [CrossRef]

	



Solfanelli, C.; Poggi, A.; Loreti, E.; Alpi, A.; Perata, P. Sucrose-specific induction of the Anthocyanin biosynthetic pathway in Arabidopsis. Plant Physiol. 2006, 140, 637–646. [Google Scholar] [CrossRef]

	



Broeckling, B.E.; Watson, R.A.; Steinwand, B.; Bush, D.R. Intronic sequence regulates sugar-dependent expression of Arabidopsis thaliana production of anthocyanin pigment-1/MYB75. PLoS ONE 2016, 11, e0156673. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Van den Ende, W.; Rolland, F. Sucrose induction of anthocyanin biosynthesis is mediated by DELLA. Mol. Plant 2014, 7, 570–572. [Google Scholar] [CrossRef] [PubMed]

	



Lastdrager, J.; Hanson, J.; Smeekens, S. Sugar signals and the control of plant growth and development. J. Exp. Bot. 2014, 65, 799–807. [Google Scholar] [CrossRef] [PubMed]

	



Horacio, P.; Martinez-Noel, G. Sucrose signaling in plants: A world yet to be explored. Plant Signal. Behav. 2013, 8, e23316. [Google Scholar] [CrossRef]

	



Albert, N.W.; Lewis, D.H.; Zhang, H.; Irving, L.J.; Jameson, P.E.; Davies, K.M. Light-induced vegetative anthocyanin pigmentation in Petunia. J. Exp. Bot. 2009, 60, 2191–2202. [Google Scholar] [CrossRef]

	



De Jong, F.; Hanley, S.J.; Beale, M.H.; Karp, A. Characterisation of the willow phenylalanine ammonia-lyase (PAL) gene family reveals expression differences compared with poplar. Phytochemistry 2015, 117, 90–97. [Google Scholar] [CrossRef]








[image: Antioxidants 08 00510 g001 550] 





Figure 1. Comparison of plant phenotypes between bk mutant (9311bk) and its wild type (9311) at heading stage. (A) Plant growth phenotype, left: 9311 and right: 9311bk. (B) Grain appearance (the samples harvested at 7 days interval after anthesis), left: 9311 and right: 9311bk. (C) Temporal pattern of polyphenol content and (D) Temporal pattern of anthocyanin (ANS) content during kernel development. DAA indicates the days after anthesis. Vertical bars represent standard errors (n = 3). The asterisks represent significant differences (** p < 0.01). 
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Figure 2. Effect of high temperature on pigment accumulation in the rice kernel. (A) Temporal pattern of flavonoid content in kernel of 9311 and 9311bk, (B) temporal pattern of anthocyanin content in kernel of 9311 and 9311bk, (C) temporal pattern of polyphenol content in kernel of 9311 and 9311bk, (D) anthocyanin content in mature grains of 9311 and 9311bk, (E) anthocyanin (ANS), cyanidin-3-O-glucoside (C3G) and peonidin-3-O-glucoside (P3G) content in mature grain of 9311bk measured by HPLC, (F) temporal pattern of total soluble sugar content in kernel of 9311 and 9311bk, (G) temporal pattern of 1000-grain weight of 9311 and 9311bk and (H) temporal pattern of starch content in kernel of 9311 and 9311bk after anthesis. Vertical bars represent standard errors (n = 3). Different letters represent significant differences (p < 0.05) and the asterisks also represent significant differences (* p < 0.05 and ** p < 0.01). DAA stands for days after anthesis. 
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Figure 3. Effect of the high temperature on the expression of anthocyanin biosynthesis genes and their temporal patterns in 9311bk and WT kernels. (A–G) The time course of OsPAL, OsCHS, OsCHI, OsF3H, OsF3’H, OsANS and OsDFR expression during kernel development and (H) comparison of relative expression of genes involved in anthocyanin biosynthesis in developing kernel of 9311bk at after anthesis. Vertical bars represent standard errors (n = 3). Different letters represent significant differences (p < 0.05) and the asterisks also represent significant differences (* p < 0.05 and ** p < 0.01). DAA stands for days after anthesis. 
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Figure 4. Effect of high temperature on reactive oxygen species (ROS) content and antioxidant enzyme activity in 9311 and 9311bk during kernel filling process towards maturity. (A) H2O2 content, (B) O2− content, (C) MDA content, (D) SOD activity, (E) CAT activity and (F) APX activity. Vertical bars represent standard errors (n = 3). DAA stands for days after anthesis. 
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Figure 5. Schematic representation about the involvement of ANS accumulation to ameliorate high temperature-induced oxidative damage in filling kernel of rice. 






Figure 5. Schematic representation about the involvement of ANS accumulation to ameliorate high temperature-induced oxidative damage in filling kernel of rice.



[image: Antioxidants 08 00510 g005]








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






media/file4.png
>

[lavonoids
(nmol kernel™ FW)

@!

Polyphenols
(ug GAE kernel FW)

py

Anthocyanin content

1000-grain weight (g)

(ug kernel* T W)

Q)

0.008 r ——031I NT —&—03]1 HT 160 —— 9311 NT  —&— 9311 [IT
——9311 bk NT——9311 bk HT = Lot o L LD HI i
0.006 | 2 Z2120f """
S =
U —
Rl
0.004 | s 2 80f
§’ 2
0.002 £ 2 40}
<
0.000 1 1 1 1 1 ] 0 ]
7 14 21 28 35
Days after anthesis (DAA)
e00F ——9311 NT —4&—9311 HT o001
—>—9311 bk NT—e—9311 bk HT =
e
400 F S Z 400}
£ =
5 'm0
o =0
200 F g B200F}
E p—
z <
0 1 1 1 1 1 ] 0
7 14 21 28 35 9311 9311 bk
Days after anthesis (DAA)
0T . [ INT £ Dr ——9311NT  —4—9311 T
: T = —C—9311 bk NT —@—9311 bk HT
120 F [ S §30 -
[xe]
20
80 | o 201 : :
% ok ek % 3 s (g
T x = £ : ]
a0k Z T10F g Im
‘_"g ki 1;1‘1 [JT_]
0 i & I ~ 0 I 1 ] ! 1 I
ANS C3G P3G 7 14 21 28 35
Mature grain of 93115% Days after anthesis (DAA)
20T ——93]| NI —&—9311 HT 8001 ——093]I NI' —&—931[ HT
—0—9311 bk NT—e—9311 bk HT _ o —0—9311 bk NT —e— 9311 bk HT
3ol __ £ E 600 - . E
g —'bl) d ;\ r
20 b S 24001 _ >—0
g = :  EE.
s o I m
10F Z E200} /
P
0 1 1 1 1 1 ] 0 1 1 1 L 1 |
7 14 21 28 35 7 14 21 28 35

Days after anthesis (DAA) Days aftcr anthesis (DAA)





nav.xhtml


  antioxidants-08-00510


  
    		
      antioxidants-08-00510
    


  




  





media/file2.png
g

—0—9311
—— 9311 bk

8

§

3

ANS content (ug kernel™ FW)

Polyphenol content (ug kernel” FW) (%)
w
=

(=]

7 14 21 28 35 7 14 21 28 35
Days after anthesis (DAA) Days after anthesis (DAA)






media/file5.jpg
>

widn | ok poer Ve s e
e = el
Pol i .
=R
OsCHI 93IINT 9311 HT Dm OsF3H _—:;”::w::;‘\::'m
s ;
i
s o
E ——93INT  —a—9311 HT. F o OINT 0311 AT
wromn Ty Tacann i i
£ i i
f 3 oo " i
He £l
LI = : L A
i e ey
H
e S o
N 15 (W w
£ wl |
i |
— St L
Days e atbess (DAA) HFH SIS





media/file3.jpg
[RSE—— Paws——"

[—-——
E
. = i
=] i
[—— Dt i OA)

& w0 w0y
s = -
N 15
i fem






media/file1.jpg





media/file7.jpg
o BNT o3l T

s ST

T e
A BT 31 BT

a

MDA conet ol W)

CEEE ]

I
Dyt ambess 0AN)

CAT (Mg FW)
H

H

D
——onisr o i ——oniNt ——oaniur
2 )
W W o [
Dasaterambess OAN) Dyt ambosis ©AN)
o1 o ey
2.

CEE
Daysar abesis (DAA)

CEE ]
Daysar anbesis (DAR)





media/file10.png
High erature

1

OsCHS, OsF3°H,
OsDFR, OsANS

Key genes expression

Starch ——

accumulation

\

SOD, CAT, APX — MDA content
Enzymes activities (Membrane damage)

1

Rice grain quality

/

HT inhibits ANS, aD

increase ROS generation
Higher amount of ANS
accumulation provided
protective role against

severe damages of ROS

_/






media/file9.jpg





media/file0.png





media/file8.png
>

-1
H.O, content (um g~ FW)

@

MDA content (nmol g'] FW)

CAT (mM ¢ FW)

B
o°r —A—0311I NT —4—9311HT T ——9311 NT —&—0311HT
6.0 - —0— 9311 bk NT—e—9311 bk HT —0=—90311 bk NT—e—09311 bk HT
5.6F =
=
a2 =
50
Ik
48} =
4.4F O
= 2
0 1 1 1 1 1 ] 0 1 1 1 1 1
7 14 21 28 35 7 14 21 28 35
Days afier anthesis (DAA) Days after anthesis (DAA)
D
80 1200
——0311 NT —&—09311HT —/—0311 NT —#&—0311HT
—O0—9311 bk NT—e—9311 bk HT 1000 —0—09311 bk NT—e—9311 bk HT
60 | o
= 800}
“en
= 600 F =
40 o
O ~ T
@ 400}
202 200z
O 1 1 1 1 1 J 0 1 | 1 1 1
7 14 21 28 35 7 14 21 28 35
Days after anthesis (DAA) Days after anthesis (DAA)
F
0.20 9311 9311 6 —/—0311 NT —4—9311HT
. N o1 —0—9311 bk NT —e—9311 bk HT
—C—0311 bk NT—e—9311 bk HT
0.15F i
0.10 o0
=
=
0.05 | % 2t
<
0.00 |
1 .I Iv 1 1 J 0 1 ‘t I' 1 1
7 14 21 28 35 7 14 21 28 35

Days after anthesis (DAA) Days after anthesis (DAA)





media/file6.png
>

3.0

2.0

1.0

Relative Expression

0.0

@!

Relative Expression

[T

600

400

200

Relative LExpression

».

Relative Expression

- OsPAL

—" =931 NT —&—093111T
—C—9311 bk NI'—&—9311 bk HT

Days after anthesis (DAA)

- OsCHI ——09311 NT —4—9311HT
—>—9311 bk NT—e—9311 bk HT
= Bl
7 14 21 28
Days after anthesis (DAA)
——9311 NT —4—9311HT
- OsF3'H —>—9311 bk NT —e—9311 bk [IT
a
ih i M i
7 14 21 28
Days after anthesis (DAA)
- —~—0311 NT —4—931]1 HT
OsANS —c— 9311 bk NT ——9311 bk IIT
i c
i j hij ij hi
7 14 21 28

Days after anthesis (DAA)

vy

120
100

Relative Expression

O

40

20

Relative Expression

]

600

e
=
=

[
=
=

Relative Expression

=

v

600

I
o
o]

(]
=
=

I
<

Relative Expression

b2
o

OsF3H

OsCHS —— Q31| NT —&—09311TIT
—=—903]11 bk NI —e— 93] bk HT
a
Th_ Th Th Th {
7 14 21 28

Days after anthesis (DAA)

——0311 NT —&—9311HT
—>—9311 bk NI —e—9311 bk 1I'T

¢
i h
jg 4 &

Al

7 14 21 28
Days after anthesis (DAA)

——0311 NT —&—0311 HT

OsDFR —c— 9311 bk NT —e— 9311 bk 111
a

f

£ £ £ £

-rEI T.‘-’ T‘& 12 |
7 14 21 28

Days after anthesis (DAA)
[_INT






