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Abstract: Rice ratooning, or the production of a second rice crop from stubble after the harvest of the main crop, is considered to be a green and resource-efficient rice production system. The present study was conducted to examine variance in amylose content (AC), grain morphology, crystal structure, and thermal properties of starch between main- and ratoon-season rice of seven varieties. Ratoon-season rice grains had higher ACs and significantly lower transition gelatinization temperatures (To, Tp, and Tc) than did main-season rice grains. The relative crystallinity and lamellar peak intensity of ratoon-season rice starch were 7.89% and 20.38% lower, respectively, than those of main-season rice starch. In addition, smaller granules with smoother surfaces and lower thermal parameters were observed in the starch of ratoon-season rice. The relative crystallinity and lamellar peak intensity of starch correlated negatively with the AC and positively with transition gelatinization temperatures. These results suggest that the superior cooking quality of ratoon-season rice is attributable to the moderate increase of grain AC, which reduces the relative crystallinity, weakens the crystal structure, and lead to a decrease in the gelatinization temperature.
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1  Introduction

Rice feeds half of the world’s population and is grown in more than 95 countries. China is the principal producer of rice (representing >28% of global production) and plays a key role in global food security [1]. Economic conditions and quality improvement programs have increased the demand for sustainable green agriculture. However, the overuse of commercial fertilizers, pesticides, and heavy machinery has negatively affected the environment and increased production costs [2]. Rice ratooning, or the production of a second rice crop from stubble after the harvest of the main crop, is considered to be a green and resource-efficient rice production system. Rice ratooning is associated with significantly larger net energy and cost–benefit ratios, as well as a substantially lower global warming potential, than are middle- and double-season rice cultivation techniques [2]. In recent years, the ratoon cultivation system has drawn much attention and has been practiced widely by farmers in regions where light and temperature resources are sufficient for one seasonal crop, but insufficient for two seasonal crops [3].

Ratoon rice is characterized by high grain quality, which could be a determinant factor for farmers’ economic returns. Compared with those of main-season rice (MR), the chalky rice rate and chalkiness of ratoon-season rice (RR) are significantly lower and the appearance quality is better [4]. The improvement of the cooking and eating qualities of ratoon crops is reflected mainly by a decrease in the gelatinization temperature [5]. Huang et al. [6] reported that the head rice yields of the superior and inferior grains of RR are significantly higher than those of main crops. The quality of RR has been reported to be generally better than that of MR, but differences in starch structure and properties between MR and RR remain poorly understood.

The starch in rice endosperm accounts for about 90% of the dry weight of rice grains [7], and it is the major determinant of rice quality. With higher amylose content (AC), the water absorption of starch is reduced, and the hardness of starch gel is increased [8]. Furthermore, the AC and granular structure have been suggested to affect rice starch pasting properties (e.g., gelatinization temperature), which correlate strongly with rice cooking quality and functionality [9]. The particle size distribution of starch is related to its rheological and gelatinizing properties, as well as starch granule size, which in turn affects starch composition and crystallinity [10]. The gelatinization characteristics of rice starch are governed by its granularity (ratio of crystalline and amorphous regions) [11]. The crystallinity of starch granules correlates positively with the gelatinization temperature and negatively with the AC [12,13]. Starch thermal properties, as revealed by differential scanning calorimetry (DSC) analysis, include gelatinization enthalpy and temperature. Cai et al. [14] reported a positive correlation between the gelatinization enthalpy of rice starch and the AC. However, Kong et al. [9] found a negative correlation between these properties and Park et al. [15] detected no correlation. The structure and properties of starch are related closely to the cooking quality of rice. Although several studies have indicated that the quality of RR is better than that of MR, the differences between MR and RR in starch characteristics and their possible correlations with grain quality have rarely been explored. Thus, the present study was conducted to evaluate the variance in AC, grain morphology, crystal structure, and thermal properties of rice starch between MR and RR of seven varieties. Our data will facilitate the sustainable development of green agriculture and production of high-quality rice.

2  Materials and Methods

2.1 Samples

We obtained samples of seven rice cultivars from a field experiment. Field trials (three replications) were performed in 2017 in the Datonghu district of Yiyang (29°08’N, 112°26’E), Hunan Province, China. The region is a typical alluvial plain of Dongting Lake, and the soil parent materials are river and lake sediments. It lies within the continental monsoon humid climate zone, within the transition from the subtropical zone to the north subtropical zone. The annual average temperature is 16.5°C, the frost-free period is 264 days, the average annual precipitation is 1240.8 mm, the average annual duration of sunshine is 1643.3 h, and the average annual total solar radiation is 439.3 J/cm2. Field management was identical for all cultivars. The cultivars were four hybrid indica rice varieties [Wanxiangyouhuazhan (WXYHZ), Chuankangyou 308 (CKY 308), Chuankanghuazhan (CKHZ), and Chuankangsimiao (CKSM)] and three conventional indica rice varieties [Meixiangzhan 2 (MXZ 2), Xiangyaxiangzhan (XYXZ), and Meixiangxinzhan (MXXZ)]. Each cultivar was planted in three plots, each with an area of 4 × 5 m2. Two seedlings of each cultivar were transplanted with a spacing of 20 × 20 cm per hill. Additionally, 180 kg/hm2 pure nitrogen was applied to the MR. The N:P:K fertilization ratio was 1:0.5:0.8. The base:tiller:ear nitrogen fertilizer ratio was 5:2:3. Tillering fertilizer was applied about 10 days after transplanting, and ear fertilizer was applied at the third stage of young panicle differentiation. Twenty days after the full heading of MR crops, 150 kg/hm2 urea and 75 kg/hm2 KCl were applied to each plot as germination-promoting fertilizer. The MR crops were harvested artificially, and the stubble height was 30 cm. Shallow irrigation was applied 1–2 days after harvesting in the first season, and 225 kg/hm2 hair and seedling fertilizer was applied. In the mature stage, timely harvesting and threshing were performed, and the samples were stored for 3 months. All grain samples were mechanically dehulled and polished.

2.2 Temperature Difference

The temperature during ripening differed significantly between the MR and RR (Fig. 1). The daily average temperatures in the 20 days after full heading for MR and RR were 27.6–34.9°C and 20.9–28.9°C, respectively. The temperature peaks in the main and ratoon seasons were 41.3°C and 34.9°C, respectively, with 19 and 0 respective high-temperature (>35°C) days. The minimum temperatures in the 20 days after full heading for MR and RR were 24.9°C and 17.5°C, respectively.
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Figure 1: Temperature curves after heading of the main and ratoon rice crops

2.3 Measurement of Amylose Content

The percentage of amylose was measured using a simplified amylose assay procedure and the spectrophotometric method [14].

2.4 Isolation of Starch Granules

Milled rice (25 g) was soaked overnight at 4°C in ultrapure water, washed and ground, and then passed through four layers of gauze. The slurry was filtered through 200- and 400-mesh sieves and then centrifuged (3,000 × g) for 10 min. The supernatant was discarded, and the precipitate was resuspended in 0.4% (w/v) NaOH solution. The resulting slurry was placed in a constant-temperature (25°C) shaker (THZ-320; Shanghai Jing Hong Laboratory Co., Ltd., Shanghai, China) for 4 h and then centrifuged (3,000 × g) for 20 min. The precipitate was suspended in water and neutralized with 1 M hydrochloric acid, followed by centrifugation (3,000 × g) for 10 min. The supernatant and top protein layer were discarded. The lower starch layer was resuspended in ultrapure water and centrifuged as described above; this procedure was repeated twice. The material was dehydrated via successive precipitation with anhydrous ethanol. The final purified starch was dried in an electro-thermostatic blast oven at 40°C for 48 h, ground to an extent allowing passage through a 100-mesh sieve, and then stored in an airtight container.

2.5 Scanning Electron Microscopy

Granule morphology was evaluated via scanning electron microscopy (JSM-6380LV; Joel Ltd., Tokyo, Japan). Starch samples were placed using a conductive adhesive, coated with gold, and photographed under accelerating voltages in multiples of 20 kV. Granules were displayed at 5,000× magnification.

2.6 Starch Powder Particle Size

The particle size of starch powder was measured using a laser particle size analyzer (LS-POP6; OMEC Instruments Co., Ltd., Guangzhou, China). The average particle size in starch samples was termed the D (50) value. The refractive indexes of the starch samples and water were 1.6 and 1.33, respectively.

2.7 X-Ray Diffraction

Relative starch crystallinity was determined using an X-ray diffractometer (XRD-6100; Shimadzu Co., Kyoto, Japan) delivering Cu-Kα radiation (40 kV, 30 mA), following the method of Kong et al. [9].

2.8 Small-Angle X-Ray Scattering

Small-angle X-ray scattering (SAXS; NanoSTAR; Bruker-Axs, Karlsruhe, Germany) data were obtained as described by Cai et al. [14].

2.9 Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared (FT-IR) spectra of samples embedded in KBr pellets were obtained using an FT-IR Spectrum65 spectrometer (PerkinElmer Inc., Beaconsfield, UK), employing the method of Li et al. [16].

2.10 Thermal Properties

The thermal properties of starch granules were measured by DSC (200-F3; Netzsch, Selb, Germany), as described by Kong et al. [9].

2.11 Statistical Analysis

The data were subjected to analysis of variance using Statistix Ver. 8.0 (Analytical Software, Tallahassee, FL, USA). Multiple comparisons were made using Fisher’s protected least-significant difference test at the 0.05 probability level. We also derived Pearson correlation coefficients.

3  Results

3.1 Growth Periods of Main and Ratoon Rice Crop Varieties

The time from full heading to maturity (and thus the filling period) was longer for RR than for MR (Tab. 1). The time from sowing to full heading differed among the tested varieties; it was longest (115 days) for CKHZ, CKSM, and XYXZ, and shortest (112 days) for WXYHZ and MXXZ. The time from heading to maturity was longer for all RR varieties than for MR varieties.

Table 1: Growth period of varieties of main and ratoon rice crops
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3.2 Amylose Content

The AC was, on average, 0.96% greater for RR than for MR grains (Tab. 2). It was slightly lower for RR than for MR of the XYXZ variety, and slightly higher for RR than for MR of the WXYHZ, CKHZ, CKY308, CKSM, MXZ2, and MXXZ varieties.

Table 2: Amylose content in main and ratoon rice crops
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3.3 Rice Starch Morphology and Granule Size

The starch granules were tightly packed, with well-defined edges and relatively smooth (sometimes concave) surfaces (Fig. 2). However, some differences were found between MR and RR starch granules. The major difference was that MR starch granules were pitted and had uneven surfaces, whereas RR granules had smooth surfaces.

[image: images]

Figure 2: Microscopic images of starch granules from rice varieties of Wanxiangyouhuazhan (1), Chuankangyou 308 (2), Chuankanghuazhan (3), Chuankangsimiao (4), Meixiangzhan 2 (5), Xiangyaxiangzhan (6), Meixiangxinzhan (7); A: Main season rice. B: Ratoon season rice

Starch grain size also differed significantly between MR and RR (Tab. 3). The volume-weighted mean diameter and average particle size of RR were significantly lesser than those of MR. The surface area–weighted mean diameter of RR starch was lesser than that of MR, but the difference was not significant. The surface area–weighted mean diameter was significantly lesser for RR than for MR starch of the WXYHZ, MXZ2, and XYXZ varieties, with no significant difference observed for the other varieties. For the WXYHZ, CKY308, CKSM, MXZ2, and XYXZ varieties, volume-weighted mean diameters were 13.4%, 9.3%, 10.2%, 7.9%, and 7.9%, lesser, respectively, for RR than for MR. For the WXYHZ, CKY 308, CKSM, and MXZ 2 varieties, average particle sizes were significantly lesser (by 13.9%, 9.6%, 10.5%, and 7.9%, respectively) for RR than for MR. However, the average RR starch particle size was greater than that of MR for the MXXZ variety.

Table 3: Diameters of starch granule
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3.4 Aggregation

MR and RR starches exhibited the typical A-type crystal structure. The average relative crystallinities of MR and RR differed significantly (35.09% and 32.32%, respectively). Among the seven varieties studied, the RRs of five varieties had significantly reduced relative crystallinities relative to those of the MRs (the exceptions were CKHZ and XYXZ; Fig. 3A). The values for the WXYHZ, CKY308, CKSM, MXZ2, and MXXZ cultivars were lower by 5.23%, 3.41%, 2.88%, 3.59%, and 3.73%, respectively.

The SAXS maximum peak intensities (Imax values) of the lamellae and the thicknesses (D values) of the semi-crystalline layered structures are listed in Tab. 4. The Imax of RR was significantly lower than that of MR. However, the thicknesses of the semi-crystalline layered structures did not differ significantly between the MR and RR starch granules. Except for CKHZ and XYXZ, the Imax values for the rice varieties were significantly decreased in RR, with the largest difference (48%) observed for WXYHZ. The D value of RR CKSM was significantly higher than that of MR; no significant difference between RR and MR was observed for the other varieties.

Table 4: SAXS parameters of rice starchesa
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The deconvoluted FT-IR spectra and starch absorbance ratios (1,047/1,022 cm−1) were similar for both crops (Fig. 3B). Starch infrared spectra exhibit three characteristic peaks at 1,047, 1,022, and 995 cm−1. The first two peaks reflect the ordered and amorphous structural components, and the peak at 995 cm−1 reflects between-molecule hydrogen bonding [17]. The 1,047/1,022 cm−1 absorbance ratio reflects the extent of molecular order, with higher ratios indicating greater order. For the WXYHZ variety, the 1,047/1,022 cm−1 ratio was significantly higher for RR than for MR; no significant difference was observed between RR and MR for the other varieties.
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Figure 3: Relative crystallinity (A) and the ratios of 1,047/1,022 cm−1 (B) of the MR and RR starches

3.5 Thermal Properties

The thermal properties of the starches of MR and RR (as revealed by DSC) differed significantly. The starches of RR showed significantly lesser gelatinization enthalpy (ΔH, 8.44 J/g) and gelatinization temperatures [onset temperature (To), 60.93°C; peak temperature (Tp), 67.84°C; conclusion temperature (Tc), 75.32°C]. The To, Tp, and Tc of WXYHZ, CKY308, CKSM, MXZ2, XYXZ, and MXXZ were significantly lower in RR (Tab. 5). In addition, the rice varieties (except CKHZ) had decreased ΔH values for RR; differences were significant for WXYHZ, CKY308, and XYXZ.

Table 5: DSC parameters of rice starchesa
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3.6 Correlations

The relative crystallinity and lamellar peak intensity correlated negatively with the AC and positively correlated with To, Tp, and Tc (Fig. 4); The semi-crystalline layered thickness correlated negatively with Tc, and the relative crystallinity correlated positively with the lamellar peak intensity.

[image: images]

Figure 4: Relationship between amylose content, crystal structure and thermal properties.

4  Discussion

The AC is an important index of rice cooking and eating quality. In the present study, the AC of RR was greater than that of MR. Further analysis revealed that the temperature at the grain-filling stage was higher for MR than for RR, which may have contributed to the greater AC of RR. High temperatures during the grain-filling period significantly reduced the MR grain size and AC [18], increased its chalkiness [19], and affected enzyme activities essential for consistent and regular synthesis of amylose and amylopectin [20]. Under the same field temperatures and sunlight conditions, the activities of enzymes related to starch synthesis differed significantly between MR and RR [6], which may also have contributed to the difference in AC. Previously, rice quality was suggested to correlate strongly with the temperature during grain filling, rather than with solar radiation [4,21]. For RR, overly high temperatures accelerate grain filling, potentially reducing rice quality [21]. Moreover, high temperatures at the grain-filling stage could enhance α-amylase activity, resulting in pitted and uneven starch granule surfaces, which may be the main reason for the differences in starch morphological structure and particle size observed between MR and RR in this study [22]. Grain filling initiated earlier, lasted longer, and proceeded more steadily in the early and middle grain-filling stages in RR crops [6], which was conducive to increases in the proportions of medium and small starch grains and promoted the close arrangement of starch grains, thereby reducing the occurrence of chalkiness and improving the appearance quality.

The present results suggest that the crystal structure of RR starch granules would be weakened by an increase in the AC. X-ray diffraction showed that MR and RR starch grains were A-type crystals, and that the relative crystallinity was significantly lesser for RR than for MR. This difference could be attributed to differences in AC and amylopectin chain-length distributions. Fan et al. [23] reported that a high temperature did not change the starch crystal type. Amylopectin with short-branched chains is generally considered to be responsible for the crystalline structure of starch granules, whereas amylose can disrupt the crystalline packing of amylopectin [24]. Thus, the relative crystallinity correlates negatively with the AC. However, the effect of amylopectin on the crystallinity of RR starch was not examined in this study; we will examine it in future research. RR also had a lower lamellar peak intensity, confirming the difference in crystal structure between MR and RR. Rice starch granules exhibit semi-crystalline and amorphous growth rings, and SAXS can be used to measure the thickness of the semi-crystalline layer. The location of the scattering peak depends on the lamellar size, and the peak area and intensity principally reflect the extent of ordering of the semi-crystalline regions [25]. The scattering intensity depends on the extent of the ordered semi-crystalline structure, and on differences in electron density between crystalline and amorphous lamellae against an amorphous background [26]. Correlation analysis showed that the Imax gradually decreased with increasing AC, in agreement with the findings reported by Cai et al. [14]. This relationship may reflect the decrease in electron density between the crystalline and amorphous lamellae that occurs with increasing AC. In addition, MR and RR starch infrared spectra were similar, indicating similar (A-type) starch crystal forms, for the different rice varieties. This result was consistent with the X-ray diffraction results. The 1047/1022 cm−1 ratio did not differ between MR and RR, indicating that the degree of cross-linking between starch molecules did not change significantly.

The differences in starch grain size and crystal structure would result in differences in gelatinization temperatures and enthalpy between MR and RR. The lower gelatinization temperatures (To, Tp, and Tc) of RR starch may be attributed to its smaller molecular size and weaker crystal structure. Various studies have suggested that the functional properties of rice starch are influenced by its morphology and crystalline structure [27,28]. Differences in gelatinization temperature among cultivars have been reported to be influenced by variations in starch granule morphology [29]. The interior structure of large starch granules is more rigid than that of small ones. Additionally, more energy is required for the gelatinization of large starch granules [30]. ΔH is known to be an indicator of the loss of double-helical and crystalline structures in starch granules. The lesser relative crystallinity and semi-crystalline structure ordering of RR could reduce the gelatinization temperature and energy. For more-crystalline rice starch, the crystal structure density, energy required to destroy the crystal structure, and initial temperature at which the starch becomes paste would be greater [12].

5  Conclusions

Significant differences in crystal structure and starch thermal properties between MR and RR were related closely to the temperature during ripening. Lower temperatures at the grain-filling stage of RR led to increased AC, which weakened the crystal structure of the starch granules. Additionally, the starch granules of RR were neater and smaller than those of MR. Thus, RR starches exhibited lower thermal parameters (To, Tp, Tc, and ΔH) than did MR starches. The AC correlated negatively with the relative crystallinity and lamellar peak intensity of starch, and the relative crystallinity and Imax correlated positively, significantly or extremely significantly, with transition gelatinization temperatures (To, Tp, and Tc). Whether ratooning affects starch structure and properties requires further study.
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CKHZ 157.81 £ 8.8a 161.87 £2.7a 9.29 £0.10a 9.01 £ 0.00a
CKY308 214.19 £ 4.7a 170.87 + 4.6b 9.10 &+ 0.09a 9.19 &+ 0.00a
CKSM 236.01 £2.76a 177.06 = 1.3b 9.19 &+ 0.00b 9.39 & 0.00a
MXZ2 208.67 = 0.83a 173.09 £ 1.28b 9.49 £0.01a 9.39 £ 0.00a
XYXZ 247.51 £2.5a 238.31 £8.7a 9.19 &+ 0.00a 9.10 &+ 0.09a
MXXZ 262.64 £ 0.5a 244.13 £0.3b 9.10 £ 0.09a 9.29 £ 0.10a
Mean 245.84A 195.73B 9.17A 9.18A

Notes: “Different letter (capital and small letters) are followed after data (Mean + SE) to express significantly different (p < 0.05).
bl and D corresponded to the lamellar peak intensity and thickness of the semi-crystalline layered of starch granule, respectively.





OEBPS/Images/fig-2.png
$Zokuy. xs.088  Sphm o 20KU ' xS, 880

zekyU £X5,880  Sem

XS, 000 Shm 41 se SET






OEBPS/Images/tab-2.png
Cultivars Amylose content (%) of MR Amylose content (%) of RR

WXYHZ 1491 £ 0.01b 17.63 £0.17a
CKHZ 16.54 £ 0.06b 19.75 £ 0.23a
CKY308 20.76 = 0.0.07b 21.42 £0.02a
CKSM 17.63 £ 0.52a 17.89 + 0.26a
MXZ2 16.37 £ 1.84a 16.63 + 0.43a
XYXZ 17.11 £0.01a 16.25 £ 0.06b
MXXZ 16.40 £ 0.02b 16.83 £ 0.04a
Mean 17.10A 18.06A

Note: Different letters (capital and small letters) are followed after data (Mean + SE) to express significantly
different (p < 0.05).
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Cultivars

Surface-area weighted mean

diameter (um)

Volume-weighted mean
diameter (um)

Average particle size (um)

MR RR MR RR MR RR

WXYHZ 522+0.05a 428+0.04b 5.73+0.03a 4.96+0.03b 5.70+0.0la 4.91 £ 0.03b
CKHZ 494+0.0la 477+0.03a 521 +0.02a 5.00+0.03a 5.08 +0.0la 4.92 + 0.03a
CKY308 4.77£0.01a 458 +0.03a 535+0.03a 4.85+0.01b 5.30+0.06a 4.79 + 0.02b
CKSM 5.14+0.10a 4.80+0.04a 5.63 +£0.04a 5.05+0.04b 5.53 +0.05a 4.95 + 0.04b
MXZ2 5.00+£0.0la 4.75+0.02b 5.42+0.0la 499+0.03b 5.32+0.0la 4.90 +0.02b
XYXZ 465+003a 452+0.02b 521+£0.0la 480+£0.02b 5.11+0.0la 4.78 +0.02a
MXXZ 4.84+0.09a 5.01+0.03a 5.10+£0.07a 5.50+0.03a 4.95+0.06b 5.42 + 0.03a
Mean 4.93A 4.67A 5.38A 5.02B 5.28A 4.95B

Note: Different letters (capital and small letters) are followed after data (Mean %+ SE) to express significantly different (p < 0.05).
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Cultivars To (°C)° Tp (°C)° Tc (°C)° AH(J/g)

MR RR MR RR MR RR MR RR

WXYHZ 81.71 £0.39a 68.90 + 0.55b 85.14+0.72a 74.62+0.17b 88.81 +0.24a 84.00 + 0.08b 12.81 +0.07a 10.38 + 0.03b
CKHZ 61.07+1.33a 5698+0.39a 67.67+0.12a 69.82+0.27a 7323+0.46a 7844=037a 935+0.04a 1041=+037a
CKY308 69.22+048a 5733+0.15b 75.10+0.74a 62.75+0.06b 80.39+0.16a 70.88 +0.31b 822+0.52a 4.84 +£0.29
CKSM 68.50 +0.34a  58.00 £ 0.27b 73.31 +£0.29a 63.35+0.35b 78.46+0.23a 71.71 £0.69b 9.62+0.93a  8.68 + 0.66a
MXZ2 71.88+0.70a 59.59 £0.06b 77.19 +£0.08a 67.26 + 1.30b 82.62+0.07a 74.65+0.26b 10.86 +0.15a 9.14 +0.63a
XYXZ 67.99+0.18a 62.76 =0.12b 74.47 £0.04a 68.50 + 0.28b 79.24 £0.54a 73.42+0.48b 8.22+0.10a 4.94+0.02b
MXXZ 66.36 +0.04a 62.96 £0.07b 72.54 +0.09a 68.57+0.01b 7838 +0.09a 74.18+0.05b 11.57+0.00a 10.72+0.71a
Mean 69.53A 60.93B 75.06A 67.84B 80.16A 75.32B 10.09A 8.44B

Notes: *Different letter (capital and small letters) are followed after data (Mean + SE) to express significantly different (p < 0.05). ®7o, onset
temperature; 7p, peak temperature; 7c, conclusion temperature; AH, enthalpy of gelatinization.
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Cultivars Main season Ratoon season

Sowing-Full heading (d) Full heading-Maturity (d) Full heading-Maturity (d)

WXYHZ 112 29 45
CKHZ 115 32 44
CKY308 114 29 41
CKSM 115 30 43
MXZ2 113 27 42
XYXZ 115 27 46
MXXZ 112 27 37

Mean 114 29 43






