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Abstract  

An experiment on an early indica rice cv. ‘Shenyou9576’ was conducted in the 

Key Laboratory of Phytohormones and Growth Development of Hunan 

Agricultural University, Changsha, Hunan, PR China in 2014 to investigate the 

influence of varying post-anthesis temperatures on chalkiness rate, head rice 

rate, and on major 6 starch synthesis enzymes i.e., SuSy (EC 1.9.3.1), ADPG-

Ppas (EC 2.7.7.27), SSS (EC 2.4.1.21) and GBSS, (EC 2.4.1.21), SBE (EC 

2.4.1.18) and SDBE (EC 3.2.1.70). The treatments comprised of three 

temperature regimes which are designated as the high (35/28oC- day/night), low 

(25/20oC- day/night) and natural condition (35/25oC-day/night) as the control. 

Under high temperature maximum chalkiness rate was 61.11% and minimum 

was 22.59% under low temperature treatment. The lowest head rice rate was 

42.76% under high temperature treatment followed by 49.91% in the control, 

while the highest rate was 62.33% under low temperature treatment. Maximum 

grain filling rate (Gmax) was found highest (1.69 mg/day) in the high 

temperature and average grain filling rate (Gavg) was found highest (1.36 

mg/day) under the control. The activity of SuSy, ADPG-Ppase, SSS and GBSS 

were decreased gradually from 14 to 35 days after flowering (DAF). Irrespective 

of the treatments, an increasing trend of ADPG-Ppase activity was observed 

from 7 to 14 DAF and then declined. Correlation between the chalkiness and the 

enzymes activity of SuSy, ADPG-Ppase and SSS were significantly negative at 

21, 28 and 35 DAFs, i.e., higher activity of SuSy, ADPG-Ppase and SSS at the 

mid-late to the late caryopsis development stage mediated by low temperature 

treatment played an important role for the reduction of chalkiness. The 

correlation between GBSS activity and chalkiness was significantly negative 

and stronger at 14, 21 and 28 DAF indicating that GBSS played a cardinal role 

to reduce chalkiness in the mid to mid-late stage of rice grain development. 

Significantly negative correlation was found between starch branching enzyme 

(SBE) and chalkiness at 21, 28 and 35 DAF, i.e., the higher SBE activity under 

low temperature treatment at the later grain filling stage also had a positive role 

in reduction of chalkiness.  
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Introduction 

Rice (Oryza sativa L.) is one of the major cereal crops that are produced 

worldwide and the staple food for more than half of the world’s population. 

Grain quality, next to yield, is the most important factor in rice production and in 

economic returns for farmers. The most important rice quality components, 

common to all consumers, include appearance, milling, cooking, eating and 

nutrient qualities (Koutroubas et al., 2004). Appearance of rice grain is an 

important quality character which depends on endosperm color and dimension. 

Endosperm color is mainly determined by the degree of chalkiness, i.e., the white 

opaque part in rice endosperm. Rice grains with more chalkiness are likely to 

break during milling, which affects the commercial value of milled rice and the 

market acceptability (Borrell et al., 1997). Besides, rice grain with more 

chalkiness influences on cooking, nutritional and eating quality. The hazard of 

high temperature is serious to the forming of grain quality in rice during grain 

filling period. Previous studies showed that the environmental (specially daily 

average temperature during grain filling) and genetic factors are associated with 

chalkiness formation (Borrell et al., 1997; Dong et al., 2006; Koutroubas et al., 

2004; Zhang et al., 2008). 

Accumulation of starch in rice grains is the end process of photosynthesis. The 

sink strength can be described as the product of sink size and sink activity 

(Venkateswarlu et. al., 1987). Sucrose in the grains eventually becomes starch 

through a series of enzymatic reactions (Douglas et. al., 1988; Keeling et. al., 

1988). It has been well documented that rice quality is mainly determined by 

starch composition (Han and Hamaker., 2001). Therefore, biochemical processes 

of starch synthesis, i.e., the activity level of starch synthesis related enzymes in 

the grains determine rice grain quality as well as play an important role on 

chalkiness formation and grain weight. It has been shown that major six enzymes 

are involved in the conversion of sucrose into starch in rice endosperms, 

including sucrose synthase (SuSy; EC 1.9.3.1), ADP-glucose pyrophosphorylase 

(ADPG-Ppase; EC2.7.7.27), soluble starch synthase (SSS, EC 2.4.1.21) and 

granule bound starch synthase (GBSS, EC 2.4.1.21), starch branching enzyme 

(SBE; EC2.4.1.18) and starch de-branching enzyme (SDBE; EC3.2.1.70) 

(Nakamura et.al., 1989; Kubo et.al., 1999). Although many studies have been 

carried out on the effect of high temperature on chalkiness, starch synthesis and 

others in rice, but little is known about the low temperature and integrated 

information of different temperature regimes on chalkiness, head rice rate, starch 

synthesis enzymes activities, at grain filling stage of early indica rice. The 

experiment was, therefore conducted to investigate the influence of varying post-

anthesis temperature on chalkiness, head rice rate, and major starch synthesis 

related enzymes in rice grains.  
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Materials and Methods   

Experiment description 

The experiment was carried out in the Key Laboratory of Phytohormones and 

Growth Development of Hunan Agricultural University, Changsha, Hunan, PR 
China, in 2014. The tested rice variety was heat tolerant an early indica rice 

‘Shenyou 9576’. Rice seeds were washed thoroughly by distilled water and then 
placed on wetted blotter paper in petridishes for germination. Germinated seeds 

of rice were pre-grown with complete Kimura B nutrient solution (Yoshida et al., 
1976) in a greenhouse for 15 days. Seedlings were then transferred to earthen 

pots of 30 cm in diameter and 32 cm in depth filled with 7.0 kg of sieved, dry 
paddy soil (the contents of soil: organic matter, alkaline hydrolytic nitrogen, 

effective phosphorus, available potassium were 1.8%, 66.2 mg kg-1, 8.5 mg kg-1, 

and 8.0 mg kg-1, respectively, and soil pH was 5.4) amended with 1.0 g 
CO(NH2)2, 0.4 g P2O5, and 0.6 g K2O per kg soil to grow. Three earthen pots 

were placed in different growth chamber as well  as in the net house. And two 
seedlings were transplanted in each earthen pot. Proper management practices 

were provided as per requirement for proper growth of the seedlings. The 
treatment consisted of three temperature regimes which are designated as high 

temperature (35/28oC, 12h light/12h dark, 75-80% relative humidity), low 
temperature (25/20oC, 12h light/12h dark, 75-80% relative humidity) and natural 

condition (35/25oC-day/night) as control. The treatments were imposed after 
anthesis by transferring pots into different growth chambers, but for the control 

treatment pots were kept in the net house under natural condition. The 
experiment was laid out in a complete randomized design (CRD) with three 

replications.  

Sampling method 

Panicles with rice grains of each treatment were collected at 7 day interval after 
flowering i.e. 7, 14, 21, 28 and 35 days after flowering (DAF). Samples were 

collected between 9.00 to 11.00 am and immediately wrapped in aluminum foil 

and frozen in liquid nitrogen, then placed into a sealed plastic bag and stored at -
60oC until used for different analysis. Rice grains were harvested at 35 DAF and 

then were sun dried to achieve 14% moisture content. Rough rice (paddy rice) 
was dehusked by a SBS-80 dehuller, then was polished by a rice polisher for 2 

minutes. Milled rice samples were kept in sealed bags under refrigeration (4oC) 
for later analysis. 

Chalkiness and head rice rate measurement 

Chalkiness was measured with a system composed of a scanner and a special 

software Chalkiness 2.0 developed by Hunan Agricultural University (Chen et 
al., 2011). Head rice refers to the whole grains of milled rice and was computed 

by using the following equation (Gummert, 2010). 
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Head rice (%)  =
Wt of whole grains

Wt of paddy samples
×100

 

Grain filling rate 

The grain filling process was fitted by the growth equation of Richards 

(1959) as described by Zhu et.al. (1988).    
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Grain filling rate (G) was calculated as the derivative of equation 1 
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where W is the grain weight (mg), A is the final grain weight (mg), t is the time 
after anthesis (day), and B, k, and N are coefficients determined by regression. 

The active grain filling period was defined as that when W was from 5% (t1) to 
95% (t2) of A. The average grain filling rate during this period was calculated 

from t1 to t2. Average grain filling rate (Gavg; mg/day), maximum grain filling 
rate (Gmax; mg/day), time of maximum grain filling (Tmax.G; day), weight at 

maximum grain filling time (Wmax.G; mg), growth % of the final growth at the 
time of maximum grain filling time (I%), initial growth potential (Ro=K/N), 

grain filling time (day) were calculated from the equation 2. 

Starch synthesis enzymes assay procedures 

Preparation of enzymes extraction 

The preparation procedure was similar to the method of Nakamura et al., (1989). 

Three rice grains were de-hulled and then separated from embryo and pericarp. 

Weight of 3 grains was recorded and then hand-homogenized with a pestle in a 
pre-cooled mortar (at 0-2o C) with 1 mL of ice-cooled GS buffer (extraction 

buffer) containing 100 mM  Hepes-NaOH, (pH 7.4), 8 mM MgCl2, 2 mM 
K2HPO4, 2 mM Na2-EDTA, 12.5% (V/V) Glycerol, 5% (W/V) PVP-40, 50 mM  

2-mercaptoethanol. After grinding, the liquid was transferred into a 2 mL tube, 
and then centrifuged at 2oC, 5000 rev/min for 10 minutes. The supernatant 

portion was transferred into another tube and GS-buffer was added to the 
sediment, and the operation was repeated again. The supernatant and the 

sediment were collected separately. The resulting supernatant was used for 
sucrose synthase (SuSy; EC 1.9.3.1), ADP-glucose pyrophosphorylase (ADPG-

Ppase; EC2.7.7.27), soluble starch synthase (SSS, EC 2.4.1.21), starch branching 
enzyme (SBE; EC2.4.1.18) and starch de-branching enzyme (SDBE; EC3.2.1.70) 

and the pellet portion was used for granule bound starch synthase (GBSS, EC 
2.4.1.21) enzyme assay. Three replications were done for every experiment.                           
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Enzymes assay  

The assay of ADP-glucose pyrophosphorylase (ADPG-Ppase; EC2.7.7.27), 
soluble starch synthase (SSS, EC 2.4.1.21) and starch branching enzyme (SBE; 

EC2.4.1.18) or Q-enzyme were similar to the procedure of Nakamura et al. 
(1989). Sediment or pellet was used instead of crude enzyme extraction for the 

assay of granule bound starch synthase (GBSS, EC 2.4.1.21) and the procedure is 
same to SSS. The assay of sucrose synthase (SuSy; EC 1.9.3.1), was carried out 

according to the protocol of Wardlaw and Willenbrink (1994). Starch de-
branching enzyme (SDBE; EC3.2.1.70) or R-enzyme activity was assayed 

according to the protocol of Nelson (1944) and Somogyi (1952). All the assays 
were carried out at 30°C. Assays were conducted in the range of concentrations 

of enzyme where the activity increased linearly with increases in the amount of 

enzyme preparation and the reaction time. The background values were routinely 
taken as the activities detected with a reaction time of zero (the enzymes were 

denatured immediately after their addition to the reaction mixtures). One unit of 
activity of the above enzymes was defined as the amount causing an increase in 

absorbance of one unit at 340, 480, 520 and 540 nm in one min. All the 
spectrophotometer readings were taken by using a PGENERAL T6 XinRui 

spectrophotometer (Persee company, Beijing 101200, China). The activities of 
ADPG-Ppase, SSS, GBSS were defined as NADPH amount by measuring the 

increase in absorbance at 340 nm and SBE activity was defined as amount of 1% 
KI-I2 decreasing at 540 nm. The chemical products were purchased from Sigma-

Aldrich, Ruibio and others chemical companies. 

Statistical analysis 

All experimental data were analyzed following analysis of variance. All 
statistical analysis was performed by using a statistical software, DPS version 

12.01. Mean separation of the treatments was done by using Least Significant 
Difference (LSD) test at 5% level. Microsoft Excel 2003 (Microsoft, USA) was 

used to generate graphs. 

From flowering to harvest, under the natural condition (control), the daily 
average temperature of the experimental site was within 25oC to 35oC. 

Results and Discussion 

A. Results 

Changes of chalkiness rate and head rice rate under different temperature 

regimes: 

Chalkiness (%) was significantly affected by different temperature regimes (Fig. 
1a). The highest chalkiness rate (61.11%) was observed under high temperature 

and the lowest (22.59%) under low temperature, whereas in control, chalkiness 
rate was in between high and low temperature, which was 47.81%. Therefore, 
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chalkiness was increased by high temperature stress at the grain filling stage. The 

highest head rice was 62.33% under low temperature followed by 49.91% under 
the control and the lowest (42.76%) under high temperature (Fig. 1b). Therefore, 

the results indicate that high temperature stress had a negative effect on head rice 
(%), while low temperature had a positive effect.  

  

Fig. 1. (a) Chalkiness (%) and (b) head rice (%) of an early indica rice cv. ‘Shenyou 

9576’ as influenced by temperature regimes after flowering. Vertical bars 

represent ±SE of the mean (n=3). 

Enzymes activities in rice endosperm under different temperature regimes 

Activity of SuSy (EC 2.4.1.13) in rice endosperm 

The differences among the treatments on SuSy activity in rice endosperm were 

remarkable at significant level throughout the grain filling period (Fig. 2). The 
SuSy activity showed single-peak curve in all the three temperature treatments 

during grain filling period. At 7 DAF the highest peak (48.46 nmol.endosperm-

1.min-1) was observed under high temperature treatment followed by the control 

(43.8 nmol.endosperm-1.min-1) and after that SuSy activity decreased sharply up 
to 28 DAF compared with low temperature treatment. On the other hand, the 

highest peak (42.69 nmol.endosperm-1.min-1) was observed at 14 DAF in the low 
temperature treatment. From 14 DAF the highest activity was observed under 

low temperature treatment followed by the control and high temperature 
treatment.  

Activity of ADPG-Ppase (EC 2.7.7.27) in rice endosperm 

The dynamic changes of the activity of ADPG-Ppase under three temperature 
treatments at the grain filling stage is shown in Fig. 3. At 7 DAF, the highest 

activity of ADPG-Ppase (18.78 nmol.endosperm-1.min-1) was observed under high 
temperature treatment followed by the control (15.86 nmol.endosperm-1.min-1), 
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whereas the lowest (11.94 nmol.endosperm-1.min-1) was observed in the low 

temperature treatment. An increasing trend of the enzyme was observed for all the 
three temperature treatments from 7 to 14 DAF. Irrespective of treatments the 

maximum ADPG-Ppase activity was displayed on 14 DAF after that, ADPG-Ppase 
activity was declined. At 14 DAF, the highest (22.34 nmol.endosperm-1.min-1) 

activity was observed under low temperature treatment followed by high 
temperature treatment (20.43 nmol.endosperm-1.min-1) and the lowest activity 

(19.34 nmol.endosperm-1.min-1) was observed in the control. From 14 DAF the 
highest activity was found under low temperature treatment and from 21 DAF the 

second highest activity was found under the control and the lowest activity was 
observed under high temperature treatment.  

  

Fig. 2. Changes of SuSy activity in 

developing rice grain. Vertical 

bars represent ±SE of the 

mean (n=3). 

Fig. 3. Changes of ADPG-Ppase activity 

in developing rice grain. Vertical 

bars represent ±SE of the mean 

(n=3).   

Activity of SSS (EC 2.4.1.21) in rice endosperm 

Temperature treatments showed significant influence on SSS activity in rice 

endosperm as shown in Fig. 4. Over the grain filling period, the SSS activity in 
the three temperature treatments exhibited single peak curves. Maximum values 

of SSS was found at 7 DAF under high temperature treatment (7.74 
nmol.endosperm-1.min-1) and the control (6.4 nmol.endosperm-1.min-1). But, 

under low temperature treatment, the highest SSS activity was 5.07 
nmol.endosperm-1.min-1 at 14 DAF. Moreover, among the three temperature 

treatments the highest SSS activity was found under low temperature treatment 

from 21 to 35 DAF, i.e., under low temperature treatment SSS activity was lower 
at the beginning but higher at the middle and late grain filling stages. However, 

SSS activity under high temperature treatment showed a quick decreasing trend 
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from 7 to 28 DAF. But, SSS activity in the control showed a slow decreasing 

trend from 7 to 28 DAF.  

  

Fig. 4. Changes of SSS activity in 

developing rice grain. Vertical 

bars represent ±SE of the 

mean (n=3). 

Fig. 5. Changes of GBSS activity in 

developing rice grain. Vertical 

bars represent ±SE of the mean 

(n=3). 

Activity of GBSS (EC 2.4.21) in rice endosperm 

The dynamic changes of GBSS enzyme throughout the grain filling period are 

shown in Fig. 5. Irrespective of the temperature treatments an increasing trend of 
GBSS activity was observed from 7 DAF to 14 DAF and then declined. Among 

the temperature treatments the highest GBSS activity was found in the low 
temperature treatment throughout the grain filling period. The highest GBSS 

activity was 5.56 nmol.endosperm-1.min-1 at 14 DAF under low temperature 
treatment, reduced to 1.43 nmol.endosperm-1.min-1 at 35 DAF, while, at 14 DAF 

under high temperature treatment GBSS activity was the lowest which was 3.75 
nmol.endosperm-1.min-1, reduced to 0.32 nmol.endosperm-1.min-1 at 35 DAF. 

Among the treatments, variation of GBSS activity in rice endosperm was 
maximum at 21 DAF and was minimum at 7 DAF.  

Activity of SBE or Q-enzyme (EC 2.4.1.18) in rice endosperm 

The effect of temperature on SBE activity in rice endosperm was significant 

throughout the grain filling period (Fig. 6). Relative to the control, the highest 
SBE activity (15.76 nmol.endosperm-1.min-1) was found under high temperature 

treatment and the lowest was (8.18 nmol. endosperm-1.min-1) found under low 
temperature treatment at 7 DAF. SBE activity both in high temperature treatment 

and the control increased from 7 to 14 DAF and then decreased slowly up to 21 

DAF, after that SBE activity decreased quickly up to 35 DAF. Whereas, under 
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low temperature treatment SBE activity jumped from 7 to 14 DAF and exhibited 

the highest (18.98 nmol.endosperm-1.min-1) activity at 14 DAF then declined 
slowly to 7.78 nmol.endosperm-1.min-1 at 35 DAF. The result suggest that 

exposure to high temperature increased the SBE activity at the early to the mid 
grain filling period but became lower at the later grain filling period. The 

contrary result was observed in case of low temperature treatment. 

  

Fig. 6.  Changes of SBE or Q-enzyme 

activity in developing rice 

grain. Vertical bars represent 

±SE of the mean (n=3). 

Fig. 7. Changes of SDBE or R-enzyme 

activity in developing rice grain. 

Vertical bars represent ±SE of 

the mean (n=3).   

Activity of SDBE or R-enzyme (EC 3.2.1.70) in rice endosperm 

The differences among the treatments were distinct at significant level in respect 
of  SDBE activity in all the studied DAFs (Fig. 7). At 7 DAF, high temperature 

treatment showed significantly the highest SDBE activity (12.63 nmol. 
endosperm-1.min-1), then increased gradually and had a peak (14.71 nmol. 

endosperm-1.min-1) at 14 DAF. Afterwards, SDBE decreased quickly up to 35 
DAF. While, at 7 DAF the second highest SDBE activity (9.83 nmol. endosperm-

1.min-1) was observed in the control and increased quickly having a peak (13.27 

nmol.endosperm-1.min-1) at 14 DAF and then declined. At 7 DAF among the 
treatments, low temperature treatment showed the lowest SDBE activity (9.83 

nmol. endosperm-1.min-1) but the highest SDBE activity (13.67 nmol. endosperm-

1.min-1) was found at 21 DAF, implying that low temperature was not favourable 

for SDBE activity at the early to middle stage of grain filling.  

Correlation between enzymes activity and chalkiness (%) 

The correlations between SuSy, ADPG-Ppase, SSS, GBSS, SBE, SDBE, and 
chalkiness were analyzed and the results were presented in Table 1. The 
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correlation between different enzymes activities with chalkiness (%) varied with 

the three temperature treatments. The activity of SuSy was positively and 
significantly associated with chalkiness (%) only at 7 DAF, but significantly and 

negatively correlated with chalkiness (%) from 14 to 35 DAF. There was a 
significant positive correlation between ADPG-Ppase activity and chalkiness (%) 

in rice endosperm at 7 DAF but no significant correlation was found at 14 DAF, 
while significantly negative and stronger correlation was observed at 21, 28 and 

35 DAF. The activity of SSS was positive and significantly associated with 
chalkiness(%) only at 7 DAF, but significantly and negatively correlated with 

chalkiness (%) from 21 to 35 DAF. GBSS activity exhibited negative correlation 
with chalkiness (%) throughout the grain filling period and the relationship was 

significantly stronger in the 14, 21 and 28 DAF, where relationship was weaker 

at 7 and 35 DAF. Coefficient of correlation between the SBE activity and 
chalkiness (%) was significantly positive and stronger at 7 DAF, but significantly 

negative at 21, 28 and 35 DAF and insignificant correlation was found at 14 
DAF. At 7 DAF, the relationship between SDBE and chalkiness (%) was 

positively significant and stronger but at the 14 and 21 DAF SDBE activity did 
not have significant correlation with chalkiness (%), whereas at 28 and 35 DAF 

SDBE activity exhibited significant negative correlation with chalkiness (%).  

Table 1. Coefficient of correlation between chalkiness (%) and enzymes activity  

 7 DAF 14 DAF 21 DAF 28 DAF 35 DAF 

SuSy 0.8793** -0.6733* -0.8602** -0.8386** -0.8105** 

ADPG-Ppase 0.7261* -0.5643NS -0.9027** -0.9237** -0.8703** 

SSS 0.8407** -0.4857NS -0.7265* -0.8808** -0.8180** 

GBSS -0.7253* -0.8899** -0.9141** -0.8737** -0.7406* 

SBE 0.9204** -0.4651NS -0.6715* -0.6978* -0.8107** 

SDBE 0.9029** 0.6433NS -0.5384NS -0.7514* -0.8496** 

Note: **, * and NS indicate significant differences at 1%, 5% probability level, and non-

significant, respectively. 

Starch accumulation parameters 

Starch accumulation parameters e.g. average grain filling rate (Gavg; mg/day), 
maximum grain filling rate (Gmax; mg/day), initial growth potential (Ro=K/N), 

grain filling time (days), time of maximum grain filling (Tmax.G; day), weight at 
maximum grain filling time (Wmax.G; mg) and growth (%) of the final growth at 

the time of maximum grain filling time (I%) differed significantly among the 
treatments (Table 2). Average grain filling rate (Gavg) was found the highest (1.36 

mg/day) under the control. But maximum grain filling rate (Gmax) was found the 
highest (1.69 mg/day) under high temperature. Time required for grain filling 

was longest (33.63 days) in low temperature and was shortest (23.74 days) in 
high temperature. The highest Initial growth potential (Ro=K/N) value was found 
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under high temperature (0.7355) and the lowest value was found under low 

temperature (0.3728). Time of maximum grain filling was longest (15.38 days) 
under low temperature and shortest (9.55 days) under high temperature. The 

highest weight at maximum grain filling time (Wmax.G; mg) was found under high 
temperature (13.85 mg) followed by control (12.53 mg) and low temperature 

(11.16 mg). Growth % of the final growth at the time of maximum grain filling 
time (I%) was found highest under high temperature (55.45%) and the lowest 

value (43.66) was found under low temperature. And an intermediate value of I% 
was found in the control (47.61). Therefore, starch accumulation was faster under 

high temperature and slower under low temperature.  

Table 2: Different starch accumulation parameter as influenced by 3 temperature 

regime. 

Treatment 

Average 

grain 
filling 

rate 

(Gavg) 
(mg/day) 

Maximum 
grain 

filling 

rate 

(Gmax) 
(mg/day) 

Initial  growth 
potential 
(Ro=K/N) 

Grain 
filling 
time 

(days) 

Time of    

maximum 
grain 

filling 
(Tmax.G) 

(days) 

Weight at 

maximum 
grain filling 

time 
(Wmax.G) 

(mg) 

Growth % of 
the final 

growth at the 

time of 
maximum 

grain filling 
time, (I%) 

 Low   

temperature  
 treatment 

1.03 1.34 0.3728 33.63 15.38 11.16 43.66 

 High   

 emperature  
 treatment 

1.24 1.69 0.7355 23.74 9.55 13.85 55.45 

 Control 1.36 1.57 0.5924 27.72 12.52 12.53 47.61 

 LSD 0.05 0.11 0.12 0.03 2.24 1.66 1.27 2.59 

 CV (%) 4.25 3.89 2.33 3.95 6.68 5.10 2.65 

B. Discussion 

It is generally accepted that grain filling rate in cereals is mainly determined by 

sink strength. The sink strength can be described as the product of sink size and 

sink activity. Sink activity is a physiological restraint that includes multiple 
factors and key enzymes involved in carbohydrate utilization and storage (Liang 

et. al., 2001; Wang et.al., 2003). Starch consists of amylose (linear α-1,4-
polyglucan) and amylopectin (α-1,6-branched polyglucans) in rice grains. 

Although amylose synthesis is exclusively governed by GBSS, amylopectin is 
synthesized via concerted reactions catalyzed by multiple isoforms of enzymes: 

SSS, SBE and SDBE (Nakamura, 2002; Tetlow, 2006). Temperature variation 
influences on the activity of enzymes as well as starch formation and finally 

affect on rice quality such as chalkiness. 
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In this study, temperature regimes exhibited that SuSy activity was higher under 

high temperature treatments only at 7 DAF, but SuSy activity was lower after 7 
DAF than the other two temperature treatments. From 14 DAF SuSy activity was 

higher under low temperature treatment than the other two temperature 
treatments. The relationship between chalkiness (%) and SuSy activity was 

stronger and negative at significant level at 21, 28 and 35 DAFs which indicates 
that higher SuSy activity under low temperature treatment at later grain filling 

stage plays an important role than the early to middle grain filling stage for 
reduction of chalkiness (%). And the lower activity of this enzyme from the mid 

to the late grain filling stage under high temperature is the reason for higher 
chalkiness (%).  

The present study showed that ADPG-Ppase activity was higher under high 

temperature treatment only at 7 DAF than the other two temperature treatments 
but its activity was lower from 14 DAF in all the treatments. The loss of ADPG-

Ppase activity under high temperature was rapid than the other two treatments. 
There was a significant positive correlation between the chalkiness (%) and 

ADPG-Ppase activity at 7 DAF, but no correlation at 14 DAF and significantly 
negative correlation at 21, 28 and 35 DAFs, i.e., higher activity of ADPG-Ppase 

at the early caryopsis development stage and lower activity from the middle to 
the late caryopsis development stage under high temperature treatment caused 

higher chalkiness (%). On the other hand, higher activity of ADPG-Ppase under 
low temperature treatment from 14 DAF may be the reason for lower chalkiness 

(%) due to sufficient ADP-glucose for starch synthesis. In maize, the activity of 
ADPG-Ppase was reduced by high temperature (Wilhelm et. al., 1999). 

The initial activity of SSS under high temperature treatment was greater than the 
control and low temperature treatment, but after that the activity of SSS reduced 

rapidly and was lesser than the control and low temperature treatment which 
indicated that SSS is very much sensitive to temperature variation. The present 

result supports the previous report that the apparent rate for the SSS reaction in 

wheat, reached a maximum value between 20oC to 25oC, above which the 
apparent rate fell as temperature was further increased (Jenner, 1994). The 

relationship between SSS activity and chalkiness (%) was significantly positive 
only at the early stage of grain filling but significantly negative at 21, 28 and 35 

DAF. Therefore, higher activity of SSS at the mid-late to the late caryopsis 
development stage mediated by low temperature reduced chalkiness(%) and 

lower activity of SSS at the mid-late to the late caryopsis development stage 
mediated by high temperature increased chalkiness (%).  

The amylose content depends on GBSS activity because amylose is synthesized 
by only GBSS. GBSS activity was markedly higher under low temperature 

treatment throughout the grain filling stage followed by the control and high 
temperature treatment which implying that lower the temperature, increased the 

GBSS activity. This result attributed to the high temperature treatment resulted in 
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a reduction of the activity and gene expression for GBSS in rice (Jiang et. al., 

2003) and decrease of amylose content (Umemoto and Terashima, 2002). The 
correlation between GBSS activity and chalkiness (%) was significantly negative 

during the whole grain filling period, but in the early and the late stage of grain 
filling, the activity of GBSS was not strongly correlated with chalkiness (%). The 

stronger negative correlation between GBSS activity and chalkiness (%) were 
observed at 14, 21 and 28 DAF which were -0.8899**, -0.9141** and -0.8737** 

(P<0.01), respectively and this indicate that GBSS play a cardinal role to reduce 
chalkiness (%) in the mid to the mid-late stage of rice grain development.  

The present experiment illustrated that SBE activity increased up to 14 DAF in 
all the three treatments and declined afterwards. Exposure to low temperature 

SBE activity was lower at the early grain development stage (7 DAF), but it’s 

activity was the highest among the treatments from 14 DAF to 35 DAF. Under 
high temperature SBE activity was the highest only at 7 DAF. A significant and 

positive correlation was observed between chalkiness (%) and SBE activity at 7 
DAF but no significant correlation was found at 14 DAF and significantly 

negative correlation was found at 21, 28 and 35 DAF which indicates that higher 
SBE activity under low temperature treatment at the later grain filling stage had a 

positive role in the reduction of chalkiness (%) and lower SBE activity at the 
later stage of grain filling under high temperature treatment increased chalkiness 

(%). Earlier report also showed that high temperature resulted in a reduction of 
activity and gene expression for SBEs in rice (Umemoto and Terashima, 2002).  

The role of SDBE is remodeling of a soluble glucan precursor by the removal of 
certain branch linkages, thus facilitating the transition to the semicrystalline state 

(Streb et. al., 2008). From the early to the mid gain filling stage (up to 14 DAF) 
SDBE activity was higher under high temperature treatment over the control and 

low temperature treatment but at the later grain development stage SDBE activity 
decreased in the high temperature treatment over low temperature treatment and 

the control. The contrary trend was observed for low temperature treatment. In 

the present study a positive significant correlation was found between the 
chalkiness (%) and SDBE activity at only 7 DAF but significant negative 

correlation was observed at the later stage of grain filling which implied that 
higher activity of SDBE under high temperature treatment at the early grain 

development stage and lower activity at the later grain filling stage were also 
responsible for increasing chalkiness (%).  

Average and maximum grain filling rate were the lowest under low temperature 
having longer grain filling time. Whereas, grain filling rate was maximum under 

high temperature having the shortest grain filling time. But, in control the 
average grain filling rate was highest having intermediate grain filling time. 

Besides, initial growth potential was the highest under high temperature. 
Therefore, starch accumulation rate was more rapid under high temperature, 

slowest under low temperature, and moderate under the control. Thus, 
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temperature variation influenced on starch synthesis enzyme activities as well as 

head rice rate and chalkiness (%). 

Conclusion 

Significant differences were observed among the three temperature treatments on 
changes of chalkiness (%), starch synthesis enzymes activity and also starch 

accumulation rate. High temperature increased grain chalkiness, reduced head 
rice rate and accelerated grain filling period and poor grain formation. The 

increased activity of Susy, ADPG-Ppase, SSS and SBE from the mid to the late 
grain filling stage and the higher activity of GBSS throughout the grain filling 

stage under low temperature treatment were closely associated with the reduction 
of rice grain chalkiness. And the contrary trends were observed for high 

temperature treatment. Therefore, rice grain chalkiness could be reduced by the 

regulation of starch synthesis enzymes activity in rice grains by genetic 
improvement.   
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