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Eight rice varieties with wide diversity in apparent amylose content (AC) were selected and planted
in the early (HZE) and late season (HZL) in Hangzhou and in the winter season in Hainan (HN) for
two consecutive years to study the genotypic and environmental effects on starch thermal and
retrogradation properties of grain. Genotypic variation (all at P < 0.01) accounted for >56% of the
total variation for onset (T,), peak (T,), and completion (T¢) temperature, width at half-peak height
(AT of gelatinization, enthalpy (AH;) of retrograded starch, percentage of retrogradation (R%),
and 45.8% for enthalpy (AHg) of gelatinization. Seasonal variation accounted for about one-fifth for
To, Tp, and T. and one-third for AHg, but less for Ty, AH,, and R% of the total variation, indicating
that To, T,, Tc, and AHy were highly affected by seasonal environment in addition to the genotypic
variation. The T, T, T, and AHy in HZL were much smaller than those in HZE and HN. Correlation
analysis for the eight genotypes showed that AC was significantly correlated with AHy (r= —0.83, P
< 0.01) and R% (r = 0.734, P < 0.05). AHy was also positively correlated with T; (r = 0.878, P <
0.05), but it did not have any correlation with AH,, whereas the latter was positively correlated with
R% (r=0.994, P < 0.001). The intercorrelation of T,, T,, T., and ATy, themselves was significant
at P < 0.001. The correlation analysis results suggest that there are different molecular mechanisms
to regulate thermal properties (7o, Tp, Te, and AHg) and retrogradation properties (AH; and R%) as
affected by environmental conditions. The implications of the results for rice breeders and starch-
based food processors are discussed.
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INTRODUCTION basis of retrogradation properties has received little attention.
Quantitative trait loci (QTL) analysis showed that QTL control-
ling retrogradation properties, such as enthalpy of retrograded
starch and percentage of retrogradation, are located atihe

Thermal and retrogradation properties are among the most
important physicochemical properties of starch. The gelatiniza-
tion temperature (GT) tested either by alkali spreading value |

. - . . ocus (8).
or by differential scanning calorimetry (DSC) reflects the ease ) . . . )
or difficulty of cooking the rice and the energy required. Starch ~ Besides the genetic effects, environmental conditions will
retrogradation is a process that occurs when gelatinized starcHnodify the starch gelatinization properties in various aspects
begins to reassociate in an ordered structure under low energy(3: 9)- Elevation of growth temperature increases the gelatiniza-
input, as in freezing and chillingl( 2). Starch properties are ~ tion temperature and enthalpy of rice starch due primarily to
affected by hered|ty as We” as environmeet 4) GT and the enhanced reg|strat|0n Of amy|0pectln dOUb|e he|ICGS and
thermal properties are reported to be mainly controlled by the Probably enhanced rigidity of amorphous regio#s {1). Choi
alk gene closely linked withVx (4—6). Umemoto et al. reported €t al. (12, 13) reported the effect of varietal and locational
that the starch synthase 118%lla) gene is located at tladk variation on grain quality components of rice produced in a hilly
locus on chromosome 6 in the rice genoni®. (The genetic ~ and high altitude area and in the middle and southern plain areas
in Korea and showed significant varietal and locational variation
for gelatinization temperature. It is also reported that postharvest
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jsbao@zju.edu.cn). treatments, such as storage temperature, moisture content, and
TInstitute of Nuclear Agricultural Sciences, Zhejiang University. duration, affect the enthalpies and temperatures of gelatinization
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# Jiangxi Academy of Agricultural Sciences. suggest that the environment together with other postharvest
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Table 1. Analysis of Variance for Thermal and Retrogradation Property Parameters?

source df To T Te AHqy Tz AH R%
year 1 453 24 4xx* 20.6%** 2.5%% 0.5% 1.7+ 396.5%**
season 2 134.4%+ 75.3%+* 75.6%** 13.1%x* 265 1.7+ 11.0
genotype 7 477.9%+* 268.9%* 183.4% 17.6%** 39.3** 44 5% 5759.7%
year x season 2 27.37* 42,20 42,84+ 390 1,27 0.7+ 49.1
year x genotype 7 03 1.3+ 1.5 0.2 0.4% 01 15.9
season x genotype 14 2.6%+* 1.99 A 0.6 0.8 0.9+ 57.4
year x season x genotype 14 1.9% 0.7%x* 0.9** 0.5 0.3+ 0.3 49.8

a Abbreviations: df, degree of freedom; To, onset temperature; Ty, peak temperature, Tc, completion temperature; AHg, enthalpy of gelatinization; Ty, width at half-peak;
AH,, enthalpy of retrograded starch; R%, percentage of retrogradation. *, **, and *** indicate significance at 0.05, 0.01, and 0.001 levels, respectively.

treatments will modify the gelatinization and retrogradation ~ Thermal Properties. These were analyzed using a DSC 2920
properties, further to the genotypic difference. However, no thermal analyzer (TA Instruments, Newcastle, DE) equipped with DSC
studies combining different years, seasons, or locations andstandard and dual sample cells. Rice flour (1.8 mg, db) was weighed
genotype on rice starch properties have been published. into an alumlnum pan, and 12 of distilled water was added. _The

In China, more emphasis is being directed toward the pan was hermetically sealed and then heated .at.a rate 6C/0In
. ' : . . . from 30 to 110°C. A sealed pan with 12L of distilled water was
improvement of the eating and cooking quality of rice.

. . . used as a reference. Onséi,)( peak {Ty), and conclusion T)
Understanding the magnitude of the effects of environmental temperatures, width at half-peak heightT,), and enthalpy&H,) of

conditions on starch properties will add impetus to rice breeding gelatinization were calculated by a Universal Analysis Program, version
by aiding determination of when and how to select for starch 1.9D (TA Instruments).

properties during breeding. In the Zhejiang province of eastern  Retrogradation. The gelatinized samples from DSC were then kept
China,indicarice is generally planted as an early crop, whereas at 4 °C for 1 week (in the sample pans) and subsequently rescanned
japonicarice is generally planted as a late or intermediate crop. from 25 to 85°C at 10°C/min to determine the enthalpAki;) of the
However, to accelerate one generation in rice breedimtica retrograded starch. The percentage of retrogradation (R%) was calcu-
rice is also planted as a late crop right after the harvest of the [ated as (AR/(AHg) x 100.

early crop. After the late crop, rice materials are sent to Hainan  Statistical Analysis. All of the starch property parameters were
province, the southernmost province in China, to advance measured in dupllcate_. All of the date_;\ analyses were performed with
another generation. Because the environmental conditions differthe SAS program version 8 (SAS Institute Inc,, Cary, NC). Means and

d tically bet th | d lat f Zheii ranges were determined using Proc means for the eight genotypes, two
ramatically between the early and lalé seasons o eJIangyears, and three seasons. Analysis of variance (ANOVA) was carried

province and the winter season of Hainan province, how the ot 5 determine genotypic and environmental variation among starch
environment affects rice starch quality is of great important to properties using the general linear model procedure (Proc glm). Mean
rice breeders. In addition, such information is also important to squares were used to calcul&tstatistics for tests of significance. The
food processors if stable starch properties are required for theirtotal variation was the sum of all mean squares of the main and
production. interaction effects. The percentage of the total variation for a specific
In this study, eight rice varieties (or breeding lines) with wide effect was calculated by dividing its mean square by the total variation.
variations in apparent amylose content and gelatinization Proc corr was used to examine correlations between these traits.
temperature were planted during the early season of Zhejiang
province, the late season of Zhejiang province, and the winter RESULTS
season of Hainan province for two consecutive years, and the
genotypic, year, and season or location effects on starch thermak
and retrogradation properties were studied.

Thermal Properties. ANOVA indicated that most variation
omponents such as year, season, genotype xysaason, year
x genotype, seasor genotype, and yeat seasonx genotype
were significant aP < 0.01 for To, Ty, Tc, AHg, and ATy, of
MATERIALS AND METHODS the gelatinization, but no significant effects of yeagenotype
Plant Materials. Eight rice (Oryza sativalL.) genotypes were interaction were found forT, and AHy (Table 1). The

selected for this study: Zhefu 802 (P1), Jiayu 293 (P2), Zhefu 504 gelatinization properties were mainly influenced by the geno-
(P3), Jiayu 280 (P4), Zaojing T3 (P5), Zaoxiannuo (P6), Zaojingnuo typic variation because this accounted for 69.3, 64.8, 56.1, 45.8,
(P7), and Zaojing T1 (P8). Among them, PS5 and P8 japonica, and 87.1% of the total variation fd¥, Tp, Te, AHg, andATy,,
whereas the others aradica All of the genotypes were grown in - oqhactively Table 1). Variation of season accounted for about

1998—-1999 in three seasons: the early season of Hangzh&uN(30 o o
HZE) and the late season of Hangzhou (HZL) in Zhejiang province 0T1e fiith Off tf]re toFt(;II forT, -I;‘t’] andT. ﬁnd ?hne ”:Ir:d forAHg, .
and the winter season in Hainan province’(88 HN), China. For the ~ Whereas forTu it was rather smaller than the genotypic

early season in Hangzhou, the rice was sown in early April, transplanted Variation.

on May 1, and harvested in mid-July. For the late-season crop, rice  The rice materials selected for this study represented wide
was sown around July 15, transplanted on August 5, and harvested invariation in GT. P5 and P8 had the low@st Ty, andT., whereas

late October. For the winter-season crop in Hainan, rice was sown in the other six had intermediate or high Gllaple 2). The average
late November, transplanted in late December, and harvested in lateT, andT, were different significantly in the two years, whereas
March or early April of the next year. The year 1998 denotes the three T. did not differ (Table 2). As shown by ANOVATable 1),
crops harvested in July and October 1998 and late March 1999, season had great influence on the GT, WighT,, andT, lowest
respectively. The year 1999 denotes the three crops harvested in Julyin HZL, highest in HZE, and intermédiate pi,n HNble 2

and October 1999 and early April 2000, respectively. .
After being air-dried and stored at room temperature for 3 months, Figure 1). The ranges for 1998 were much larger than those

the rice samples were stored in cooling rooms &C3until all six for 1999 for these three parametefsgure 1). For the low-
season rice samples were obtained. The samples were milled to whiteGT varieties (P5 and P8), the ranges were ne&Clin different
rice using a Satake rice machine (Satake Corp.) and then ground toseasons, whereas for the others they weBe-7 °C for T, Tp,
flour in a Cyclone sample mill (UDY Corp., Fort Collins, CO). andT,, respectively (Figure 1).
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Table 2. Mean and Range (in Parentheses) of the Thermal and Retrogradation Parameters of Different Genotypes at Different Years and Seasons2?

genotype® To(°C) Tp(°C) T.(°C) AHy (J/g) ATi2(°C) AH; (J/g) R%
P1 69.5¢ 749b 81.5b 8.6 cd 6.6 b 54a 63.5a
(68.1-71.8) (73.9-76.7) (80.1-83.1) (7.1-9.7) (5.9-7.9) (4.4-6.2) (56.1-73.1)
P2 71.3b 76.0b 82.5h 9.3b 6.1 bc 59a 63.7a
(69.4-74.3) (74.4-79.1) (81.0-85.7) (8.5-9.8) (5.6-7.2) (4.7-7.0) (53.0-70.4)
P3 73.6a 78.7a 84.6a 9.34b 59c 29b 316b
(71.1-76.5) (76.8-81.6) (82.4-87.5) (8.0-10.6) (5.4-7.2) (2.2-3.5) (22.9-37.9)
P4 732a 785a 84.6a 9.1 hc 6.1 bc 29b 316h
(70.4-77.1) (76.3-82.2) (82.7-88.2) (7.8-10.3) (5.2-6.9) (2.4-3.5) (23.4-40.0)
P5 58.7d 68.1c 76.5¢ 8.0d 10.3a 10c 122¢
(55.8-64.8) (65.1-74.2) (72.9-82.7) (6.7-8.6) (9.6-10.6) (0.7-1.3) (8.3-19.8)
P6 73.8a 79.0a 86.0a 111a 6.0 bc 15¢ 140c
(71.9-76.3) (77.3-81.1) (84.7-88.5) (10.0-11.8) (5.5-6.8) (1.4-1.9) (11.8-19.2)
P7 72.5ab 779a 85.2a 11.3a 6.4 bc l4c 12.8¢c
(70.9-75.5) (76.8-80.7) (84.4-88.1) (10.0-12.0) (6.2-7.2) (1.0-2.5) (8.1-19.7)
P8 59.4b 67.3¢c 76.0¢c 8.4d 98a 13c¢ 15.2¢
(55.7-65.6) (64.9-72.1) (64.9-72.1) (7.1-9.5) (9.2-10.5) (1.0-1.8) (11.1-24.3)
year
1998 69.7 a 75.6 a 82.6a 95a 71a 29a 326a
1999 68.3b 745b 8l.7a 9.2a 72a 27a 28.6b
seasond
HZE 710a 76.6 a 83.8a 96a 70a 29a 313a
HZL 66.9¢c 73.6¢C 80.7¢c 8.7b 75a 25b 30.2a
HN 69.0 b 749b 81.8h 99a 70a 30a 30.2a

a Different letters in the same column indicate significant difference at the 0.05 level. ® See Table 1 for definitions of parameters. ¢ P1, Zhefu 802; P2, Jiayu 293; P3,
Zhefu 504, P4, Jiayu 280; P5, Zaojing T3; P6, Zaoxiannuo; P7, Zaojingnuo; P8, Zaojing T1. ¢ HZE, early season in Hangzhou; HZL, late season in Hangzhou; HN, winter

season in Hainan.

Width at half-peak (X12), a measure of gelatinization range,
ranged from 5.9C for P3 (a high-GT rice) to 10.3C for P5
(a low-GT rice), showing a reverse relationship with Galfle
2). Although significant year and season variations were
detected, the averagtTy,, remained similar in the two years
and in the three seasons (Table 2).

AHg had a wide variation, ranging from 8.0 J/g in P5 to 11.3
J/g in P7, indicating the different amounts of energy required
for gelatinization of various genotypesHg remained the same
in the two years, but that in HZL was lower than those in HZE
and HN (Table 2;Figure 1).

Retrogradation. ANOVA showed that 90% of the total
variation was from genotypic variation for botH, and R%,
indicating that they were mainly affected by the genotypes. In
addition to the genotypic variation, year, season, yeaeason,
and seasox genotype variations were also significant fa,.
However, only year variation was significant for R%.

The AH;, of the retrograded starches varied from 1.0 J/g in
P5 to 5.9 J/g in P2. There was no significant differenca

between the two years, but significant differences were found

among the three seasons, in which tid, in HZL was lower
than those in the other two seasoigffle 2).
Significant differences in R% were found among different

(Table 3). However, in the genotype mean set, AC correlated
only negatively withAHy (P < 0.01) and positively with R%

(P < 0.5). In addition to significant correlation with AQHq
was also positively correlated witf, (r = 0.878,P < 0.05),

but it did not have any correlation withH,. AH; was positively
correlated with R%r(= 0.994,P < 0.001). The intercorrelation
of To, Tp, Tc, andATy > was significant aP < 0.001 (Table 3).

DISCUSSION

The starch gelatinization temperatures, sucii@sl,, and
T, of rice grain are mainly affected by genotypic variation
(Table 1), which agrees with the control of GT by thkx locus
(4, 6) that encodes soluble starch synthase7)aThe direction
of change of GT as affected by environment was opposite that
of AC (16), also proving that GT and AC were under different
genetic controls. As a result, the relationships between AC and
thermal properties vary in different studiekrz(18).

However,T,, Tp, and T, were also significantly affected by
environment and interaction effects. The same rice had different
GT when planted in different seasonBaple 2); the highest
GT was found in the early season of Hangzhou (HZE), whereas

genotypes, ranging from 12.2% of P5 to 63.7% of P2. The R% the lowest GT was in the late season of Hangzhou (HZL). The

in 1998 was higher than that in 1999, but it was similar among
the three seasons (Table Bigure 1).
Correlation Analysis. The starch thermal and retrogradation

difference between these two seasons was as much & 10
for low-GT rice, but only 3-7 °C for intermediate- or high-GT
rice. The variation of GT in the three seasons of year 1999

parameters of eight genotypes either in the full data set from fluctuated slightly. The results could be partially explained by

six seasons among two years= 48) or in the genotype mean
data set averaged from six seasons={ 8) were used for

the environmental differences between the different seasons in
the two years 16). In June and July of 1998, there was much

correlation analysis (Table 3). Because apparent amylose higher temperature, more sunshine, and less rainfall than in the
content (AC) is the most important determinant of the eating same season of 1999. The temperature in October in both years
and cooking quality of rice quality, it was also included in the was much lower than in June and July in the same location and
correlation analysis. Most correlations were significant in the in March in Hainan (sedable 1 in ref 16). These distinct

set of full data, but only some of them were significant for the differences in environmental conditions would undoubtedly
genotype mean data set (Table 3). The results indicated thatmodify the GT.AT,,, was distinctly different between low-GT
AC did not correlate withATy, in the all-data groupn(= 48), and high-GT rices; it was negatively correlated with Qalfle

but significantly correlated with nearly all other parameters 3), indicating less cooperative melting between the amorphous
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Figure 1. Genetic and environmental variation in some properties of starches from rice genotypes: P1, Zhefu 802; P2, Jiayu 293; P3, Zhefu 504; P4,
Jiayu 280; P5, Zaojing T3; P6, Zaoxiannuo; P7, Zaojingnuo; P8, Zaojing T1; HZE, early season in Hangzhou; HZL, late season in Hangzhou; HN,
Hainan; T,, onset temperature; Ty, peak temperature; AHg, enthalpy of gelatinization; R%, percentage of retrogradation.

Table 3. Correlation Analysis of Starch Properties of Rice Genotypes with the Full Data from All Seasons (above Diagonal, n = 48) and with the
Genotype Mean Data (below Diagonal, n = 8)aP

AC® To Tp Te AHg ATy AH; R%
AC -0.377** —0.441** —0.524*** —0.695*** 0.229 0.645** 0.707%**
To -0.373 0.986*** 0.964* 0.635*** —0.471%* 0.380** 0.295*
Tp —0.445 0.993#* 0.988*** 0.635%* —0.920*** 0.302% 0.220
Te -0.547 0.979%+ 0.991%+* 0.684*%+ -0.800*** -0.216 0.129
AHg —0.830** 0.683 0.703 0.787* —0.544%* -0.126 -0.266
ATy 0.242 —0.988** —0.965*** —0.938*** -0.610 —0.496*** —0.420%*
AH; 0.675 0.385 0.301 0.206 -0.199 -0.514 0.985%**
R% 0.734* 0.311 0.226 0.127 -0.287 -0.445 0.994%

ax# and *** indicate significance at 0.05, 0.01 and 0.001 levels, respectively. ® See Table 1 for definitions of parameters. ¢ AC, apparent amylose content.

and crystalline domains in low-GT starches than in high-GT fluctuate in relation to the change of environmental conditions,

starches during gelatinization. Becausg;;, was significantly such as growth temperature. Soluble starch synthase lla is also

correlated with GT, the mechanism of the effect of environment found to control the amylopectin side-chain lengi#). (The

on it should be similar to the mechanism acting on GT. amount of short chains in the amylopectin of rice starch of plants
Although convincing evidence has shown that GT was grown at lower temperature was significantly increased, whereas

controlled by the soluble starch synthase [Ty, there are yet  the amount of longer chains decreased as compared with that

no reports on how the expression of the gene and the enzymegrown at higher temperature (120).
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AHg was significantly influenced by genotypic variation so as to achieve minimum variation in starch thermal and
(Table 1). It was significantly correlated with both AC  retrogradation properties of a given genotype. It is apparent that

(r = —0.83,P < 0.01), which is controlled by th&/x locus, even the same rice variety harvested during different seasons
andT; (r = 0.787,P < 0.05), which is controlled by thalk or from different locations cannot guarantee the same starch
locus (Table 3). The complex relationship &fHg with AC and qualities.

GT was also found in other studie4, 8, 17). In a study on

Thai rice starch, Varavinit et al. did not observe a correlation ACKNOWLEDGMENT
between AC andAHg (18). Sodhi and Singh found that rice ) . )
with the lowest AC had the highesiH, among five rice Part of this work was cqrned out at the Cereal Science
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AH; of rice flour positively correlated only witff, and T, of Chen, Y.; Zhu, L. H. Genetic analysis of rice grain qualitiieor.
the full data set but not in the genotype mean data Eailé Appl. Genet1999,98, 502—508.

3). The difference might result from different sample prepara- ~ (7) Umemoto, T.; Yano, M.; Satoh, H.; Shomura, A.; Nakamura,
tions (starch versus flour) and different storage durations Y. Mapping of a gene responsible for the difference in amy-

. o lopectin structure between japonica-type and indica-type rice
0
between the two studieAH; and R% were positively correlated varieties.Theor. Appl. Gene002,104. 1-8.

with AC, and themselves were significantly and positively (8) Bao, J. S.: Corke, H.; He, P.: Zhu, L. H. Analysis of quantitative

correlated (Table 3), which is in agreement with the previous trait loci for starch properties of rice based on an RIL population.
study, in which théVxlocus was identified genetically to control Acta Bot. Sinica2003,45, 986—994.

them (8). Therefore, the environment effects on them should (9) Tester, R. F.; Karkalas, J. The effects of environmental conditions
be the same as AC to some degree. However, it could be also on the structural features and physico-chemical properties of
found that theAH, and R% of rices P5 and P8 (intermediate- starchesStarch/Staerk&001,53, 513—-519.

AC rice) were the same as those of P6 and P7 (two waxy rices) (10) Asaoka, M.; Okuno, K.; Sugimoto, Y.; Kawakami, J.; Fuwa, H.
(Table 2; Figure 1). This could be explained by the difference Effect of environmental temperature during development of rice
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