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Starch Properties of Mutant Rice High in Resistant Starch

C. Z. YANG,"8 X. L. SHU,T L. L. ZHANG,T X. Y. WaNG,T H. J. ZHa0,T
C. X. MAg anD D. X. Wu* T

IAEA Collaborating Center, Institute of Nuclear Agricultural Sciences, Zhejiang University,
Hangzhou 310029, People’s Republic of China, and Agronomy Department, Anhui Agricultural
University, Hefei 230036, People’s Republic of China

As the staple food of over half the world’s population, hot cooked rice high in resistant starch (RS)
is of particular interest, which will have greater impact in the dietary prevention of diabetes and
hyperlipidemia. A mutant rice high in RS in hot cooked rice, described as RS111, was comparatively
studied with the wild type and common rice. Despite obviously low RS content in the raw milled rice,
the RS content in the hot cooked rice of mutant RS111 was significantly higher than that of the wild
type and common rice and, correspondingly, in vitro starch hydrolysis by porcine pancreatic a-amylase
tends to be incomplete with low hydrolysis extent for the cooked mutant rice high in RS. Obvious
differences in physicochemical properties, starch granule morphology, pasting properties, thermal
properties, and X-ray diffraction pattern were observed among the mutant RS111, wild type, and
common indica rice. The high-RS mutant was characterized by significantly higher apparent amylose
content and crude lipid content, higher percentage of oval-shaped granules and bigger oval size,
reduced paste viscosity, and low onset temperature, peak temperature, final temperature, enthalpy
of gelatinization, and crystallinity.

KEYWORDS: Rice; resistant starch; starch hydrolysis; physicochemical properties; morphology; starch
paste properties; thermal properties; X-ray diffraction

INTRODUCTION Rice is the most important cereal crop and the staple food of
over half the world’s population. As the primary dietary source

of carbohydrates in these populations, rice plays an important
role in meeting energy requirements and nutrient intake. Cooked

digested: it is now recognized that a portion resistant to digestion 1¢€ iS readily digested because it contains a higher percentage
by human enzymes in the small intestine will pass into the large ©f DS and a lower percentage of REL]. The content of RS in
bowel, where they may or may not be fermented by gut bacteria "C€ cooked according to traditional domestic methods is always
(3, 4). In fact, starch contains a large digestible portion b.elow'S% 42—17). In view of the current concept of nutrltlon,'
(digestible starch, DS) and a small nondigestible portion called fice with a higher content of DS and a lower content of RS is
enzymatic resistant starch (RS). RS is defined as “the sum of not the fittest food for health. RS from both rice and corn was

starch and products of starch degradation not absorbed in thefound to significantly lower plasma total lipid and cholesterol
small intestine of healthy individuals” (%). concentrations compared to the diabetic control (18).

RS slowly absorbed in the small intestine results in decreased The development and incorporation of RS-rich ingredients
postprandial glucose and insulin responses. This behavior hasnto common food products is a challenge for the food industry
significant implications for use of RS in food formulations to  (19). Multiple approaches have been explored to produce high
help persons with diabetes normalize glucose pressure. Thereamounts of RS, and most of them focus on physically modifying
is evidence that slowly digested and absorbed carbohydratesstarch structure through the processing technolad@y20, 21).
are favorable for the dietary management of metabolic disordersrs levels and formation were influenced by the ratio of amylose
such as diabetes and hyperlipidenifa&). The starch fraction  to amylopectin in rice and in pea (185, 22, 23). Commercial
InC|udIng RS fermented by mICI‘OﬂOI‘a W|” produce ShOI’t-ChaIn attempts to produce h|gh RS content were achieved |n h|gh_
fatty acids such as acetic;, propionjc, gnd butytic acid that are amylose corn. A high-amylose and -RS barley cultivar was
greatly helpful in preventing colonic diseases 19). proved to have potential health benefits through reduction of
plasma cholesterol and production of increased large-bowel

_ *Corresponding author (telephone/fax 86-571-86971202; e-mail dxwu@ short-chain fatty acids (SCFA24). In the context of treatment
Zjuedu.cn). of non-insulin-dependent diabetes, breeding for rice high in RS
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Cereals constitute the “starchy staples” in the human diet and
as such are the primary source of dietary carbohydigte)(
In the traditional view, starch is thought to be completely
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the dietary-prevention strategy. To address this problem, a rice(percent; maltose equivalent) of starch degraded to maltose in total
mutant described RS111 with high RS in hot cooked rice was starch. Each sample and treatment were analyzed in triplicate.
induced byy-ray irradiation 5). Starch properties of this Starch Paste PropertiesPaste viscosity of rice flour was determined
mutant were comparatively studied with the wild type and by a Rapid Visco Analyzer (RVA, model-3D, Newport Scientific Inc.)

common rice, in order to provide information for food technolo- according to the protocol of the AACG3T), and its analysis was
gists and plant breeders to improve RS in rice. subjected to Thermo Cycle for Windows (TCW) software. The major

parameters of the RVA profile are peak viscosity (PKV), hot paste
viscosity (HPV), cool paste viscosity (CPV), breakdown viscosity

MATERIALS AND METHODS (BDV, PKV minus HPV), and setback viscosity (SBV, CPV minus
Materials. The mutant rice RS111 high in RS when cooked, induced PKV). ' _ _
from hybrid rice restorer R7952%), was selected for the current study, Thermal Properties. The thermal properties of starch isolated from

together with the wild type R7954 and common indica rice cultivar rice cultivars were determined using a differential scanning calorimeter
ZHONG9B. The wild type R7954 and common rice ZHONG9B are (DSC) (Q100 T, TA Inc., Newcastle, DE) and calculated with the
the leading commercial indica-type hybrid rice restorer and maintainer Universal Analysis program, version 3.8B. Five-milligram samples were
(26, 27). Mutant RS111 was crossed with the wild type R7954, placed in an aluminum cup, and 2@ of distilled water was added.
intermediate apparent amylose content (AAC) rice cultivar 1I-32B (AAC  The cup was hermetically sealed and then heated from 30 t6Q 20
= 21.3%), and low AAC rice cultivar Yixiang B (AAG= 12.7%), a rate of 10°C/min. The major parameters of the DSC profile were
respectively, to understand the mechanism of RS enrichments.;The F described as onset temperature)(Tpeak temperature ), enthalpy
plants were bagged and self-pollinated to obtajnpfogenies. The  of gelatinization (AHe), and final temperature .
contents of RS and AAC were investigated in three populations of ~ Scanning Electron Microscopy. Starch powers were homoge-
hybrid . and F individual plants. neously stuck on double-adhesive tap fixed on a metallic stub, then
Sample Preparation. The rough rice was dehulled in a Satake treated in an IB-5 ion coater (Eiko Co.) for 30 min under argon
dehuller (Satake Co.), and the resulting brown rice was milled in a atmosphere, coated with the Pt ion, and visualized with a scanning
Satake miller (Satake Co.). The milled rice was ground in a Udy electron microscope (XL30ESEM, Philips Co.) at 20 kV. Micrographs
Cyclone Mill with a 100-mesh sieve for AAC, ash content (AC), DS, of starch sample were taken at 260@nagnification, and the size of
gel consistency (GC), crude lipid content (LC), protein content (PC), starch granules was measured in the Adobe Photoshop Elements 2.0.
and total starch (TS) analysis. Milled rice (100 mg) was cooked X-ray Diffraction Pattern. The X-ray pattern of the starch was
according to the traditionally domestic method using a rice cooker with measured with Cu ¥ radiation (A= 0.154 nm) using a diffractometer
varying ratios of water to rice ranging from 1.0 to 2.1. The hot cooked (D/max 2550PC, Rigku Inc.) and calculated using the Universal
rice was sampled for RS determination after the rice cooker automati- Analysis program, version 3.8B. The diffraction was operated at 30
cally shifted to warm-holding status at 5C. Starch was separated mA and 40 kV. The region of the two-theta angl&?)2vas scanned
from rice flour by the alkaline extraction method described by Verwimp over the range from 3.0 to 70.Qvith a 0.05 step size and a count
et al. 28). Briefly, 2 g ofrice flour was suspended in 10 mL of 0.25% time of 2 s. The photographs were drawn in the SigmaPlot software
NaOH solution, stirred at room temperature for 1 h, and then centrifuged (SYSTAT).
at 3000gfor 10 min. The sediment was washed with distilled water, Statistical Methods. The data obtained were subjected to a one-
stirred, and centrifuged several times and then suspended and neutralizediay analysis of variance followed by Duncan’s multiple-range tests.
with 0.2 M HCI. After removal of the upper grayish layer, the white
starch was dis.persed. in distilled water and pa_ssed through/ﬂnSO_- RESULTS AND DISCUSSION
mesh sieve using a stirring rod and a vacuum air pump. The washings

were centrifuged and sediments collected. After oven-drying &C40 As the staple food of over half the world’s population, rice
fqr 24 h, the |so|a}ted starch was gently ground through a 100-mesh plays an important role in providing a dietary source of
sieve and stored in a sealed plastic bag for later use. carbohydrate and nutrient intake. Generally, rice has a high

Physiochemical Properties and Total, Digestible, and Resistant et of DS and a low content of RS, and the content of RS
Starch Determination. AAC was estimated by using the simplified

assay with three repeats (29). The standard samples with four levels ofIn rice cooked a;ccordlng to trz_idltlo_nally domestic methods is
AAC (1.2,11.2, 16.8, and 26.8%) were provided by the China National always below 3%. Despite being high in amylose, the mutant

Rice Research Institute (CNRRI). AC was determined according to RS111 has a soft texture and improved eating quality.

the China National Standard methods of GB/T5009.10-2003. GC was  Resistant Starch Content in Mutant RS111The RS values
determined using the procedure outlined by Cagampang e8@). (  were variable when determined by three methods; however, the
LC was determined according to the method described by the AACC distinct differences in RS contents were consistent among the
(31). PC was measured by the micro-Kjeldahl method with three repeats three cultivars testedr@ble 1). The RS values in both the raw
(29). To comparatively verify RS111 high in RS and eliminate the rice and the hot cooked rice were all highest when determined
disparity of RS values caused by different determination methods or according to the method of Englyst et 82) and lowest when
probably incomplete starch hydrolysis in the RS assay, RS was determined by using the Megazyme RS Kit. In the raw milled

determined according to three common methods detailed by Englyst . L
et al. (32), Goni et al. (33), and the Megazyme RS Kit (Megazyme 'C€ of mutant RS111, the RS contents were significantly lower

International Ireland Ltd., Co. Wicklow, Ireland). TS was determined COmpared to the wild type and common rice. However,

according to the method described by Garcia-Alonso et3d). (DS significant RS enrichments in mutant RS111 were found in the
was calculated on the basis of the difference between TS and RShot cooked rice, whereas the RS contents were obviously
determined by Géni et al. (33). reduced in the cooked rice of wild type and common rice. The

In Vitro Starch Digestion. In vitro starch digestion was determined  amounts of RS in the hot cooked rice of three rice cultivars
according to the methods of Gofii et al4f and Holm et al. 35). tested were all increased with increasing ratios of water to rice.

Starch hydro_ly_sis was initiated by the additior_l of 5 mL of friealeate Different cooking requirements were observed; the optimal
buffer containing 3.0 IU of Megazyme porcine pancreatiamylase cooking ratio of water to rice was 1.8 for the high-RS mutant,
(Megazyme International Ireland Ltd.). The reaction mixture Was hereas for the wild type and common rice the optimal ratio
incubated in a shaking water bath at 37 with moderate agitation. was 1.5. As determined by Goni et al4), the RS contents in

Samples (0.5 mL) were taken from each flask every 30 min from O to .
3 h, and theo-amylase was inactivated by adding 0.5 mL of 1.2 M mutant RS111 were increased from 5.47 to 7.56%, whereas that

acetate. The total reducing sugar content was determined by using theof the wild type R7954 and common rice ZHONG9B ranged

3,5-dinitrosalicylic acid (DNS) reagent. Maltose was used to make the from 2.27 to 2.88% and from 1.72 to 2.62%, respectively
standard curve. The extent of hydrolysis was calculated as the proportion(Figure 1). In the Australian Guide to Healthy Eatingt has
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Table 1. Major Nutritional Components and Physicochemical Properties in Mutant RS111, Wild Type R7954, and Common Indica Rice ZHONG9B
on a Dry Weight Basis?

RS in raw milled rice (%) RS in hot cooked rice® (%)
rice TS(%) DS (%) Englyst Goni  Megazyme Englyst Goni  Megazyme AAC(%) LC(%) AC((%) PC(%) GC(mm)
RS111 (mutant) 75.2a 67.6a 3.23a 2.27a 1.49a 8.17a  7.56a 3.5a 32.8a 1.24a 0.65a 12.0a 5la
R7954 (wild type) 754a  723a  13.2b 11.2b 5.83b 3.0%  2.88b 0.7b 24.0b 0.91b 0.75b 11.3a 33b
ZHONG9B (common ~ 72.3b 69.7a  11.6b 9.82b 5.14b 279  2.62b 0.6b 23.9b 0.62b 0.52b 12.9a 34b

rice)

aTsS, total starch; RS, resistant content; DS, digestible starch; AAC, apparent amylose content; LC, crude lipid content; AC, ash content; PC, protein content; GC, gel
consistency. Different letters following the means indicate significant differences at p = 0.05 compared to the high-RS mutant RS111. ? RS contents in hot cooked rice were
determined by Englyst et al. (32), Goni et al. (33), and Megazyme RS Kit when cooked with the ratio of water to rice of 2.1 to 1.0.
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Figure 1. RS contents determined by Goni method in the hot cooked Time(minutes)
rice of mutant RS111, wild type R7954, and common indica rice ZHONG9B Figure 2. In vitro hydrolysis of crack of the hot cooked rice of mutant
when cooked with ratios of water to rice from 1.5 to 2.1. RS111, wild type R7954, and common indica rice ZHONGOB.
been estimated that resistant starch intake in Austrafibis7 — -
g/person/day. Approximately 20 g a day is recommended to {/ -\v!,—momcas
obtain the beneficial health effects of RS. Therefore, eating by ] i e
250—300 g of cooked RS111 per day is enough to basically m ! {/’ T SR
meet the RS requirement for a normal person. Clinical observa- f;’ —
tion on non-insulin-dependent diabetes was very positive when 31 150 f';“
RS111 was eaten daily as a staple food (data not shown). 3 11‘{
In Vitro Starch Hydrolysis. Corresponding to the RS results, 3 | ;
the rate and extent of hydrolysis were different among cracked v I
grains of the hot cooked ricé-igure 2). The high-RS mutant (ﬂ ] lfl -
was highly resistant to hydrolysis, and hydrolysis was complete ? ,’.’[ Pl
in a low degree of 59.3% after 90 min, while the wild type | i f—ij/
R7954 and common rice ZHONG9B hydrolysis still have not 3t i ;;
reached equilibrium after 90 min, but76% of the starches ] j,{;"
have already been hydrolyzed. At the final time of 180 min, 1 (;/’/
only 63.6% of RS111 starch had been hydrolyzed, whereas 92.3 #IL ,_/f// L rvgar scecit oty sn
A L T %

and 87.7% of the wild type and common rice starches had been
hydrolyzed. Therefore, although absolute high RS content in Time mins
mutant RS111 was still very low, the slowly digested starch in Figure 3. Pasting viscosity of rice flour from mutant RS111, wild type
RS111 would also play an important role in the dietary R7954, and common indica rice ZHONG9B.
management of metabolic disorders such as diabetes and
hyperlipidemia. resistant than amylopectin to starch digestion and more prone
Physicochemical Properties, Starch Pasting Viscosity, and  to form amylose-lipid complexes, a property that can be utilized
Major Nutritional Components. Significantly higher content  in the formulation of foods with high RS content. Closely related
of AAC was detected in the mutant RS111, compared to the to amylose increase, the LC was obviously increased in mutant
wild type and common riceTigble 1). This result was consistent RS111. Interestingly, accompanied by the enhanced LC, a
with previous studies. The high-amylose rice cultivars were specific good aroma was detected during the cooking process
found to be relatively high in RS in the previous papers of Miller of the mutant RS111, which concurred with a previous report
et al. 36), Frei et al. {3), and Hu et al.15). Because of its  that the fatty acids will affect the flavor of ric&8). To verify
compact linear structure3{), the high-amylose starch is more RS111 as being high in RS and not a typical high-amylose rice,
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Figure 4. Scanning electron micrographs of starch granules from mutant RS111, wild type R7954, and common indica rice ZHONG9B (x2000).

Table 2. Starch Granule Characters of Mutant RS111, Wild Type R7954, and Common Indica Rice ZHONG9B?

no. of av oval
granules av granule variation rate of granule
rice observed shape range («m) size (um) coefficient (%) oval (%) size (um)
RS111 (mutant) 606 polygonal, angular, and oval 1.40-6.34 3.60a 27.01a 19.76a 2.55a
R7954 (wild type) 506 polygonal, angular, and oval 1.23-6.83 3.55a 38.18b 9.37b 2.13b
ZHONG9B (common rice) 427 polygonal, angular, and oval 1.08-7.49 4.29b 24.12b 351b 2.09b

a Different letters following the means indicate significant differences at p = 0.05 compared to the high-RS mutant RS111.

observations on the RS contents of hybridaRd F, individual 2%
plants derived from RS111 crossed to the wild type, intermedi-
ate-amylose rice 11-32B, and low-amylose rice Yixiang B
indicated that the high-RS mutation in RS111 was a recessive D 4
gene controlled character and was not inherited with the high
amylose in three populations (data not shown). This fact
suggested that the high RS in mutant RS111 might be caused
both by the increased amylose starch and by amylbgil
complex.

The wild type R7954 and common rice had a hard texture
and low GC characteristics. Despite the significantly high
amylose and RS, an obviously improved GC was observed in
the mutant RS111. Three major RVA parameters, PKV, HPV
and CPV, were significantly reduced in the mutant RS111,
compared to the wild type and common ri¢égure 3). This 0
result concurred with our previous study, in which early indica
rice cultivar ZF210 high in RS was characterized by a
significantly reduced starch paste viscosit). This suggested
that the improved GC character might be caused by the reduced
starch paste viscosity. Granule size(zmn)

_Starch Granule Morphology. The starches isolated fromthe g0 5. Distribution of starch granule size from mutant RS111, wild
hlg_h-RS mutant, the wild type, and common rice had the SAMe yyne R7954, and common indica rice ZHONGIB.
white appearance when dried at 40 in an oven for 24 h
according to the common method. However, if dried af60 RS may be partly due to the granule size and the differences in
the isolated starch of the high-RS mutant would be gelatinized the surface/volume ratio.
with a transparent appearance, but no changes were observed Thermal Properties, X-ray Pattern, and Crystallinity.
in the starches from the wild type and common rice, reflecting Gelatinization temperatures suchTas Tp, andTc and theAHge
the fact that the high-RS starch has a lower gelatinization of starches of the mutant RS111 were significantly different
temperature. Scanning electron micrographs of starch granulesrom those of the wild type R7954 and common rice ZHONG9B,
are shown irFigure 4. Significant variations in the shape and which showed significantly lowefo, Tp, Tc, andAHge values
size of starch granules were observed between the high-RS(Table 3 and Figure 6). Corresponding with the scanning
mutant and common riceé={gure 5). In agreement with the  electron micrographs, X-ray diffraction of starch granules in
results of Singh et al.39), the majority of starch granules from  pentagonal and angular shape from three rice cultivars exhibited
three rice cultivars were of pentagonal and angular shape.a typical A-type pattern, which has peaks &t=2 15.10, 16.98,
However, an obviously higher percentage of oval shape and al8.05, and 22.90C and an additional peak at 2¥ 19.94°C,
bigger average oval size were observed in the high-RS mutant,respectively (Figure 6). According to the study of Shamai et
and common rice ZHONG9B was characterized by an obviously al. (42), a peak at 2 = 19.9 °C is characteristic to V-type
higher percentage of pentagonal shapaeble 2 and Figure polymorph. The extent of crystallinity seemed to be closely
4). As in previous studiesA(, 41), the mutant RS111 high in  related with the gelatinization temperatures. The crystallinity
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Table 3. DSC and X-ray Diffraction Parameters of Starch from Mutant
RS111, Wild Type R7954, and Common Indica Rice ZHONG9B

crystal-
rice To(°C)  Tp(°C) Tc(°C) AHge (Ilg) linity (%)
RS111 (mutant) 60.42a 64.64a  72.80a 3.485a 28.13a
R7954 (wild type) 68.24b 72.02b 79.65b  7.124b 35.65h
ZHONGYB (common  72.38b  77.60b  85.18b 9.358b 40.09b
rice)

@To, Tr, Tc, and AHgg represent onset temperature, peak temperature, final
temperature, and enthalpy of gelatinization, respectively. Different letters following
the means indicate significant differences at p = 0.05 compared to the high-RS
mutant RS111.
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Figure 6. DSC curves of starch from mutant RS111, wild type R7954,
and common indica rice ZHONG9B.
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Figure 7. X-ray diffraction pattern of starch isolated from mutant RS111,
wild type R7954, and common indica rice ZHONG9B.

in the mutant was obviously lower than that of the wild type
and common indica riceT@ble 3andFigure 7). From the study

of Barichello et al. 43), high transition temperatures mainly
result from a high degree of crystallinity that provides structural
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stability and makes the granule more resistant toward gelatiniza-
tion. Tester 44) has postulated that the extent of crystalline
perfection is reflected in the gelatinization temperatures, and
amylopectin plays a major role in crystallinity. The current result
was consistent with the previous findingd5]; the lower
transition temperature for starch in mutant RS111 may result
from significantly higher amylose and the presence of the higher
lipids.

Conclusions.In addition to processing methods, the inherent
characteristics of rice play the key important role in the
formation of RS in hot cooked rice. Both the absolutely high
RS and the slowly digested starch character in mutant RS111
will play an important role in the dietary management of
metabolic disorders such as diabetes and hyperlipidemia. The
high-RS rice was significantly different from the wild type and
common rice in different aspects of starch properties such as
high amylose, starch granule shape and size, reduced starch paste
viscosity, low gelatinization temperature, and crystallinity. The
high-RS rice was accompanied with high amylose in this and
previous studies; however, this does not imply that the high-
RS rice must have high amylose and poor eating quality.
Mutants high in RS have been identified from the low-RS and
glutinous rice and wheat cultivars in subsequent studies. The
current study provides useful information for the food technolo-
gist to identify distinct rice cultivars for the production of high-
RS food and for the plant breeder to develop rice high in RS.
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