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The purpose of present study was to investigate the impact of cooking methods on starch hydrolysis of rice grain
using an in vitro digestion model. Three varieties of short, medium and long-grain rice were cooked in two
different ways: in limited water method (LWM) using a rice cooker and excess water method (EWM) using a pan.
The water absorption of raw rice grain was found to differ among the different rice varieties. The moisture, crude
protein, total starch and resistant starch contents of the grain were affected by the cooking method. Starch
hydrolysis for medium and long-grain rice at 210 min was higher for rice cooked through LWM (75.1 and 87.5%,
respectively) than those cooked using the EWM (65.8 and 64.5%, respectively). Microscopic observations of
grain cooked through LWM and EWM showed that the former had bigger voids present throughout the grain and
had more cell wall damage than the latter, confirming that the microstructural characteristics were responsible
for better enzyme accessibility and higher starch hydrolysis. These results revealed that the starch digestibility of
rice grain cooked through different methods was affected by the disruption of the tissue structure that was

dependent on the cooking method.

1. Introduction

Foods consist mostly of carbohydrate, such as rice, are digested and
absorbed in the small intestine, causing a rapid rise in blood glucose
level. A rapid rise in glucose has been related to the onset of lifestyle-
related diseases such as type 2 diabetes, hyperlipidemia and heart dis-
ease (Jenkins et al., 2002; Lehmann & Robin, 2007).

Unlike other major grains, rice is principally cooked and consumed
as a whole grain. Rice, which accounts for 29% of energy, 14% of protein
and 58.5% of glycemic index (GI) for Japanese adults’ total intake per
day (Murakami et al., 2006; Sugiyama, Tang, Wakaki, & Koyama, 2003),
is available in both high and low glycemic index versions (Atkinson,
Foster-Powell, & Brand-Miller, 2008). The digestion of rice starch is
influenced by both endogenous and exogenous factors. Amylose content
is the primary endogenous factor, which has been associated with starch
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digestion (Chung, Liu, Huang, Yin, & Li, 2010; Miller, Pang, & Bramall,
1992; Syahariza, Sar, Hasjim, Tizzotti, & Gilbert, 2013). Hu, Zhao,
Duan, Linlin, and Wu (2004) and Panlasigui et al. (1991) concluded that
starch digestibility was affected not only by amylose content but also
other factors like interactions of starch and proteins/lipids (Ye et al.,
2018) and amylopectin branch chain length distribution (Chung, Liu,
Lee, & Wei, 2011). Amount and properties of components such as
amylose, amylopectin, protein and lipid vary among varieties, for
instance short, medium and long-grain rice. On the contrary, the exog-
enous factors refer to processing such as post-harvest drying (Donlao &
Ogawa, 2018), polishing (Miller et al., 1992), milling (O’dea, Snow, &
Nestel, 1981), soaking (Han & Lim, 2009), boiling (Tamura, Singh, Kaur,
& Ogawa, 2016b), blending (Tamura, Okazaki, Kumagai, & Ogawa,
2017) and post-cooking storage conditions (Tamura, Singh, Kaur, &
Ogawa, 2019).
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Cooking method, in particular, has been known to influence starch
digestion significantly. For instance, microwave cooking leads to higher
starch digestibility of rice than conductive heating (Li, Han, Xu, Xiong, &
Zhao, 2014). Stir-fried rice displays lower starch hydrolysis compared
with steamed rice and pilaf (Reed, Ai, Leutcher, & Jane, 2013). Cooking
temperature has a more pronounced effect on the in vitro digestibility of
rice than cooking time (He, Qiu, Liao, Sui, & Corke, 2018). Cooking at
low temperature leads to the reduction in equilibrium starch hydrolysis,
kinetic constant and estimated glycemic index (eGI) (Guillén, Oria, &
Salvador, 2018). Starch hydrolysis of non-waxy cooked rice has been
reported to be not affected by pressure, soaking and water-to-rice ratio
during cooking (Wang et al., 2017). However, in these studies, rice
samples were prepared as a slurry or dried powder, which are different
from the actual sample where the tissue structure is maintained at the
time of intake or consumption. The tissue structure of rice impacts on
starch digestibility more than starch gelatinization (Tamura et al.,
2016b). The tissue structure of rice has also been related to kinetic
constant of starch digestibility (Tamura, Singh, Kaur, & Ogawa, 2016a).
In a recent study (Thuengtung, Matsushita, & Ogawa, 2019), structural
damage of cooked rice grain was reported to vary between steam
cooking and microwave cooking that influenced starch hydrolysis rate
during in vitro starch digestion.

There are two common types of rice cooking methods -limited water
method (fixed water-to-rice ratio, LWM) and excess water method
(excess-water/minimum cooking time, EWM). Both these methods have
been compared for their effects on texture, consumer preference (Mar-
uyama, Sakamoto, & Okai, 1995), total starch (TS) and resistant starch
(RS) contents (Chen, Bergman, McClung, Everette, & Tabien, 2017) of
rice grain. However, there is little research done on starch digestibility
in relation to the microstructural characteristics of rice grain. The pur-
pose of the present study was to investigate the impact of different
cooking methods on microstructure of rice grain and how that is related
to starch hydrolysis in rice from short, medium and long-grain rice
varieties.

2. Material and methods
2.1. Materials

Rice from three commercial varieties representing short (Sushi rice,
Japanese style, cv. Opus, SunRice, Leeton, Australia), medium (Austra-
lian medium-grain, cv. Calrose, SunRice) and long (Basmati, Aromatic
rice, cv. Basmati 198, SunRice) grain rice were purchased from the local
supermarket (Palmerston North, New Zealand) and stored in a refrig-
erator at 4 °C before the experiment. Simulated gastric fluid (SGF) was
prepared by pepsin (porcine gastric mucosa, 800-2500 units mg !
protein, Sigma-Aldrich, St Louis, MO, USA) and simulated intestinal
fluid (SIF) was prepared by pancreatin (hog pancreas, 4 x USP, Sig-
ma-Aldrich), invertase (grade VII from baker’s yeast, 401 U mg’1 solid,
Sigma-Aldrich) and amyloglucosidase (E-AMGDF-100ML, 3260 U
mL~}, Megazyme International Ireland, Wicklow, Ireland) according to
Dartois, Singh, Kaur, and Singh (2010) and Tamura et al. (2016a),
respectively. For apparent viscosity analysis, three times concentrated
SIF and control (SIF without any digestive enzymes) were prepared
using the methods of Bordoloi, Singh, and Kaur (2012) and Tamura et al.
(2016b).

2.2. Sample preparation

To obtain cooked rice samples, two types of cooking methods, LWM
(Tamura et al., 2014a, 2014b) and EWM (Tamura et al., 2016b), were
applied to three varieties of polished raw rice grain. For cooking of
LWM, 40 g of the grain was soaked in 60 mL of Reverse Osmosis water
(RO water) in a 100 mL beaker for 30 min at room temperature. The
beakers with soaked grain were set in an electric rice cooker (TK-RC12,
Eupa, Tokyo, Japan) with 250 mL of RO water poured around the
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beakers as heat medium, and was cooked for approximately 35 min,
followed by steaming for 10 min in the rice cooker. Note that steaming
plays a role in ripping rice and is usually done during cooking rice in
Japan. For cooking using the EWM, 30 g of the grain was boiled in 500
mL of boiled RO water in a pan. Cooking time was set as the time at
which the white core of rice grains disappeared when rice grains were
compressed between two glass slides (Tamura et al., 2016b). After-
wards, rice cooked using both the methods were cooled down in petri
dishes wrapped with a cling wrap at room temperature for 30 min. A
portion of raw and cooked grains was freeze-dried (FD18LT, Cuddon
Engineering, Blenheim, New Zealand) at 25 °C for 48 h after pre-freezing
at —20 °C for 24 h. The freeze-dried grain was then ground and passed
through a 0.5 mm mesh sieve to obtain powdered samples for analyzing
their composition.

2.3. Moisture content and water absorption

The moisture content of the grain was analyzed using the standard
AOAC method (AOAC, 1990). Cooked grain was dried at 105 °C for 24 h
in an air dryer (Oven 8150, Labserv, Longford, Ireland) and their
moisture content was calculated as the difference in their weight before
and after drying.

For measuring water absorption, the raw grain weighing about 2 g
were placed into commercially available polythene nets, for easy
retrieval from the soaking water. The bagged and weighed grain were
placed into individual glass test-tubes, containing 40 mL of RO water,
and placed in a water bath at 30 and 98 °C to simulate the soaking and
cooking process, respectively. The grain was soaked for 5, 10, 15, 20, 30,
60, 90, 120 and 180 min at each temperature. After soaking, the bags
were removed from the water and excess water was wiped with a thin
paper cloth. The bags were then reweighed to an accuracy of 0.1 mg to
determine the amount of water absorbed.

To estimate the plots of moisture content during soaking of rice grain
reached equilibrium moisture content, exponential model, known as the
most simplified model, was used.

MR = (M, — M,)/(My — M.) = exp( — kt) 1)

where MR is moisture ration, M; is moisture content at any time t, M, is
equilibrium moisture content, M is initial moisture content and k; is
rate constant.

2.4. Crude protein (CP) content

Powdered samples were weighed, and nitrogen content was exam-
ined using a CN Coder (SUMIGRAPH, NC-TRINIT, Sumika Chemical
Analysis Service, Tokyo, Japan). CP content was calculated by the
determined nitrogen content, and a 5.95 nitrogen-protein conversion
factor. DL-Aspartic acid (000-05812, Kishida chemical, Osaka, Japan)
was used as the standard nitrogen material.

2.5. Apparent amylose (AA) and starch content

AA content of the rice grain was measured using the method
described by Tamura et al. (2014b). Potato amylose (A0512,
Sigma-Aldrich) was used as a standard material. The TS and RS contents
of the powdered samples were determined using a resistant starch kit
(K-RSTAR 08/11, Megazyme International Ireland).

2.6. In vitro gastro-small intestinal starch digestion and kinetics of starch
hydrolysis

A simulated two-stage gastro-small intestinal in vitro digestion model
(Tamura et al., 2016a, 2016b) was used in this study. The supernatant
(0.5 mL) was collected to analyze the glucose content after 5 and 30 min
of gastric digestion, and after 5, 10, 15, 30, 60, 90, 120 and 180 min of
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small intestinal digestion.

The supernatants were mixed with 3 mL of 95% ethanol, centrifuged
at 1800xg for 10 min and incubated for 10 min at 37 °C with amylo-
glucosidase and invertase solutions (Dartois et al., 2010). The glucose
concentration of the incubated mixture was measured using the
p-glucose assay kit (GOPOD Format K-GLUK 07/11, Megazyme Inter-
national Ireland). Percentage of starch hydrolysis was calculated using
the following equation:

%SH=(Sh/Si) =0.9(G, /Si) 2

where %SH is a percentage of starch hydrolysis, Sy, is the mass of hy-
drolyzed starch, S; is the initial mass of TS, and Gy, is the mass of glucose
produced. A conversion factor of 0.9, which is generally calculated from
the molecular weight of starch monomer/molecular weight of glucose
(162/180 = 0.9), was used (Goni, Garcia-Alonso, & Saura-Calixto,
1997).

A first-order equation model (Goni et al., 1997), as shown below, was
applied to describe the kinetics of starch hydrolysis:

C=Cy[l —exp(—kat)] 3

where C corresponds to the percentage of hydrolyzed starch at time t, C,
is equilibrium concentration of starch in the gastro-small intestinal
digestion process and ks is the kinetic constant. Parameter estimation
was carried out using the software, Igor Pro (ver. 4.01, Hulinks, Tokyo,
Japan).

The quality of fit for the first-order equation models on the experi-
mental data was evaluated using the coefficient of determination R?
(Eq. (4)) and root mean square error (RMSE) (Eq. (5)).

ot T =G ) »

Z?I:] (Cexp. i Cave)2

N
i Cex i
RMSE = \/le ( P,

N

2
B Cpre. i) (5)

Where, Ceyp, i is the ith experimental percentage of hydrolyzed starch,
Cpre, i is the ith predicted percentage of hydrolyzed starch, Caye is the
average of experimental percentage of hydrolyzed starch and N is the
number of observations.

Hydrolysis index (HI) of rice samples was calculated as the area of
the curves for starch hydrolysis during small intestinal digestion, using
white part of sliced bread (Choujuku, Pasco Shikishima corpolation,
Aichi, Japan). The eGI was calculated using the following equation
(Goni et al., 1997):

eGI =39.71 + 0.549HI (6)

2.7. Apparent viscosity of rice pre- and post-digestion

Rice slurries were prepared by blending (HB605, Kenwood, Havant,
UK) cooked and cooled rice samples with appropriate amount of RO
water for 2 min to achieve a final TS concentration of 8%. The apparent
viscosity of homogenized 35 g of the slurry sample was measured using a
dynamic rheometer (AR-G2, TA instruments, New Castle, DE, USA)
equipped with a peltier cylinder system according to Bordoloi et al.
(2012) and Tamura et al. (2016b).

2.8. Microscopic imaging and histochemical analyses

The sample grains were prepared for microscopic observation using a
simple sectioning method (Ogawa, Glenn, Orts, & Wood, 2003; Tamura
& Ogawa, 2012). Images were captured using a digital camera (DS-5M,
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Nikon, Tokyo, Japan) mounted on a fluorescent stereomicroscope
(MZ-FLIII, Leica, Wetzlar, Germany) equipped with a 100 W mercury arc
lamp (ebq 100 dc, Leica) and an ultraviolet fluorescence filter set
(360/40 nm excitation filter, 420 nm barrier filter, Leica) for fluores-
cence observation, and with a halogen lamp for observation of the tissue
morphology. The captured images were processed and analyzed by
graphic software (Paintshop Pro, Corel, Ottawa, Canada). The processed
image composited of both the fluorescent and transmission images
captured at the same position can show both of the actual section size for
the grain and cell distributions (Tamura & Ogawa, 2012). The pixel
numbers of the whole cooked rice grain, cracks and voids were
measured by binarizing the transmission images with ImageJ software
(Schneider, Rasband, & Eliceiri, 2012). For cooked rice grains, the ratio
of cracks and voids (RCV) was calculated from the number of pixels of
cracks and voids in the total number of pixels of whole cooked rice grain.

2.9. Statistical analysis

Results were calculated as means + standard deviations. The ana-
lyses were performed at least in triplicate for each sample. Statistical
analysis was conducted using R software (R Core Team, 2014). After
outliers were removed using a Smirnov-Grubbs test, Tukey’s test was
used in conjunction with an analysis of variance (ANOVA) and two-way
analysis of variance (two-way ANOVA) to identify differences among the
means, at an a priori significance level of p < 0.05. Comparisons between
cooking methods were done with T-test. Pearson’s product-moment
correlation coefficient was used as a measure of the linear correlation
between the different rice properties.

3. Results and discussion
3.1. Cooking times and water absorption

Soaking is needed for water to diffuse into the grain core to produce a
desirable product. For EWM, cooked rice grain with no white core, were
obtained by boiling short, medium and long-grain rice for 27, 25 and 20
min, respectively. Note that cooked rice grain with no white core were
also obtained by cooking of LWM.

Fig. 1 shows the changes in moisture contents of three varieties of
raw rice grain during soaking at (a) 30 and (b) 98 °C. Moisture content of
raw rice grain varied between 13.3 and 13.7% d.b. among different
varieties. During soaking at 30 °C, the moisture content of the raw rice
grain increased before reaching an equilibrium. This behavior was
clearly found in the long-grain rice. On the contrary, moisture contents
of short and medium-grain rice attained saturation after 120 min. The
highest M, was determined for medium-grain rice (70.3% d.b.), fol-
lowed by short (70.0% d.b.) and long-grain rice (43.4% d.b.), while the
highest k; was long-grain rice (0.039 min~1), followed by short (0.020
min 1) and medium-grain rice (0.015 min~1). During soaking at 98 °C
for 30 min, the moisture content of the rice grain was increased linearly.
The moisture contents of rice grain from different varieties after soaking
at 98 °C were different from those after soaking at 30 °C in the order of
long > short > medium at almost all times. The increase in water ab-
sorption of rice grain at 98 °C would possibly be due to increase of
gelatinized starch. Kasai, Lewis, Ayabe, Hatae, and Fyfe (2007) also
found differences in water diffusion and starch gelatinization during
cooking between short and long-grain rice, even though their rice
samples had similar amylose content. Kang, Hwang, Kim, and Choi
(2006) observed that protein bodies in medium and long-grain rice are
scattered throughout the endosperm cell (around the starch granules)
while those in short-grain rice are concentrated near the cell wall. The
authors discussed the distribution of protein bodies in medium and
long-grain rice appears to prevent water from entering the starch
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Fig. 1. Changes in moisture contents of three varieties of raw rice grain during
soaking at (a) 30 and (b) 98 °C. Error bars represent standard deviation (n =
4-5). LWM: limited water method; EWM: excess water method.

granules and being absorbed. The water absorption in raw rice grain has
been thought to vary with the type and crystal structure of starch and
starch-protein complex (Ebata & Hirasawa, 1982; Okuno & Adachi,
1992). It was important to note that the water absorption at 30 and 98 °C
did not correlate to cooking time of EWM.

3.2. Composition

Table 1 shows moisture, CP, AA, TS and RS contents of three varieties
of raw and cooked rice from different varieties. As expected, the mois-
ture contents of rice cooked with LWM (62.19-65.08% w.b.) were

Table 1
Moisture, CP, AA, TS and RS contents of three varieties of raw and cooked rice.
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significantly lower than those cooked using EWM (70.75-74.35% w.b.).
Generally, cooked rice grain prepared by LWM had lower moisture
content than those cooked by EWM, because starch granules have
limited water available to absorb and to gelatinize the starch, and the
absorbed water evaporate in the process of steaming.

CP content of raw rice was highest for long-grain rice followed by
medium and short-grain rice with significant differences, which signif-
icantly decreased upon cooking by both the methods. The decrease of CP
content during cooking might be due to breaking down of protein into
nitrogen-containing aroma components (Yang, Shewfelt, Lee, & Kays,
2008) and removing the germ from the grain.

Raw long-grain rice had significantly higher AA content than me-
dium and short-grain rice. The AA content of short and long-grain rice
did not change upon cooking, although that of medium-grain rice
significantly decreased after cooking. TS content was the highest in raw,
followed by cooking of LWM and EWM, regardless of the variety. The
high standard deviation values for TS may be the reason for the sum of
average CP and TS for medium-grain rice to be >100%. In previous
studies using non-waxy polished rice, AA content has been reported to
decrease (Rashmi & Urooj, 2003; Sagum & Arcot, 2000; Zhu et al., 2020)
or change by a small extent (Guillén et al., 2018) during cooking. TS
content reportedly increased (Marsono & Topping, 1993), decreased
(Chung et al., 2010; Sagum & Arcot, 2000) or remained unchanged
(Guillén et al., 2018; Zhu et al., 2020) during cooking. In this study, the
decrease in AA and TS contents during cooking could be due to leaching
of amylose and amylopectin into the cooking water, and their hydrolysis
to low molecular dextrins and reducing sugars (Ikeda, 2001), and
complex formation with lipids and proteins (Rashmi & Urooj, 2003).
Amylose and amylopectin have been reported to selectively elute during
cooking, depending on variety (Hanashiro, Ohta, Takeda, Mizukami, &
Takeda, 2004). Zhu et al. (2020) have indicated that preferential
leaching of amylose during cooking may not impact macroscopic char-
acteristics of rice grains.

RS content was significantly highest for rice cooked using LWM
followed by rice cooked by EWM and raw rice. According to previous
reports, RS content increased (Chung et al., 2010; Marsono & Topping,
1993; Parchure & Kulkarni, 1997) or decreased (Guillén et al., 2018;
Sagum & Arcot, 2000) during cooking. The changes depend on the va-
riety, cooking method, water to rice ratio, soaking temperature and
moisture content (Guillén et al., 2018; Han & Lim, 2009; Parchure &
Kulkarni, 1997; Yang et al., 2006), and the method used to determine RS
content (Yang et al., 2006). In this study, RS is probably formed due to
the retrogradation of amylose, during cooling of rice, defined as RS3
(Tian & Sun, 2020). In LWM, amylose that leached during the cooking
process would be re-absorbed in the grain during later stages of cooking
due to water evaporation. Due to retrogradation of the leached amylose
fraction (RS3), cooked rice grain of LWM would have higher RS content
than that of EWM.

Moisture (% w.b.)

CP (% d.b.)

AA (% d.b.)

TS (% d.b.)

RS (% d.b.)

Short Raw 13.28 £ 0.04 ¢, y 7.44 + 0.03 a, z
LWM 65.08 +1.02 b, x 7.04 £ 0.01 b, z
EWM 74.35 £ 0.15a, x 6.76 £ 0.09 ¢, z

Medium Raw 13.27 £ 0.08 ¢, y 895 +0.15a,y
LWM 62.19 £ 0.85b, y 8.75 + 0.02 ab, y
EWM 70.75 £ 0.31 a, z 8.47 £0.03b,y

Long Raw 13.68 + 0.05 ¢, x 9.77 £ 0.14 a, x
LWM 63.41 + 1.40 b, xy 8.83 £ 0.02 b, x
EWM 71.89 +£0.21a,y 8.90 + 0.02 b, x

27.95 +0.58a,y
2487 £0.61a,y
25.22+0.17 a,y
26.74 £1.33a,y
24.20 £ 0.89b, y
24.67 £ 0.65b, y
34.99 +2.29 a, x
3439+ 1.41a,x
34.93 + 0.66 a, x

87.12 £ 8.40 a, x
80.19 + 6.74 ab, x
69.71 £ 1.46 b, x
93.14 £ 4.77 a,x
82.92 + 0.42 ab, x
78.00 + 8.43 b, x
88.38 £4.78 a, x
81.74 £ 0.61 a, x
68.20 + 5.45 b, x

0.12 £ 0.07 ¢, x
0.96 +0.054a,y
0.45+0.03 b, y
0.11 + 0.00 b, x
0.80 £0.17 a,y
0.26 = 0.01 b, z
0.20 £ 0.02 ¢, x
1.89 £ 0.04 a, x
1.26 + 0.06 b, x

Means + standard deviation.

The sample number (n) was as follows: moisture (n = 3-4); CP (n = 4-7); AA (n = 4-7); TS (n = 3-5); RS (n = 2-6).

Different letters (a-c) within the same column and same variety indicate significant differences (p < 0.05).

Different letters (x-z) within the same column and same preparation indicate significant differences (p < 0.05).
CP: crude protein; AA: apparent amylose; TS: total starch; RS: resistant starch; LWM: limited water method; EWM: excess water method.
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Fig. 2. Changes in the starch hydrolysis of three varieties of cooked rice grain
during gastro-small intestinal starch digestion in vitro. (a) short, (b) medium
and (c) long-grain rice. Error bars represent standard deviation (n = 2-4). LWM:
limited water method; EWM: excess water method.
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AA content of raw rice showed a correlation with k; (r = 0.99, p <
0.05), although TS and RS contents did not show any correlation related
with M, and kj, respectively. AA content of raw and rice cooked by LWM
or EWM had significant positive relationship with their RS contents (r =
0.99, p < 0.05).

3.3. Starch hydrolysis during in vitro gastro-small intestinal digestion

Fig. 2 shows changes in the starch hydrolysis of three varieties of
cooked rice grain during gastro-small intestinal starch digestion in vitro.
During simulated gastric digestion, for the first 30 min, the hydrolysis of
all samples was almost 0% due to lack of amylolytic enzymes in SGF.
During the following small intestinal digestion process, the starch hy-
drolysis increased in all sample grains. The starch hydrolysis in the
middle of the small intestine digestion process was higher for rice
cooked by LWM than rice cooked using EWM, for all varieties. At 210
min of simulated digestion, the starch hydrolysis for medium and long-
grain rice was significantly higher for rice cooked by LWM (75.1 and
87.5%, respectively) than those cooked using EWM (65.8 and 64.5%,
respectively), although the starch hydrolysis for short-grain rice was
almost similar among the two cooking methods. The highest starch
hydrolysis was observed for long-grain rice cooked using LWM. Rice
cooked by EWM had lower starch hydrolysis values and this was true for
all the varieties.

To evaluate differences in the starch digestibility among the three
varieties and two cooking methods of samples, the kinetic parameters
during small intestinal digestion were calculated using a non-linear
fitting method to a first-order equation model (Goni et al., 1997).
Table 2 presents starch hydrolysis kinetic parameters of three varieties
of cooked rice grain. LWM-cooked medium and long-grain rice showed
higher C,, of 87.7 and 91.6%, respectively, while the EWM-cooked
medium and long-grain rice had the lower C, of 66.8 and 66.8%,
respectively. The C,, of short-grain rice cooked by LWM and EWM were
75.7 and 78.4%, respectively, which did not differ significantly. The k;
of samples was in the range between 1.1 and 2.4 min ", with significant
differences among LWM-cooked short and medium-grain rice. A
first-order equation model (Goni et al., 1997) exhibited high R? for all
samples used in the study, ranging between 0.984 and 0.996; and low
RMSE (ranging between 2.188 and 4.732). Therefore, it is concluded
that the first-order equation model (Goni et al., 1997) was good to
describe the starch hydrolysis of three rice varieties and two cooking
methods for rice digested under small-intestinal conditions. eGI was
significantly higher for short and long-grain rice cooked by LWM than
others. For long-grain rice having the highest RS content, LWM-cooking
had significantly higher eGI among the samples and EWM-cooking had
significantly lower. Short and medium-grain rice indicated no signifi-
cant difference in eGI regardless of the cooking method. It is noteworthy
that C, ko and eGI of rice grain were influenced by cooking method,
variety, and both of cooking method and variety, respectively (p < 0.05).
However, there was no clear relationship for cooking method x variety

Table 2
Starch hydrolysis kinetic parameters of three varieties of cooked rice grain.
Ceo (%) kg x 10" (min ") R? RMSE eGI
Short LwM 75.7 £ 2.7 be 24+04a 0.995 3.091 75.6 + 0.7 ab
EWM 78.4 + 4.0 abc 1.3 +0.1 ab 0.984 4.732 70.0 + 1.2 be
Medium LWM 87.7 £ 5.5 ab 1.14+0.3b 0.992 3.611 69.7 £ 2.7 ¢
EWM 66.8 +2.7c 1.4 +£0.1 ab 0.987 3.690 65.8+0.8c¢c
Long LWM 91.6 £39a 1.5+ 0.3 ab 0.994 3.533 76.3+18a
EWM 66.8 +7.2c 1.5+ 0.4 ab 0.996 2.188 67.6 +1.5¢c

Means + standard deviation.

The sample number (n) was as follows: C, (n = 2-4); ky (n = 2-4); eGI (n = 2-4).
Different letters (a-c) in the same column indicate significant differences (p < 0.05).

C: equilibrium starch hydrolysis; k»: kinetic constant; R?: coefficient of determination; RMSE: root mean square error; eGl: estimated glycemic index; LWM: limited

water method; EWM: excess water method.
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interaction for the C, ko and eGI. The kinetic parameters during small
intestinal digestion correlated no significantly with moisture, CP, AA, TS
and RS contents of raw and cooked rice grain, respectively (p > 0.05).
Many researchers have identified factors influencing the starch hydro-
lysis and kinetic parameters using slurry or dried (powder) samples.
Although Chung et al. (2010) and Syahariza et al. (2013) reported
amylose content is correlated with starch digestibility, Hu et al. (2004)
showed amylose content is not the only factor that affects starch di-
gestibility. Starch and protein/lipid interactions have reportedly been
correlated with the C,, (Ye et al., 2018). A recent study carried out by

100
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© EWM (-)

102} o ® EWM (+)

10"

102

Apparent viscosity (Pa s)
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103 . I . ] . I . I . I . !
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Fig. 3. Changes in the apparent viscosity of three varieties of blended cooked
rice slurry by the addition of simulated intestinal fluid (SIF). (a) short, (b)
medium and (c) long-grain rice. LWM (—): sample slurries cooked by LWM with
control; LWM (+): sample slurries cooked by LWM with concentrated SIF; EWM
(—): sample slurries cooked by EWM with control; EWM (+): sample slurries
cooked by LWM with concentrated SIF. Plots represent average (n = 3). LWM:
limited water method; EWM: excess water method; control: SIF without any
added digestive enzymes.
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Tamura, Maehara, Kumagai, Saito, and Ogawa (2019) revealed that,
unlike protein rich foods such as beans and pasta, protein has no effect
on starch hydrolysis during in vitro digestion of cooked rice grain. In this
study, the same observation was recorded even when the cooking
method and the rice variety was changed. The suggest that the inter-
action of starch digestibility with other factors such as amylose, protein,
and lipids may be weaker than the relationship between the starch di-
gestibility and structural properties of rice grain, which require further
investigation.

3.4. Apparent viscosity of rice pre- and post-digestion

Changes in the apparent viscosity of three varieties of blended
cooked rice slurry by the addition of SIF as a simulated digestive reac-
tion is shown in Fig. 3. The viscosities of both cooked rice controls
increased with time, resembling a thixotropic fluid (Rani & Bhatta-
charya, 1989). The apparent equilibrium viscosity for control cooked
short, medium and long-grain rice was in the range of 0.15 and 0.23 Pass,
while the viscosities of all samples dropped to lower viscosity range
(2.6-4.6 mPa s) after concentrated SIF was added. There were little
differences observed in apparent viscosity values between varieties and
between cooking methods. Previous reports have shown that changes in
viscosity of the rice slurry depend on the degree of starch gelatinization
(Tamura et al., 2016b). A high viscosity of the food matrix has been
observed to reduce the rate of starch digestion due to less frequent of
interaction between substrates and digestives enzymes (Bordoloi et al.,
2012). Juliano and Goddard (1986) and Panlasigui et al. (1991) have
also revealed that viscosity of rice is one of the major factors affecting
the insulin response and GI. The apparent viscosity results of the present
study suggested that rice slurries from the same variety cooked through
different cooking methods might have similar gelatinization degree.
Thus, it was implied that access between enzyme and starch in cooked
rice slurry, a system with damaged and dispersed tissue structures and
exposed starch granules, might not differ among varieties and cooking
methods.

3.5. Microstructure of rice grain

Fig. 4 shows composite images of three varieties of raw and cooked
rice grain. Autofluorescence of cell wall is mainly linked to the presence
of phenolic compounds, which indicates histological tissue (Ogawa
et al., 2003; Tamura & Ogawa, 2012). The aleurone layer at the pe-
ripheral area of the raw rice grain showed strong fluorescence and was
observed with a relatively smooth surface (Fig. 4a-f), while aleurone
layer of cooked rice grain showed a weak fluorescence due to damage
and distortion (Fig. 4g-r). Distortion of cooked rice grain surface was
caused by starch gelatinization and expansion, leading to cell disruption
due to contact between boiling water and grain surface.

Coated layer was not observed on the surface of cooked rice grain
except for short-grain rice (Fig. 4j). For short-grain rice, coated layer on
the cooked rice grain has been reported to be formed by abrasion of cell
walls from peripheral area of the grain and lamination of leached ma-
terial during cooking of LWM (Tamura & Ogawa, 2012). Since medium
and long-grain rice show less leached material during soaking at 90 °C
than short-grain rice (Metcalf & Lund, 1985), coated layer would be not
formed in these grains.

Central area of the cooked rice grain showed cracks and voids from
dorsal side to ventral side (Fig. 4g—i, m-o0). Furthermore, the rice grain
cooked by LWM (Fig. 4g-i) indicated bigger voids and more cell wall
damage than rice grain cooked by EWM (Fig. 4m-o0). RCV of the short,
medium and long-grain rice was significantly higher when the grains
were cooked by LWM (24.56 + 8.57, 7.42 + 1.75 and 8.88 + 2.99%,
respectively) than the rice cooked by EWM (7.13 + 4.26, 0.90 + 0.72
and 1.19 £ 0.59%, respectively) (n = 3, p < 0.05), respectively. It was
found that the RCV correlated with ko (r = 0.85, p < 0.05) and eGI (r =
0.78, p > 0.05). Sun et al. (2019) reported that hemicellulose, cellulose
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Fig. 4. Composite images of three varieties of raw and cooked rice grain. (a, d, g, j, m, p) short, (b, e, h, k, n, qQ) medium, (c, f, i, 1, o, r) long-grain rice. (a-f) Raw, (g-1)
rice cooked by LWM and (m-r) EWM. (a-c, g-i, m-0) Morphological and (d-f, j-1, p-r) dorsal side of rice grain. Arrow shows the coated layer (j). Scale bars indicate 2
mm (a-c, g-i, m-0) and 300 pm (d-f, j-1, p-r). LWM: limited water method; EWM: excess water method.
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and pectin that affected the strength of the cell wall and starch di-
gestibility were present in lesser amounts in japonica than in indica
grain endosperms. Zaupa, Ganino, Dramis, and Pellegrini (2016) also
suggested that the size of voids could vary among cooking methods and
varieties. The voids in the grains have been reported to be generated by
water evaporation through cracks in the grain tissue during steaming
process in case of LWM (Ogawa et al., 2003; Tamura et al., 2014a). It is
thought that majority of the cell walls of cooked rice grain are damaged
with the generation of the voids, because the cracks and voids are not
generated by individual cell separation at intercellular boundaries but
are generated through cell wall disruption (Tamura et al., 2014a). For
cereal grains, tissue structure (Tamura et al., 2016a, 2017), aleuron
layer (Tamura et al., 2016a) and cell wall (Tamura, Imaizumi, Saito,
Watanabe, & Okamoto, 2019) influence to resist the penetration of
digestive fluid and protect the starch materials in the endosperm,
defined as RS1 (Tian & Sun, 2020). Tamura et al. (2016b) and
Thuengtung, Niwat, Tamura, and Ogawa (2018) have also found that
structural destruction impact the starch hydrolysis rate and eGI but not
equilibrium starch hydrolysis percentage. For the reasons, short-grain
rice’s cell wall is more likely to be damaged regardless of the cooking
method, and the accessibility of digestive fluid for starch would be
enhanced. The starch hydrolysis percentage additionally would be
lowered for EWM-cooked rice because the method caused less RCV, i.e.
starch was protected by the cell walls and accessibility of digestive fluid
was restricted, compared to LWM. Thuengtung et al. (2019) also illus-
trated that microwave cooking caused substantial damage to the cooked
rice morphological structure when compared with steam-cooking, but
the extent of the disruption varied among the rice varieties. The authors
further explained that the damage at the exterior layer accelerated the
starch hydrolysis rate during in vitro gastro-small intestinal starch
digestion. In the current study, it was revealed that the voids and cell
wall damage in rice grains likely influenced ko. Based on present study
and previous reports, it is suggested that the cooking method has a
strong influence on starch digestibility by changing the morphological
and tissue structure of rice grains.

4. Conclusions

Starch hydrolysis kinetic parameters C,, ko and eGI of the rice grains
were influenced by cooking method, variety, and both cooking method
and variety, respectively. The moisture, CP, TS and RS contents of rice
varied with the method of cooking, and these parameters were not
directly correlated with starch digestibility of rice grains. The LWM
caused substantial disruption to the cooked rice tissue structure when
compared with EWM regardless of the rice variety. Internal structural
damages might have facilitated the diffusion of SIF into the grain core
and accelerated the starch hydrolysis during in vitro starch digestion in
the former. It was suggested that starch digestibility of cooked rice
grains was closely related not only to the component contents and
apparent viscosity, but also to the disruption of tissue structure
depending on the cooking method. Therefore, it is possible to control GI
of cooked rice grain by cooking method considering the microstructural
characteristics.
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