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Abstract: Convenience rice has become widely popular due to its easy availability for cooking. This study
investigated the starch structure and composition of leachate and the microstructure of reheated
convenience rice using novel processing technologies: super-heated steaming (SHS), auto-electric
cooking (AEC), and pressurized-steam cooking (PSC). Additionally, the effect of two different targeted
water contents (58% and 63%) was also evaluated. The PSC_63% sample had the highest total solids
and amylopectin amount in the leachate. The amylopectin amount in the leachate differed significantly
based on the targeted water content. Morphological characterization revealed that the swelling of starch
and the coated layer on the surface of rice grains were most pronounced in the PSC_63% sample due to
the pressure processing. The textural hardness of the AEC_58% sample was much higher than that of
the other samples. The PSC_63% sample had the highest textural adhesiveness value, which can be
attributed to the highest amylopectin amount in the leachate. Sensory characterization showed that
PSC_63% had the highest glossiness, whiteness, moistness, and overall acceptability. The principal
component analysis score plots presented substantial differences in the leachate, textural, and sensory
characteristics of reheated convenience rice among the different processing technologies.

Key words: reheated convenience rice; starch structure; leachate; multi-scale structure; eating quality;
processing technology

Rice is widely consumed in South, East, and trend in rice consumption has shifted toward convenience

Southeast Asia as a staple food (Mohapatra and Bal,
2006). There are large variations in the amount of
water added for cooking rice and the cooking methods
used, such as cooking in a rice cooker, steaming, or
parboiling, depending on the cultural background and
consumer preference (Crowhurst and Creed, 2001;
Champagne et al, 2010; Son et al, 2013; Yu et al,
2017). Rice is relatively simple to cook because it
requires only water and heat for gelatinization.
However, the general home cooking process takes
more than 20 min (Yu et al, 2017). In recent years, the
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rice due to changes in lifestyle and household size,
such as the increasing number of single-person or
small households (de Boer et al, 2004; Scholliers,
2015).

Convenience rice is a pre-reheated, pre-packaged
alternative to raw rice that consumers can quickly and
easily prepare at home for a convenient meal (Brown
and McEnally, 1992). Convenience rice includes
retorted, quick-cooking, or frozen rice (Yu et al, 2017).
Convenience rice offers several other benefits, such as
a long shelf life, consistent quality, and easy storage
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and transportation. The manufacture of convenience rice
can be divided into three steps: pre-cooking, cooking,
and post-cooking (Yu et al, 2017). The pre-cooking
treatment includes washing and soaking raw rice
before cooking, and the cooking stage includes the
water-to-rice ratio, cooking time, cooking temperature,
and cooking with pressure. Several previous studies
have reported that the conditions of pre-cooking and
cooking influence the quality and sensory characteristics
of convenience rice (Srisawas and Jindal, 2007;
Bett-Garber et al, 2011). The hydration and thermal
properties of rice are mainly used to evaluate soaking
quality before cooking, and the textural and sensory
characteristics of convenience rice are crucial factors
for the eating quality of convenience rice (Mohapatra
and Bal, 2006; Bett-Garber et al, 2007; Tian et al,
2014). In light of the fact that raw rice components are
an important determinant for the texture of convenience
rice, the amylose and protein contents of raw rice are
utilized to evaluate its palatability for Korean consumers
(Kim et al, 2011; Park et al, 2016; Choi et al, 2021).
However, this approach has limitations because rice is
consumed after cooking, and the eating quality of
convenience rice is affected by the leaching behavior
of rice.

During rice cooking, starch begins to gelatinize, the
structure of the rice grain is transformed by various
factors, such as temperature and pressure, and materials
are leached from the deformed granules to form a thin
film on the surface of the rice kernel (Li et al, 2019;
Ha et al, 2022). Previous studies have highlighted the
importance of leachate compositions on the textural
characteristics of cooked rice (Okuda et al, 2009; Li et al,
2017, 2018; Ha et al, 2022). Li et al (2019) reported
that the total solids and the amount of amylopectin in
the leachate are positively correlated with the stickiness
of cooked rice, and higher stickiness are preferred by
East Asian consumers. Ha et al (2022) also found that
leachate characteristics affect the textural hardness
and stickiness of rice cooked by different cooking
methods. Convenience rice is generally cooked with
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excess water, and various cooking methods are applied
in the continuous process (Yu et al, 2017). Selecting
appropriate process technologies for rice manufacture
can help maintain its eating quality. However, there is
a lack of research on specific indicators that can
evaluate the eating quality of convenience rice according
to different processing technologies. Therefore, the
objective of this study was to explore the starch structure
and composition of leachate and the macrostructure of
convenience rice manufactured by newly developed
processing technologies used in the food industry for
its eating quality assessment. Furthermore, the water
content of convenience rice is also targeted at 58%
and 63% to investigate the effect on the texture of
convenience rice. The texture and sensory characteristics
of convenience rice as well as their correlations with
leachate characteristics, were investigated to explore
the critical determinants affecting the eating quality of
convenience rice. Our findings might provide useful
information for estimating the quality of convenience
rice and the development of processing technology by
considering consumer preference.

RESULTS AND DISCUSSION
Compositional analysis of leachate

The leachate composition is an important determinant
of the texture characteristics and consumer palatability
of reheated convenience rice (Li et al, 2019; Ha et al,
2022). Previous studies have reported that cooking
method can influence leachate composition (Tamura
and Ogawa, 2012; Xu et al, 2020; Ha et al, 2022).
Table 1 presents the leachate compositions of reheated
convenience rice using three different processing
technologies. The total solids in the leachate differed
significantly according to the processing method and
target water content. The PSC_63% treatment sample
had the highest value (28.4 mg/g), indicating that the
pressure treatment for sterilization before cooking led
to the greatest material leaching. Yu et al (2017), Xu
et al (2020), and Ha et al (2022) reported that pressure

Table 1. Composition of leachate obtained from convenience rice with different processing technologies.

Reheated convenience rice Total solid Protein content Total starch Amylose content Amylopectin amount
(mg/g) (%) (%) (%) (mg/g)
SHS_58% 15.0+19¢c 49+03b 78.2+03¢c 17.0£05b 92x0.0e
SHS_63% 20.2+050D 51+02ab 78.9+04c 174+05ab 124+0.1d
AEC_58% 242+09ab 53x02a 80.6+06b 184+0.2a 151+0.1c
AEC_63% 27.7+3.7a 54+02a 81.5+0.2ab 186+03a 17.2+£0.0b
PSC_63% 284+11a 54+0.1a 8l.8+14a 185+0.6a 18.0+0.3a

SHS, Super-heated steaming; AEC, Auto-electric cooking; PSC, Pressurized-steam cooking.
Data are Mean + SD (n = 3). Values followed by the different lowercase letters in the same column are significantly different at P < 0.05.
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processing disrupted the inner structure of cooked rice
and, creating fissures and holes in the kernel, which
increased the amount of material leached from the
grain. The SHS_63% and AEC_63% samples had
higher total solids than their counterparts with lower
target water content, respectively (Table 1). The amount
of added water is a significant factors affecting the
texture of reheated convenience rice due to differences
in water diffusion during cooking process (Li and Gilbert,
2018; Chen et al, 2019). In addition, the extent of
damage to the inner cell structure of rice grains
increases with the amount of added water, providing a
passage for water-soluble substances (Tamura and
Ogawa, 2012; Zhu et al, 2020). Therefore, increasing
the amount of added water for rice cooking may result
in more leachate.

The protein content in the leachate from reheated
convenience rice was not significantly different among
the tested samples, except for SHS 58%, which had
relatively low protein content (Table 1). Ha et al
(2022) reported that the amount of leached protein is
substantially affected by the ruptured gelatinized starch
granules. During SHS cooking, rice is automatically
transported through horizontal movement of a conveyor
belt and cooked under superheated steam conditions.
The water required for cooking is supplied by spraying
superheated steam onto the surface of the sample,
affecting the leachate composition. The protein content
of SHS 58% was washed out to a relatively lower
extent during cooking, resulting in significantly lower
leachate materials in the reheated convenience rice
using the SHS method compared with other processing
methods.

The total starch content of the leachate differed
significantly depending on the processing method
(Table 1). However, previous studies reported that the
total starch content of the leachate from cooked rice
by different methods is not markedly different (Li et al,
2019; Ha et al, 2022). Unlike those previous studies,
this study used unconventional processing methods
for producing convenience rice, which could account
for the different trend. Due to the washing-out effect
during SHS processing, SHS_58% and SHS_63%
samples showed the lowest total starch contents of the
leachate, whereas that of PSC_63% was significantly
high (81.8%). PSC has a high-pressure treatment for
sterilization, which disrupts the internal structure of
reheated convenience rice and breaks the bonds of the
components, causing the highest total starch content
of the leachate.

Significant differences were found in the amylose
content and amylopectin amount of the leachate from
reheated convenience rice by different processing
methods (Table 1). SHS samples (58% and 63%) had
the lowest amylose content and amylopectin amount
in the leachate, whereas PSC_63% had the highest
values. Meng et al (2018) and Ha et al (2022) reported
that pressure conditions increase the stability of the
amylose structure, limiting the amount of leached amylose.
Interestingly, amylose leaching was significantly
lower in the SHS processing method than under
pressure conditions, indicating that SHS processing
effectively reduced leached amylose by spraying
superheated steam on samples and washing out the
leachate material. The amylopectin amount was
substantially increased when rice was reheated under
pressure conditions, consistent with previous studies
(Tian et al, 2014; Yu et al, 2017; Li et al, 2019).
PSC _63% with pressure of 0.35 to 0.42 MPa could
cause the degradation of the structure of branched
amylopectin and easier elution compared with
non-pressure conditions. In addition, because the
water in reheated convenience rice could be used as a
channel for flow of water-soluble substances, the
amount of amylopectin was also greatly affected by
the target water content.

Starch structural analysis of leachate

The normalized HPAEC-PAD (high performance anion
exchange chromatography with pulsed amperometric
detector) chromatograms of the amylopectin branch
chain length distribution in leachate from reheated
convenience rice are presented in Fig. S1. The HPAEC
system used was sensitive in resolving glucans with a
degree of polymerization (DP) < 80. Although
HPAEC results suffer from mass bias, which is
difficult to correct (Wong and Jane, 1995), they could
be compared as semi-quantitative results according to
the processing technologies of convenience rice. The
amylopectin chain length distribution in leachate from
convenience rice with different processing technologies
is presented in Table 2. The amylopectin chain length
could be classified into four types based on the DP:
DP 6-12 (A chain), DP 13-24 (B1 chain), DP 25-36
(B2 chain), and DP > 37 (B3+ chain) (Hanashiro et al,
1996; Zhong et al, 2020). The debranched amylopectin
chain length distribution in leachate varied slightly
according to the processing methods. The PSC_63%
sample had significantly higher proportions of A and
B3+ chains, as well as an average chain length, than



Rice Science, Vol. 31, No. , 2024

Table 2. Amylopectin branch chain length distribution of leachate obtained from convenience rice using different processing technologies.

Reheated convenience

Amylopectin chain length distribution (%)

Average chain length

rice DP 6-12 DP 13-24 DP 25-36 DP >37
SHS_58% 19.3+0.0b 30.3+0.0b 48.8+03a 11.0+00a 99+03b
SHS_63% 19.4+0.1ab 304+02b 484+0.1b 11.0+£0.0a 10.3+0.1ab
AEC_58% 19.4£0.0 ab 30.3£02b 482+0.1b 11.1+0.1a 104+0.1a
AEC_63% 19.4+0.0ab 30.5+02ab 482+0.1b 11.0+00a 10.3+0.1ab
PSC_63% 195+0.1a 30.8+04a 48.5+0.3ab 104+0.3b 10.4+03a

SHS, Super-heated steaming; AEC, Auto-electric cooking; PSC, Pressurized-steam cooking; DP, Degree of polymerization. 58% and 63% refer to

58% and 63% targeted water contents, respectively.

Data are Mean + SD (n = 3). Values followed by the different lowercase letters in the same column are significantly different at P < 0.05.

the other samples (Table 2). This could be ascribed to
the severe destruction of cell structure in reheated
convenience rice processed under high temperature
and pressurized-steam conditions (130-150 °C, 0.35—
0.42 MPa), causing more short and long chains to
leach onto the surface of the reheated convenience rice
(Ha et al, 2022; Xu et al, 2020). On the contrary, the
SHS_58% sample had significantly lower proportions
of A and B3+ chains, and an average chain length than
the other samples (Table 2). This phenomenon might
be attributed to the formation of fewer holes and less
disruption of the internal structure of reheated
convenience rice by the SHS processing method,
which has a low target water content compared with
the other samples. For this reason, SHS 58% had a
relatively firm internal structure, resulting in a low
amount of leached amylopectin. This result suggests
that the structural characteristics of amylopectin in
leachate are highly dependent on the processing
method of convenience rice of the same variety.

Textural properties of reheated convenience rice

The textural properties of reheated convenience rice,
prepared using various processing methods, are
presented in Table 3. The hardness of the reheated
convenience rice differed significantly according to
the processing method and the target water content.
The AEC_58% sample exhibited the highest hardness
value (3 242.2 g), whereas the AEC_63% sample had
the lowest (2 160.0 g). As expected, the convenience

rice with a 63% target water content showed a
substantially lower hardness compared with that with
a 58% target water content, irrespective of the processing
method used. Yu et al (2017) and Li and Gilbert
(2018) reported that the quantity of added water
significantly influences the texture of cooked rice.
Increased water content can provide more space for
movement, potentially weakening the macrostructure
and resulting in a decrease in hardness (Li et al, 2016;
Zhu et al, 2019). Tamura et al (2014) also found that
the hardness of cooked rice gradually decreased as
water content increased.

In East Asia, a sticky texture in cooked rice is
preferred, making adhesiveness an important factor
affecting the eating quality of cooked rice (Mestres et al,
2019). The processing method significantly affected
the adhesiveness of the reheated convenience rice
(Table 3). The SHS_58% sample exhibited an extremely
low adhesiveness (9.3 g-s), whereas the PSC_63%
sample had the highest value (19.5 g-s) among the
tested samples. Previous studies have reported that
leached amylopectin is a crucial factor affecting the
texture of reheated convenience rice, particularly its
stickiness (Li et al, 2019; Tao et al, 2019; Zhang et al,
2023). The amylopectin amount in the leachate was
highest in the PSC_63% sample and the lowest in the
SHS 58% sample (Table 1), which greatly affected
their respective adhesiveness values. Li et al (2022)
described that leached amylopectin interacts with the
probe of the texture analyzer, leading to high

Table 3. Textural properties of convenience rice using different processing technologies.

Reheated convenience rice Hardness (g) Adhesiveness (g-s) Springiness Cohesiveness Chewiness (g)
SHS_58% 2705.0+10.1c 9.3+x05e 0.819+0.015b 0.624 +0.011 b 12726+15.2¢c
SHS_63% 2546.5+37.0d 105+0.6d 0.832+0.022 b 0.624 +£0.008 b 1178.8+22.0d
AEC_58% 32422+133a 13.0+£05¢ 0.874+0.008 a 0.659 + 0.005 a 1768.1+256a
AEC_63% 2160.0+19.3¢e 16.9+0.7Db 0.837£0.031b 0.613+0.012 b 11039+9.0e
PSC_63% 28176 +39.3b 195+04a 0.767 +0.028 ¢ 0.598 + 0.009 ¢ 1438.1+38.7h

SHS, Super-heated steaming; AEC, Auto-electric cooking; PSC, Pressurized-steam cooking. 58% and 63% refer to 58% and 63% targeted water

contents, respectively.

Data are Mean + SD (n = 3). Values followed by the different lowercase letters in the same column are significantly different at P < 0.05.
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adhesiveness values in reheated convenience rice.
Therefore, the greater amount of leached amylopectin
adhering to the surface of the PSC_63% sample could
require more force to detach the probe from the
reheated convenience rice. Furthermore, the PSC_63%
sample contained a significantly higher proportion of
short A chains in the leachate than the other samples
(Table 2), which could also account for its higher
adhesiveness. Li et al (2016) and Li and Gilbert
(2018) have also noted that the proportion of short
chains in amylopectin (DP 6-12) is positively correlated
with the stickiness of reheated convenience rice.
Consequently, the length of the leached amylopectin
chain could be a crucial factor affecting the
adhesiveness of reheated convenience rice.

The springiness and cohesiveness of reheated
convenience rice were substantially dependent on the
processing method (Table 3). Springiness and
cohesiveness values spanned from 0.767 to 0.874 and
0.598 to 0.659, respectively. The AEC_58% sample
presented the highest springiness and cohesiveness,
whereas the PSC_63% sample showed the lowest
values (Table 3). Springiness refers to degree of
deformation the gel structure undergoes during initial
compression and typically increases as the gel is
fragmented into larger pieces (Huang et al, 2007; Tian
et al, 2014). Cui et al (2022) defined cohesiveness as a
measure of the structure’s maintenance after a second
deformation relative to the first. Gels with higher
cohesiveness tend to preserve their integrity upon
compression, inducing less deformation. On this basis,
the low springiness and cohesiveness of the PSC_63%
sample could be associated with extensive structural
collapse inside the rice kernel due to the pressurized-
steaming method, thereby breaking it into samller
pieces. Similarly, Ha et al (2022) found cooked rice
subjected to pressure conditions to have significantly
reduced springiness and cohesiveness. Because
chewiness is calculated as the product of hardness,
springiness, and cohesiveness, the chewiness of

reheated convenience rice followed a similar pattern
to hardness, with the AEC _58% and AEC_63%
samples showing the highest (1 768.1 g) and the
lowest values (1 103.9 g), respectively (Table 3).

Sensory properties of reheated convenience rice

The sensory properties of reheated convenience rice
for assessomg consumer acceptability are summarized
in Table 4. The sensory attributes of reheated convenience
rice differed substantially among the processing
methods. For glossiness, the PSC_63% sample recorded
the highest score (8.5), whereas the SHS_58% sample
achieved the lowest score (4.6). Reheated convenience
rice with a higher target water content generally
presents a significantly higher glossiness score than
that with a lower target water content. Kim and Kim
(2007) observed that the glossiness of cooked rice
increased as water content increased. Among the
processing methods tested, the PSC 63% sample
received the lowest score for whiteness, which could
be attributed to the amount of leachate formed on the
rice surface upon reheating Ha et al (2022) reported
that cooked rice with the largest total solids in
leachate had the lowest whiteness score. In the current
study, PSC_63% had the highest leachate total solids,
whereas SHS 58% had the lowest (Table 1), which
could affect the whiteness of reheated convenience
rice in sensory evaluation. AEC_58% and AEC_63%
scored the highest for roasted flavor among all the
convenience rice samples. This could be attributed to
the different processing methods, because AEC
involves direct transfer into the cooking pot, whereas
the SHS and PSC samples are reheated by steaming
process during moving along a conveyor belt. Bi et al
(2023) also reported that volatile flavor compounds
varied significantly with cooking methods, with
steaming resulting in a few volatile substances.
Furthermore, Ha et al (2022) found that rice cooked
with pressurized steaming scored substantially less
roasted flavor compared with rice cooked in a rice

Table 4. Sensory characteristics of reheated convenience rice using different processing technologies.

Reh_eated . Glossiness Whiteness Roasted flavor Hardness Stickiness Moistness Overall acceptability
convenience rice
SHS _58% 46+05d 6.8+04a 47+05b 6.3+05b 34+05¢ 3.1+0.3d 53+05b
SHS_63% 53+05¢ 66+05a 44+05b 56+05¢c 53+05b 46+05¢c 44+05¢c
AEC_58% 54+05¢ 56+05b 66+05a 78+09a 57+09b 48+04c 59+04b
AEC_63% 65+05b 53+05b 65+05a 55+06¢ 65+05a 55+05b 55+05b
PSC 63% 85+05a 43+09c 43+05b 6.9+09b 54+05b 6.7+0.8a 6.8+09a

SHS, Super-heated steaming; AEC, Auto-electric cooking; PSC, Pressurized-steam cooking. 58% and 63% refer to 58% and 63% targeted water

contents, respectively.

Data are Mean + SD (n = 3). Values followed by the different lowercase letters in the same column are significantly different at P < 0.05.



cooker.

The acceptability of reheated convenience rice,
concerning hardness, stickiness, moistness, and glossiness,
is closely related to its texture (Park et al, 2019; Xu et al,
2019). Tao et al (2020) mentioned that hardness and
stickiness, as determined by instrumental analysis, are
positively correlated with sensory values by panelists.
In this study, AEC_58% had the highest sensory and
textural hardness scores. SHS 58% had the lowest
stickiness score (3.4), while AEC_63% had the highest
(5.7). The sensory scores for stickiness showed a
similar trend to the textural adhesiveness, except for
PSC 63%. Interestingly, PSC_63% had the highest
textural adhesiveness, yet its sensory stickiness score
was much lower than AEC. This result could be
attributed to the high glossiness and moistness of
PSC_63%, which might be perceived as relatively less
stickiness. The moistness of reheated convenience rice
was the lowest for SHS 58% and the highest for
PSC _63%. For the same processing method, reheated
convenience rice with a 63% target water content
received a higher moistness score than that with a
58% target water content. The moistness also varied
substantially depending on the processing method.
This phenomenon might be attributed to the
composition and amount of leachate. A larger amount
of leached amylopectin could result in a higher
moistness score as perceived by the panelists due to
the sticky texture of amylopectin. For overall acceptability,
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PSC _63% had the highest score among the samples,
possibly due to its higher textural adhesiveness,
sensory glossiness, and sensory moistness.

Morphological properties of reheated convenience
rice

Scanning electron microscopy (SEM)

The morphological characteristics of reheated convenience
rice, as influenced by the processing method, were
analyzed using SEM at a 500x magnification (Fig. 1).
Noticeable differences in the microstructure of the
reheated convenience rice were evident based on
processing technology and target water content. The
cross-section of PSC 63% (Fig. 1-E1 and -E2)
showed more severe disruption of the microstructure,
with longitudinal chunks and adhesion, than did other
reheated convenience rice samples. Yu et al (2017)
and Xu et al (2019) have also reported that pressure
cooking can disrupt the cell structure of rice. The
external pressure applied during pressure cooking can
lead to structural destruction by breaking the compact
cell walls. Xu et al (2019) further noted greater
disruption and porosity on the surface of rice cooked
under higher-pressure conditions. Tamura et al (2014)
and Zhu et al (2019) stated that the cell membranes of
amyloplasts in rice become loose at temperatures
between 50-70 °C due to the gelatinization of the
starch. At temperatures above 85 °C, cracks and some

Fig. 1. Scanning electron microscopy images from cross sectional (A1-E2) and surface (A3-E3) of reheated convenience rice with different

processing technologies (x500 magnification).

A1-A3, Super-heated steaming with 58% water content; B1-B3, Super-heated steaming with 63% water content; C1-C3, Auto-electric cooking with
58% water content; D1-D3, Auto-electric cooking with 63% water content; E1-E3, Pressurized-steam cooking with 63% water content.
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holes appeared in the microstructure of rice, causing
the leaching of starch and the disruption of the
honeycomb structure of amyloplasts. In this study, the
honeycomb structure was difficult to observe in the
entirely gelatinized rice grains (Fig. 1-Al to -E2),
indicating that the temperature applied in the processing
step was sufficient to destroy the amyloplasts. Unlike
other samples, PSC_63% featured longitudinal chunks
(marked as red arrows), which could be attributed to
the combination of pressure and high-temperature
conditions during the cooking process. Cooking at
high temperatures combined with high pressure
(0.35-0.42 MPa), might accelerate the leaching of
amylose and amylopectin, resulting in the formation
of large chunks due to the adhesion among adjacent
granules. Interestingly, PSC_63% had regularly
distributed pores and high porosity. This result could
be associated with the evenly applied pressure during
the sterilization of the rice grains as they moved along
the conveyor belt during the cooking process.

The target water content greatly influenced the
morphological changes of reheated convenience rice,
particularly porosity. The SEM images of SHS_63%,
AEC 63%, and PSC 63% featured substantially
larger pores than that of reheated convenience rice
with a target water content of 58% (Fig. 1). Tamura
and Ogawa (2012) also reported that the destruction of
the internal tissues in reheated convenience rice
increased with the amount of added water during
cooking. During the cooking process, water is
absorbed into the peripheral region of the kernel and

gradually penetrates the inner area with increased
cooking time (Chen et al, 2019; Zhu et al, 2019).

During this process, cracks develop across the
ventral and dorsal surfaces of the rice kernel, and
these cracks gradually widen as the temperature rises
(Xu et al, 2019). The water absorbed during the
cooking process uses these cracks as pathways for
water diffusion (Concepcion et al, 2015; Zhu et al,
2019). Consequently, the reheated convenience rice
with a higher target water content had larger cracks
and voids, serving as channels for the migration of
water and water-soluble substances. This finding is
consistent with Prasert and Suwannaporn (2009), who
reported numerous hollow structures inside instant
jasmine rice with increasing water content. The large
number of voids and loose structure of cooked rice
with high water content might explain the increase in
the total solids and amylopectin amount in the
leachate (Ogawa et al, 2003; Rewthong et al, 2011;
Bui et al, 2018). These morphological features of
cracks and voids formed during different processing
methods of rice could directly influence the textural
and sensory attributes of convenience rice.

Confocal laser scanning microscopy (CLSM)

The morphological characteristics of starch and protein
granules in the reheated convenience rice were
determined using CLSM. Fluorescein-5-isothiocyanate
(FITC) and rhodamine B were used to stain starch
(green) and protein (red), respectively (Fig. 2-Al to
-E2). The CLSM images of the convenience rice

Fig. 2. Confocal laser scanning microscopy images in outer (A1-E1) and inner (A2-E2) regions of convenience rice with different processing

technologies (x200 magnification).

Al and A2, Super-heated steaming with 58% water content; B1 and B2, Super-heated steaming with 63% water content; C1 and C2, Auto-electric
cooking with 58% water content; D1 and D2, Auto-electric cooking with 63% water content; E1 and E2, Pressurized-steam cooking with 63% water

content.



differed substantially depending on the processing
method. SHS 58% and SHS 63% relatively
maintained the polygonal starch granules in both the
inner and outer regions (Fig. 2-Al and -A2, marked as
white arrows). Starch granules gradually swell and
expand during rice cooking (Chen et al, 2019; Zhu et al,
2020). Ha et al (2022) suggested that proteins are
mainly located at the surface layers and cell walls of
raw rice. Upon cooking, the proteins (red color) were
substantially compressed by the leached and expanded
starch granules, causing a substantial disappearance in
the red coloration. Remarkably, SHS 58% and
SHS 63% showed that the proteins (red color) in the

outer regions were distributed with the starch granules.

This could be associated with the SHS processing,
which includes a step of superheated steam spraying
onto the sample surface, potentially washing away a
portion of the leachate from the rice kernel surface.
Therefore, the coated layer on the SHS surface might
be thinner, displaying even distribution of red color
(protein). Conversely, a thicker layer of leached starch
molecules (bright green color) was observed in the
outer regions of AEC 58%, AEC _63%, and
PSC 63% (Fig. 2-C1 to -E1). Tamura and Ogawa
(2012) reported that the coated layer on the rice grain
surface is related to the amount of cooking water, with
a thicker coated layer formed as water content
increases. In our study, AEC_63%, which contained
higher total solids in the leachate, exhibited a thicker
coated layer compared with AEC_58% (Table 1). The
CLSM images of PSC_63% did not reveale starch
granule cell walls, indicating severe disruption due to

>

@ SHS_58%
@ SHS_63%
AAEC_58%
A AEC_63%
+ PSC_63%

Principal component 2 (PC2, 21.3%)
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pressure conditions. Similarly, Xu et al (2020) and Ha
et al (2022) observed a greatly increased coated layer
on pressure-cooked rice grains. Ogawa et al (2003)
and Briffaz et al (2012) stated that the structure of rice
reheated convenience under non-pressure conditions is
relatively undamaged, preserving the intact granule
structure. Pressure cooking rice can compromise cell
integrity, promoting material leaching from the inner
region. Because the leachate is predominantly
composed of starch, PSC_63%, with the highest total
starch content in the leachate, appeared the brightest
green color. The protein (red color) in the inner
regions did not differ substantially according to the
processing method, because the swollen starch
granules compressed the protein during cooking.

Principal component analysis (PCA) correlations
between processing methods and properties of
reheated convenience rice

The PCA was used to investigate the correlations
between processing technologies and the characteristics
of reheated convenience rice, including leachate
compositions, textural and sensory characteristics. As
shown in Fig. 3-A, the PCA score plot was
predominantly divided into three groups depending on
the processing methods, indicating that processing
technologies might greatly affect the characteristics of
reheated convenience rice. The variation explained by
principal component 1 (PC1) and principal component
2 (PC2) was 39.6% and 21.3%, respectively, which
together accounted for 60.9% of the total variance.
The PCA loading scatter plot, which illustrates the

0.4
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2
0 Adhesiveness_TA
0.1 Moistness_SE o
® Overall quality_SE
0.0 AMylopectin amount &
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o ACH ® Hardness_SE s
'Y e DP 13-34
-0.2 c ; TA e
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-0.3 F ® Roasted flavor_SE Chewiness_TA
b Springiness_TA . ' i
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Principal component 1 (PC1, 39.6%)

Fig. 3. Score (A) and loading (B) plots for principal component analysis (PCA) derived from leachate compositions, textural and sensory

characteristics of convenience rice from different processing technologies.

SHS, Super-heated steaming; AEC, Auto-electric cooking; PSC, Pressurized-steam cooking; TA, Texture analysis; SE, Sensory evaluation; ACL,

Average chain length.
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factors influencing the grouping, is presented in Fig.
3-B. The amylopectin amount and total solids in the
leachate, textural adhesiveness, and sensory scores for
moistness and overall quality were located far to the
right along PC1, suggesting that these factors played a
substantial role in the grouping of SHS. This finding
is consistent with the lowest values for amylopectin
amount and total solids in the leachate (Table 1),
textural adhesiveness (Table 3), and sensory scores for
moistness and overall quality (Table S1) observed in
SHS_58% and SHS_63% among the tested samples.

Furthermore, the textural hardness, cohesiveness,
and chewiness, along with the sensory scores for
roasted flavor and stickiness, were found towards the
lower right in the PCA loading plot (negative PC2),
indicating their significant influence on the grouping
of AEC. This is in line with AEC_58% obtaining the
highest sensory scores for roasted flavor, stickiness,
textural hardness, cohesiveness, and chewiness, while
AEC_63% exhibited the lowest textural chewiness
and hardness and the highest roasted flavor score. The
PCA results suggested that processing methods
considerably affected the leachate compositions, textural
properties, and sensory properties of reheated convenience
rice.

Total solids (mg/g) {68l

Protein content (%) 0711
Total starch (%) 0783 0.650
Amylose content (%)
Amylopectin amount (mg/g)
Glossiness_SE

0. 425 0. 576

Pearson correlations

Pearson’s correlation coefficients for the relationships
between the leachate compositions, textural, and
sensory properties of reheated convenience rice are
presented in Fig. 4. The total solids in the leachate
showed positive correlations with total starch,
amylopectin  amount, roasted flavor, moistness,
springiness, and chewiness. Since rice is mainly
composed of starch, an increase in the total solids in
the leachate corresponds to an increase in the total
starch and amylopectin amount in the leachate.
Patindol et al (2010) found that the leached
amylopectin molecules were significantly smaller than
that of native starch due to the restricted leaching of
long amylopectin chains. This finding could explain
the negative correlation between the total solids and
DP > 37 in the present study. The whiteness of
reheated convenience rice was also negatively
correlated with total solids in leachate. The leached
materials formed a coated layer on the surface of
reheated convenience rice, which could affect its
perceived whiteness. In addition, the total solids were
positively correlated with textural adhesiveness and
sensory stickiness, which were consistent with the
previous studies by Ha et al (2022) and Li et al (2019),
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Fig. 4. Pearson correlation coefficients for the relationship between compositions of leachate, texture properties and sensory characteristics of
reheated convenience rice from different processing technologies.
*,** and *** mean that the correlations are significant at P < 0.05, P <0.01, and P < 0.001, respectively.



who reported a positive correlation between total
solids and stickiness of cooked rice. Consequently, the
high adhesiveness of PSC_63% could be highly
associated with its notable amounts of total solids in
leachate, which could be used as an important
indicator for predicting the eating quality of reheated
convenience rice.

The protein content in the leachate had a positive
correlation with the total solids, total starch, and
amylopectin amount (Fig. 4). The protein content in
the leachate did not differ significantly among the
processing methods, except for SHS (Table 1). The
leaching of protein could be related to the leaching of
gelatinized starch molecules, which account for the
significant correlation between the measured parameters
and starch molecules in the leachate.

The amylopectin amount in the leachate was
positively correlated with sensory glossiness, stickiness,
and moistness. Li and colleagues (Li and Gilbert,
2018; Li et al, 2019) also found that leached
amylopectin  was positively correlated with the
stickiness of cooked rice. Ha et al (2022) reported that
cooked rice with higher sensory glossiness had more
amylopectin in the leachate. Mar et al (2013)
suggested that the low amylose content of raw rice
decreased the glossiness of cooked rice. Unlike
amylose, amylopectin interacts well with water, thus
easily leaching out during cooking (Li and Gilbert,
2018). Leached amylopectin forms a thin film on the
surface of reheated convenience rice, leading to a
sticky texture. This feature could explain the positive
correlation between amylopectin amount and stickiness.
The amylopectin amount had a positive correlation
with overall quality, suggesting that the leached
amylopectin  amount might be a crucial factor
affecting the palatability of reheated convenience rice.

The sensory hardness of reheated convenience rice
had a negative correlation with DP 6-12, but a
positive correlation with textural hardness. Deng et al
(2021) stated that the hardness of cooked rice was
closely associated with the long amylopectin chains,
not the short chains (DP 6-12). Similarly, Pematilleke
et al (2022) reported that instrumental and sensory
hardness showed a significant positive correlation.

Adhesiveness is regarded as an important factor
affecting the eating quality and palatability of reheated
convenience rice (Li and Gilbert, 2018; Li et al, 2019).
The textural adhesiveness was positively correlated
with glossiness, moistness, stickiness and DP > 37,
but negatively correlated with springiness and DP
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6-12. Pematilleke et al (2022) also found a significant
positive correlation between instrumental and sensory
stickiness. Li et al (2019) observed an increase in the
adhesiveness of reheated convenience rice with the
increasing amylopectin amount and proportion of
short chains in the leachate. Interestingly, in the
present study, short amylopectin chains in the leachate
had a negative correlation with adhesiveness, whereas
the long chains showed a positive correlation with
adhesiveness. This result suggested that the amylopectin
amount in the leachate might be an important
determinant of the sensory stickiness of reheated
convenience rice. These findings could provide
valuable insights for assessing the eating quality of
convenience rice depending on the processing
technologies.

CONCLUSIONS

This study investigated the impact of different
processing technologies on the leachate and
morphological properties of reheated convenience rice,
as well as the relationship between textural and
sensory characteristics and leachate properties. The
total solids and amylopectin amount in the leachate
from pressure-convenience rice and high target water
content (PSC _63%) were higher compared with
cooking under non-pressure conditions and low target
water content (58%). This resulted in higher textural
adhesiveness and sensory stickiness. The pressure-
reheated convenience rice had high porosity and
extensive disruption of the microstructure, producing
a notable amount of leachate that formed a thick
coated layer on the outer regions of the grains. These
features of the leachate led to high sensory glossiness,
moistness, and overall acceptability. The PCA plot of
the leachate characteristics and textural properties
revealed three distinct groups based on the processing
methods. The adhesiveness was highly correlated with
the total solids and amylopectin amount of the leachate
from the reheated convenience rice. In summary, the
reheated convenience rice with high porosity in its
structure, which induced a higher amylopectin amount
and total solids in the leachate, exhibited improved
consumer palatability. The processing technology
using pressure is a novel method to enhance the
acceptability of reheated convenience rice. These
findings indicated that the leachate and morphological
characteristics of convenience rice, as well as its
textural attributes, are significantly influenced by the
processing technology employed.
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METHODS
Rice materials

Rice cultivar Boramchan, a japonica type with 18.9% apparent
amylose content, is widely consumed in Korea and was
harvested in 2022. It was purchased from a rice processing
complex in Asan, Korea. The rice grains were dehulled and
milled to obtain 90% milled rice, and then stored at 4 °C to
preserve quality before experiments.

Preparation of reheated convenience rice samples

Convenience rice was prepared using three different processing
technologies from the food industry (Cheilledang, Jincheon,
Korea): auto-electric cooking (AEC), super-heated steaming
(SHS), and pressurized-steam cooking (PSC). For AEC, the
rice was soaked for 30 min in distilled water with a ratio of
1:1.3 and 1:1.6 (rice to water) to achieve the target water
content (58% and 63%) for reheated convenience rice,
respectively. The rice was reheated convenience using an
electronic rice cooker (NA-DAH10K, Zojirushi Co. Ltd.,
Ichikawa, Japan) in auto-cooking mode for 55 min after being
soaked for 30 min.

For SHS, the rinsed rice was reheated convenience for 25
min at 125 °C steaming temperature with the cooker’s inner
temperature at 97 °C in a super-heated steaming cooker (MSC-30,
Ace system Co. Ltd., Osaka, Japan). The target water content
of the convenience rice was achieved by controlling the water
nozzle flow at 2.6 and 3.5 L/min for 58% and 63%, respectively.

For PSC, the rinsed and soaked rice was pre-reheated
convenience at 100 °C for 30 min and then sterilized at 130—
150 °C for 4 to 8 s, 4-10 times. After packing the sterilized rice
with distilled water, it was steamed for 12 min and then cooled
for 15 min. PSC rice with only 63% water content was used, as
the commercial product in Korea (Haetban, Cheilledang) has
63% water content.

The processed convenience rice samples were sealed in
plastic containers and stored at room temperature. The provided
convenience rice was reheated in a microwave (RE-C21VB,
Samsung, Seoul, Korea) at 1 000 W for 2 min before experiments.
After reheating, the convenience rice samples were allowed to
cool to room temperature, and the rice sample from the middle
layer was selected for experiments.

Leachate characteristics of reheated convenience rice

To extract leachate, leached material on the surface of reheated
convenience rice (20 g) was extracted by rinsing with 100 mL
of hot distilled water (95 °C) with stirring for 10 s gently before
filtering through a 250 pum sieve. This extraction procedure was
repeated with 50 mL of hot distilled water. The collected rinse
water was freeze-dried immediately for further analysis. The
weight of the freeze-dried leachate was measured to determine
the total solids in the leachate. The total starch content of the
leachate was determined using a Megazyme assay kit
(Megazyme International Ireland Ltd., Bray, Ireland) and the

apparent amylose content of leachate was determined using a
colorimetric method reported by Williams et al (1970). The
amylopectin amount of the leachate was calculated using the
formula: total solids x amylopectin content in the leachate.

The amylopectin chain length distribution in the leachate
was analyzed using a high-performance anion exchange
chromatography system (HPAEC, Dionex ICS-5000, Dionex
Corp., Sunnyvale, CA, USA) equipped with a pulse amperometric
detector (PAD) according to the method of Lin et al (2016) and
Ha et al (2022). Briefly, leachate (10 mg) was dissolved in
dimethyl sulfoxide and heated in a boiling water bath with
stirring. Ethanol was added to the solution and centrifuged. The
precipitate was dispersed in sodium acetate buffer and
incubated for 20 h after adding isoamylase (E-ISAMY,
Megazyme International Ireland Ltd.). The debranched solution
(20 pL) was diluted with 150 mmol/L NaOH before the
injection. The distribution of chain length was characterized as
a percentage of the total peak area (Lin et al, 2016).

Morphological characteristics of reheated convenience rice

To determine the morphological characteristics of reheated
convenience rice using scanning electron microscopy (SEM),
the freeze-dried samples were fractured into halves and
attached to a metal plate with carbon tape. Samples were then
coated using a sputter coater (180auto, Cressington, Watford,
UK), and examined with a scanning electron microscope
(JAM-540, JEOL Ltd.,, Tokyo, Japan) at 15 kV, with
magnifications of 250x and 500x.

The morphological properties of reheated convenience rice
were determined using confocal laser scanning microscopy
(CLSM) according to a previous method (Ha et al, 2022). The
reheated convenience rice was soaked in a solution containing
2% glutaraldehyde and 2% paraformaldehyde before being
embedded in LR White Resin (London Resin Co., London,
UK). The embedded samples were sectioned with an
ultramicrotome (RMC PowerTome-PC, Tucson, AZ, USA),
equipped with a diamond knife, and then stained using a
combination of 0.01% rhodamine B (RhB) in acetone and 0.2%
fluorescein-5-isothiocyanate (FITC). The stained microstructure
characteristics were examined using a CLSM (LSM-900, Carl
Zeiss, Oberkochen, Germany) at the wavelength of 500-520
nm for FITC and 600-635 nm for RhB.

Textural analysis of reheated convenience rice

Ten intact reheated convenience rice grains were selected and
placed in the middle of the plate to analyze their textural
properties using a texture analyzer (TA-XTplus, Stable Micro
Systems, Surrey, UK) in texture profile analysis (TPA) mode
with a 20 mm cylindrical probe. The probe descended and
returned at a speed of 1.0 mm/s, and the compression force was
set to 50% strain. Textural measurements were carried out
using three different reheated samples for each sample,
resulting in a total of 15 measurements.



Sensory evaluation

The sensory evaluation of reheated convenience rice was
performed by 22 panelists (21 females and 1 male). Each
sample (20 g) was provided to the panelists in an opaque plastic
container labeled with a random three-digit number. The
panelists were given definitions of the attributes to be assessed
and were instructed to evaluate these attributes in the order
presented in Table S2. The sensory attributes were established
according to a previous study (Chusak et al, 2019). The
attributes assessed included appearance (glossiness and
whiteness), aroma (roasted aroma), and texture (hardness,
stickiness, and moistness), all rated on a 9-point intensity rating
scale. At the final stage, a preference test was conducted using
a 9-point hedonic scale to evaluate the overall acceptability.

Statistical analysis

Statistical significance was estimated by one-way analysis of
variance (ANOVA) with Duncan’s multiple range test using
the SPSS software (Version 12.0, SPSS Institute, Inc., Cary,
NC, USA) at the significance level of P < 0.05. PCA was
conducted using SIMCA software (Sartorius, Gottingen,
Germany).
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Fig. S1. Normalized HPAEC-PAD chromatogram of debranched
amylopectin in the leachate of cooked rice with different
processing technologies.

Table S1. Sensory characteristics of cooked rice with different
processing technologies.

Table S2. Procedure and definition of sensory attributes for
evaluation.
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