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The content of resistant starch (RS) was considered positively correlated with the

apparent amylose content (AAC). Here, we analyzed two Indica rice mutants,

RS111 and Zhedagaozhi 1B, similar in high AAC and found that their RS content

differed remarkably. RS111 had higher RS3 content but lower RS2 content than

Zhedagaozhi 1B; correspondingly, cooked RS111 showed slower digestibility.

RS111 had smaller irregular and oval starch granules when compared with

Zhedagaozhi 1B and the wild type. Zhedagaozhi 1B showed a B-type starch

pattern, different from RS111 and the wild type, which showed A-type starch.

Meantime, RS111 had more fa and fb1 but less fb3 than Zhedagaozhi 1B. Both

mutants showed decreased viscosity and swelling power when compared with

the parents. RS111 had the lowest viscosity, and Zhedagaozhi 1B had the smallest

swelling power. The different fine structures of amylopectin between RS111 and

Zhedagaozhi 1B led to different starch types, gelatinization properties, paste

viscosity, and digestibility. In addition to enhancing amylose content,

modifications on amylopectin structure showed great potent in breeding rice

with different RS2 and RS3 content, which could meet the increasing needs for

various rice germplasms.
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Introduction

Resistant starch (RS) is a kind of starch and starch degradation products that are

resistant to be digested in the small intestine but can be fermented in the large intestine by

microbial flora to produce metabolites such as short-chain fatty acids (SCFAs). RS plays a

beneficial role in controlling blood sugar and regulating intestinal flora (Englyst et al., 1992;

Birt et al., 2013). With the development of living standards and the change in lifestyle, the

number of the type 2 diabetics is increasing. High RS diet can help to prevent diabetes and
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reduce calorie intake, which may be helpful for weight management

(Birt et al., 2013). Therefore, it is essential to develop functional

foods rich in RS. According to the feature and botanical origin, RS

can be classified into five subtypes, namely, RS1, RS2, RS3, RS4, and

RS5. RS2 is made up of native starch granules and usually presents

in raw food such as green bananas and raw potatoes (Englyst and

Cummings, 1987; Faisant et al., 1995). RS3 consists of retrograded

starch, mainly the recrystallized amylose, and is formed during the

cooling and retrogradation of gelatinized starch and cooked foods

stored at room or low temperature (Noah et al., 1998).

Rice is the staple food for more than half of the population

worldwide and the primary source of nutrition and carbohydrates

for many people. RS2 and RS3 is the main RS type that exists in raw

and cooked rice, respectively (Ding et al., 2019). Hot cooked rice is

regarded as a typically high-GI food, generally contained low RS

content with less than 3% (Frei et al., 2003), which is not enough to

confer the health benefits (Shu et al., 2009). Breeding rice high in RS

is an effective way to improve public health. Previous studies have

found that amylose content, the ratio of amylose to amylopectin

and fine structure of amylopectin, had obvious impacts on RS

content (Sajilata et al., 2006; Chung et al., 2011; Zhu et al., 2011).

Several genes related to starch synthesis have been found to regulate

RS formation in rice. Waxy (Wx), which encodes granule-bound

starch synthase (GBSS) I, can regulate RS formation through

impacting amylose synthesis (Jeon et al., 2010). BEIIb plays an

important role in forming short amylopectin chains and the

deficiency of BEIIb (ae mutant) in rice can significantly increase

in RS content by increasing the number of B2 and B3 branched

chains (Butardo et al., 2011; Abe et al., 2014; Nakata et al., 2018;

Baysal et al., 2020). In addition, SSIIIa involved in the elongation of

the B2 and B3 chains in amylopectin (Fujita et al., 2007) has been

verified to be a critical gene responsible for the RS synthesis in rice,

loss of function of SSIIIa gives rise to a high RS content in rice grain

(Zhou et al., 2016). These results provided opportunities to increase

RS content of rice through genetic improvement.

Up to date, enhancing amylose content is an important

approach to develop high-RS rice and functional foodstuffs (Shen

et al., 2022a). Some mutants or varieties with enhanced amylose

content also had elevated RS, such as RS111 (Yang et al., 2006),

Gaomi 2 (Kang et al., 2003), Jiangtangdao 1 (Yang et al., 2012), TRS

(Wei et al., 2010), and b10 (Zhou et al., 2016). However, the

palatability of rice high in RS with high amylose content were

generally poor; moreover, the yield was also reduced (Tao et al.,

2019; Miura et al., 2021). Thus, balancing the quality, yield, and RS

content is important for high-RS rice breeding. Improving the

quality of restorer and sterile lines is the key for traditional rice

hybrid breeding, while the quality of sterile is majorly determined

by its maintainer. In previous design breeding, we simultaneously

improved restorer R7954 and maintainer II-32B, both parents of

super hybrid rice IIyou7954 (II-32A×R7954), and isolated and

developed two high RS mutants, RS111 (ssIIIa mutant) and

Zhedagaozhi 1B (unknown mutant), respectively, which were
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similar in high amylose but different in RS properties. Clarifying

discrepancies in RS and starch physicochemical properties of rice

similar in high amylose content will provide some guidance for

high-RS rice breeding and diversified healthy and functional foods.
Materials and methods

Rice materials

Elite restorer R7954 and leading commercial maintainer II-32B

(Shu et al., 2007), high-RS mutants RS111, and Zhedagaozhi 1B

were used in this study. RS111 and Zhedagaozhi 1B were derived,

respectively, from R7954 and II-32B by irradiated with 300 Gy
60Co-g rays. RS111 is an ssIIIa mutant (Zhou et al., 2022), while

Zhedagaozhi 1B is not (data not provided) and might be a novel

high AAC/RS mutant. All accessions were grown in the experiment

farms of Zhejiang University (Hangzhou, China, 120.2E, 30.3N) in

June 2022. The mature seed were harvested in late October 2022.
Preparation of rice flour and starch

The rice grains were air-dried to achieve the moisture content of

about 12%. The samples were dehulled using a Satake Rice Machine

(Satake Co., Tokyo, Japan), milled to white rice using a Satake Rice

Machine (Satake Co., Hiroshima, Japan), and then ground into

flour (CT 293, Foss, Sweden) and passed through a 100-mesh sieve.

Starch was extracted according to a previous method described

by Yang et al. (2006) with minor modifications. Briefly, rice flour

(30 g) was suspended with 150 mL 0.2% sodium hydroxide solution

and then shaken for 12h. The starch fraction was recovered by

centrifugation at 4000 rpm for 10 min and repetitive scrubbed until

the pH reached 7.0. The starch was dried at 40°C in a vacuum oven

for 72h, passed through a 150-mm sieve and stored in a drier

till used.
Apparent amylose content, total starch,
resistant starch, and lipid content

Apparent amylose content (AAC) was determined by the

simplified assay as Yang et al. (2006). AAC standard samples

(2%, 8%, 17%, 22%, and 28.5%) were provided by the China

National Rice Research Institute. Total starch (TS) content was

also measured according to the method described by Yang et al.

(2006). The contents of RS2 in raw sample and RS3 in cooked

sample were measured as the previous studies (Gong et al., 2021).

Free lipid was measured by Hanon SOX406 fat analyzer (Hanon

Group, Jinan, China) following the principle of Soxhlet extraction

method [extraction solvent, petroleum ether (AR, bp, 30–60°C)].
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Scanning electron microscopy

Starch sample was directly adhered to double-sided adhesive

tape mounted on an aluminum stub and coated under vacuum with

platinum for 50 s (IB-5 ion coater, Eiko Co.). All coated samples

were observed with a Hitachi SU8010 cold field emission SEM

(Tokyo, Japan) operated at 3.0 kV.
X-ray diffraction

X-ray diffraction pattern was performed with copper Ka
radiation on an x-ray diffractometer (D8 Advance, Bruker,

Germany). The scanning regions of the diffraction angle 2q were

4°–40°, which covered most of the significant diffraction peaks of the

starch crystallites, with a 0.02°-step size and a count time of 0.2 s. The

crystallinity was calculated according to the method of Hayakawa

et al. (1997).
Particle size distribution

Granule size of starches was detected using a laser light

scattering particle size analyzer (LS13320, Beckman Coulter,

California, USA). Starch (50 mg) was mixed with 15 mL of

ddH2O and then sonicated for 5 min. The sample was loaded to

the sample port by drops until 8%–12% obscuration.
Fourier transform infrared spectroscopy

Starch granule short-range ordered structure was detected with

the Fourier transform infrared (FTIR) spectrometer (NICOLET

iS50FT-IR, Thermo Fisher Scientific, USA). The scanning range was

from 4,000 cm-1 to 400 cm-1 with 32 scans at 4 cm-1. FTIR spectra

were treated in peak half-width of 19 cm-1 and the resolution

enhancement factor of 1.9. Then the relative absorbances at 1,045,

1,022, and 995 cm-1 were extracted from the deconvoluted spectra

and were measured from the baseline to the peak height according

with Man et al. (2012).
Amylopectin fraction and amylopectin
chain-length distribution determination

Amylopectin fractionation was conducted as Kong et al. (2008).

The chain-length distribution of the de-branched sample was

analyzed with the Carbo-Pac PA-100 column (250 mm × 4 mm,

with a guard column) using a high-performance anion-exchange

chromatography system (Dionex ICS-5000+, Sunnyvale, CA, USA)

coupled with a BioLC gradient pump and a pulsed amperometric

detector. The samples were then eluted with a flow rate of 1 mL/

min. The eluents used were A (150 mM sodium hydroxide) and B

(150 mM sodium hydroxide containing 500 mM sodium acetate). A

mixed elution gradient with eluent A and eluent B was set as
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follows: 0–10 min, 93%–82% A; 10–19 min, 82%–78% A; 19–70

min, 78%–62% A; 70–70.1 min, 62%–50% A; 70.1–85 min, 50% A;

85–85.1 min, 50%–93%. The system was stabilized by elution at

93% A for 5 min between runs.
Thermal properties measured with DSC

Thermal properties of starch were determined by a differential

scanning calorimeter (DSC) (Q20, TA Instruments, New Castle, DE,

USA) equipped with DSC standard and dual sample cells. Starch (2.0

mg, dry weight basis) was weighed into an aluminum pan, and 6 mL of
MilliQ water was added (Kong et al., 2015). The pan was hermetically

sealed and equilibrated at room temperature for 12h, then scanned

from 40°C to 11°C at a heating rate of 10°C/min with an empty sealed

pan as a reference. The onset gelatinization temperature (GT) (To),

peak temperature (Tp), conclusion temperature (Tc), and enthalpy

change (DH) were analyzed with a Universal Analysis Program,

Version 4.4A. The range of GT was calculated as R = Tc − Tp.
Gelatinization properties in urea

Gelatinization properties was determined according to the method

of Nishi et al. (2001) with minor modifications. Briefly, rice flour (10

mg) was mixed with 1 mL of 5M urea in an Eppendorf tube and

incubated at 25°C for 24h. After centrifugation, sample was allowed to

stand for 1h. Swelling power was calculated by subtracting the volume

of supernatant from the urea solution (1 mL).
Pasting viscosity

Pasting properties of rice flour were analyzed using a Rapid

Visco Analyzer (RVA Tecmaster, Perten, Hägersten, Sweden)

according to the methods described by Yang et al. (2006). The

peak viscosity (PV), trough viscosity (TV), final viscosity (FV), and

paste temperature (PT) were recorded; breakdown viscosity (BV =

PV − TV) and setback viscosity (SV = FV − TV) were calculated.
In vitro digestion study

Digestion property was studied using a standard protocol as

reported by Shen et al. (2022b) with minor modifications. Rice flour

of 0.5 g wasmixed with 4.5mL of water and boiled for 30min to ensure

full gelatinization. After cooling to the room temperature, the rice was

homogenized for 30 s using an Ultra Turrax T25 IKA Homogenizer to

mimic human chewed. After blending, crushed sample was digested

through three phases (oral, gastric, and intestinal phase). During the

simulated intestinal phase, totally 10 time points (0, 10, 20, 30, 45, 60,

90, 120, 150, and 180 min) was chosen for sampling. The digested

starch content in the supernatant was determined by glucose analysis.

Uncooked rice flour was digested in the same method above but

without cooking.
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The percentage of the starch hydrolysis was calculated by the

following equation (1):

SH( % ) =
Sh
Si

=
Gp
Si

� 0:9 (1)

Where SH is the percentage of starch hydrolysis, Sh is the

amount of hydrolyzed starch at different time points in intestinal

phase, Si is the initial amount of starch in the samples, and Gp is the

amount of glucose released due to starch hydrolysis. The conversion

factor of 0.9 was used based on the molecular weight ratio of a

starch monomer to glucose.

The experiment data were fitted to a first-order model

according to equation (2), as previous reported by Goñi et al.

(1997):

Ct = C0 + C∞(1 − e−kt) (2)

where Ct, C0, and C∞ are the percentage of digested starch at

time t, 0, and infinite time, respectively, and k is a pseudo first-order

rate constant. Box Lucas model as the nonlinear curve fit model in

OriginPro2022 (Origin Lab corporation, Northampton, MA, USA)

was used for estimating k and C∞ value. Initial digestion rate in the

first 20 min (IRR20) was calculated by equation (3) as described by

Kan et al. (2020):

IRR20 = (C20 − C0)=20 (3)

where C20 and C0 are the percentage of digested starch at

20 min and 0 min.
Statistical analysis

All the tests were conducted in triplicate at least. The statistics

analysis was conducted using Duncan with Tukey’s multiple

comparison tests following one-way analysis of variance with

SPSS version 20.0 (IBM, Chicago, USA).
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Results and discussions

Apparent amylose and resistant
starch content

The AAC of R7954 and II-32B were both around 25% and

significantly lower than those of their mutants. Meantime, R7954

and II-32B had similar RS content (Table 1). The AAC of mutant

RS111 and Zhedagaozhi 1B were also similar, which were 33.85%

and 34.70%, respectively, indicating that both of RS111 and

Zhedagaozhi 1B were typically high amylose mutants when

compared to common rice. However, obvious discrepancies in RS

contents were found between two mutants. The contents of RS3 in

RS111 was 4.78%, significantly higher than that in Zhedagaozhi 1B

which was 2.46%, while the content of RS2 in RS111 was only

1.30%, significantly lower than that in Zhedagaozhi 1B which was as

high as 17.37%. The contents of RS2 and RS3 in the flour of RS111

and Zhedagaozhi 1B were all significantly higher than those in the

parents (Table 1). AAC showed positive correlation to both RS2 and

RS3. Several high-amylose rice mutants also showed high-RS

contents (Kang et al., 2003; Wei et al., 2010; Zhang et al., 2011;

Yang et al., 2012; You et al., 2022).

Considering that other components in the flour might also

affect the RS content, the RS content in isolated starch were also

determined. The RS2 content in isolated starch was higher than

those in four for all samples. The RS3 content in the isolated

starches was a little lower than those in flours for R7954, II-32B, and

RS111 while higher for Zhedagaozhi 1B. Meantime, the contents of

RS3 in mutant RS111 were 3.67%, lower than that in Zhedagaozhi

1B starch (4.06%). The higher RS2 in isolated starch indicated that

the other components in the flour might reduce the attack of

amylase to the starch granules. Although the difference in RS3

content between starch and flour might because of the existence of

lipids in rice flour, Zhedagaozhi 1B had significantly higher lipids

content (Table 1). Although it has been reported that lipid can
TABLE 1 Physiochemical properties of flours and starches*.

RS111 Zhedagaozhi 1B R7954 II-32B

Flour

Apparent amylose (%) 33.85 ± 0.79a 34.70 ± 0.91a 25.82 ± 0.22b 25.48 ± 0.55b

RS2 (%) 1.30 ± 0.12b 17.37 ± 0.68a 0.37 ± 0.02c 0.75 ± 0.12c

RS3 (%) 4.78 ± 0.35a 2.46 ± 0.32b 1.39 ± 0.12c 1.27 ± 0.09c

Swelling volume (mL) 0.139 ± 0.001c 0.066 ± 0.002d 0.233 ± 0.006a 0.153 ± 0.002b

Lipids (%) 0.65 ± 0.02a 1.25 ± 0.01b 0.64 ± 0.03a 0.66 ± 0.01a

Starch

RS2 (%) 1.58 ± 0.10b 19.23 ± 0.49a 1.65 ± 0.12b 1.54 ± 0.07b

RS3 (%) 3.67 ± 0.04b 4.06 ± 0.10a 1.17 ± 0.03c 1.11 ± 0.05c

Mean diameter (mm) 6.12 ± 0.00d 7.75 ± 0.05b 8.13 ± 0.07a 6.52 ± 0.07c

Relative crystallinity (%) 19.67 ± 0.28c 19.55 ± 0.19c 24.01 ± 0.22b 28.57 ± 0.38a

IR ratio 1045/1022 (cm−1) 0.58 ± 0.00d 0.68 ± 0.02c 0.79 ± 0.02b 0.85 ± 0.02a

IR ratio 1022/995 (cm−1) 1.86 ± 0.00d 1.60 ± 0.00c 1.84 ± 0.00b 1.99 ± 0.00a
*The results were expressed as mean ± SD (n = 3). The same small letters indicated that there were no significant differences among the starches or flours of rice (p< 0.05).
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interact with amylose to form starch-lipid complexes and

contribute to the RS, the formation of starch-lipid complexes will

compete with amylose retrogradation (Cui and Oates, 1999), which

would impede retrogradation of the remained amylose and reduced

the RS content in turn (Perera et al., 2010). Zhou et al. (2023) also

found that the existence of lipids in indica rice with high amylose

reduced the RS3 content.
Morphology of starch granules

The four varieties showed obvious different morphology of grain

(Figure 1A) and starch granules (Figure 1B). The starch granules of

R7954 and II-32B were uniform and almost polygonal, most starch

granules of Zhedagaozhi 1B also showed polyhedron, and some were

nearly spherical and some with small pinholes on their surfaces, which

might be caused by the unsaturated grains. Although, starch granules of

RS111 were irregular and small, with some round granules (Figure 1B).

Starch with more round and spherical granules were found to have

higher RS in cooked rice, while starch with a higher percentage of

polyhedral and angular granules usually have higher RS in raw rice

(Ding et al., 2019; You et al., 2022). Wei et al. (2010) also found that

TRS with higher RS2 had large and non-angular rounded bodies

compared with its parent. That was consistent with our results that

RS111 with irregular and smaller starch granules had significantly

lower content of RS2. However, Zhedagaozhi 1B which had both

polyhedral and oval starch granules had significant higher RS2 than all

other samples, indicating other structural properties might also be

responsible for the difference in RS between RS111 and

Zhedagaozhi 1B.
Crystalline structures of rice starch

The external chains of amylopectin interact with each other and

water to form crystalline structure. The arrangement of the crystals
Frontiers in Plant Science 05
of the granules gives rise to A, B, and C three types (Buléon et al.,

1998). The x-ray diffraction pattern of mutant RS111 and two

parents showed typical A-type with strong peaks at around 2q 15.2°,
17.2°, 18°, 20°, and 23° (Figure 2A). However, the X-ray diffraction

(XRD) pattern of Zhedagaozhi 1B showed B-type with the typical

peak at 5.6° and weak peak at 18°. The relative crystallinity of

mutant RS111 was 19.67%, similar with that of Zhedagaozhi 1B

(19.55%), while significantly lower than those of their parents

R7954 (24.01%) and II-32B (28.57%). It has been found that B-

type crystalline structure could form large “blocklets” bound in

crystalline layers of granules (Guo et al., 2017); the dense internal

structure can enhance the resistance of digestion to a certain extent.

Starch with B-type diffraction pattern (ungelatinized) have been

reported to have higher levels of RS and exhibit lower starch

digestibility (Magallanes-Cruz et al., 2017) than the A- and C-

type starch. That can explain Zhedagaozhi 1B with B-type starch

had higher RS2 (Table 1). Short-range ordered structure of starch

granule can be observed by FT-IR, the ratio of absorption at 1,045/

1,022 cm−1 and 1,022/995 cm−1 can reflect the degree of order

structure and the proportion of amorphous to ordered

carbohydrate structure in starch granule external region,

respectively (Sevenou et al., 2002). All four varieties showed

similar FTIR profiles without new peaks appeared (Figure 2B).

RS111 and Zhedagaozhi 1B showed lower 1,045/1,022 cm−1 ratio

than their parents respectively (Table 1), indicating that there were

less short-range order helical structures in the external region of two

mutants. Meantime, RS111 and Zhedagaozhi 1B also showed

different short-range ordered structure, RS111 had higher ratio of

1,045/1,022 cm−1 and lower ratio of 1,022/995 cm−1 than

Zhedagaozhi 1B (Table 1).

AAC had been confirmed to be negatively correlated with the

degree of particle surface order (Sun et al., 2022) and RC positively

related to the degree of particle surface ordering (Zou et al., 2022).

The lower 1,045/1,022 cm−1 in both mutants reflected as the lower

crystallinity and consistent with their higher AAC (Table 1).

However, RS111 and Zhedagaozhi 1B had similar AAC and
A

B

FIGURE 1

(A) The grain morphology of milled rice. (B) Scanning electron micrographs (SEM) of flour rice starch granules.
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similar RC; the different short-range ordered structure might be due

to the different fine structure of amylopectin, as in addition to AAC,

fine amylopectin structure also influenced the ordered

structure greatly.
Chain-length distributions of amylopectin

Based on the DP, the side chains of amylopectin can be classified

into fa (DP ≤ 12), fb1 (13 ≤DP ≤ 24), fb2 (25 ≤DP ≤ 36), and fb3 (DP
Frontiers in Plant Science 06
≥ 37), corresponding to fractions A, B1, B2, and B3 and longer chains,

respectively (Hanashiro et al., 1996). R7954 had more proportions of fa

and less fb1 than II-32B, but the proportions of fb2 and fb3 were

similar. RS111 had significantly higher proportion of fa and fb1 but

lower of fb3 than Zhedagaozhi 1B (Table 2), with significant increases

in DP ≤ 30 (Figure 2D). Although, the differences in chain length

distribution between R7954 and II-32B were obviously smaller than

those between RS111 and Zhedagaozhi 1B (Figure 2D). When

compared with their parents, RS111 had significant increases in fa,

fb1 and decrease in fb3, while Zhedagaozhi 1B had significantly
TABLE 2 Branch chain-length distribution of rice starch amylopectins*.

Peak DP

fa fb1 fb2 fb3 fa/fb1 fa/fb2 fa/fb3

DP6-12(%) DP13-24(%) DP25-36(%) DP ≥ 37(%)

RS111 14 21.77 ± 0.18a 48.56 ± 0.26a 14.65 ± 0.34a 14.91 ± 0.74c 0.45 1.49 1.46

Zhedagaozhi 1B 15 13.22 ± 0.17d 39.20 ± 0.06c 14.25 ± 0.31a 33.19 ± 0.05a 0.34 0.93 0.40

R7954 14 18.89 ± 0.60b 44.68 ± 0.03b 14.31 ± 0.60a 22.01 ± 0.03b 0.42 1.32 0.86

II-32B 15 16.61 ± 0.49c 48.70 ± 0.59a 13.44 ± 0.51a 21.14 ± 0.61b 0.34 1.24 0.79
fron
*The results were expressed as mean ± SD (n = 3). The same small letters indicated that there were no significant differences among the starches or flours of rice (p< 0.05).
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(A) XRD patterns of four rice starches. Data have been offset for clarify. (B) Fourier transform infrared (FTIR) spectroscopy spectra of four rice
starches. (C) Chain length distribution patterns of amylopectin for four starches. (D) Comparison of the chain length distribution patterns of
amylopectin between RS111 and Zhedagaozhi 1B.
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decreased proportions of fa, fb1 and fb2, but increased fb3 (Table 2).

Meantime, Chain-length distributions (CLDs) of amylopectin showed

a peak DP (degree of polymerization) at 14 and 15 for RS111 and

Zhedagaozhi 1B, respectively. Zhedagaozhi 1B showed significantly

different CLDs from RS111, R7954, and II-32B.

The differential CLDs between RS111 and Zhedagaozhi 1B might

explain the differential short ordered structure (Table 1), which might

be responsible majorly by the amylopectin structure. The proportion of

fa, fb1 showed negative impacts on RS2, while the proportion of fb3

showed positive correlation with RS2. Ramadoss et al. (2018) also

found RS2 content showed significantly positive correlation with

medium and long chains (DP > 12). Amylopectin with intermediate

and longer can pack into intact or dense structures, which showed

stronger resistance to enzymatic hydrolysis (Chi et al., 2021). However,

the chain length distribution did not show direct correlation with RS3,

Zhedagaozhi 1B with the lowest fa and fb1 still had higher RS3 content,

inconsistent with our previous reports that RS3 showed significantly

positive correlation with fa (Shu et al., 2007). That might, because RS3

was formed majorly after retrogradation, the ordered hierarchical

starch structures were progressively disrupted during cooking. The

reassembled structures involving amylose–amylose, amylose–lipids,

and amylopectin–amylose during cooking, cooling might be more

important for RS3 content (Chi et al., 2021), especially for

Zhedagaozhi 1B.
Thermal characteristics of rice flour
and starch

Thermal properties of native starches and flours were summarized

in Table 3. The onset temperature (To), peak GT (Tp), conclusion

temperature (Tc), and enthalpy of gelatinization (DHgel) varied

significantly among four materials. The To, Tp, Tc, and DHgel of

Zhedagaozhi 1B were higher than those of RS111 for both starch

and flour, which was consistent with the difference between their

parents. When compared with their parents, RS111 had lower To, Tp,

Tc, and DHgel, while Zhedagaozhi 1B had higher To, Tp, Tc, and DHgel.

Meantime, the value of R(Tc-To)of mutant Zhedagaozhi 1B was

significantly higher than other varieties, and the differences of
Frontiers in Plant Science 07
thermal characteristics between starch and flour were more

significant for Zhedagaozhi 1B, which may greatly be influenced by

the non-starch components such as lipids. GT has been found to be

negatively correlated with DP6-11 and positively correlated with DP12-

24 (Bao et al., 2009). RS111 with the highest proportion of fa had the

lowest GT while Zhedagaozhi 1B had the lowest proportion of fa had

the highest GT (Tables 2, 3). Furthermore, Zhedagaozhi 1B with the

highest GT had the highest content of RS2 while RS111 with the lowest

GT had the highest RS3, in parts line with previous study that DSC

thermal parameters showed a negative correlation with RS in cooked

rice and retrogradation rice but positive correlation with RS in raw

milled rice (You et al., 2022).

Thermal parameters can reflect the double helix unfolding and

crystallite fusion in the starch crystalline region during the

gelatinization process of starch. DH primarily reflected the loss of

double helical order (Li et al., 2017). The highest GT and DH of

II32-B indicated the gelatinization of II32-B needed more energy,

which might result from its lower proportion of amorphous to

ordered carbohydrate structure in starch granule external region

(Table 1). The lower thermal temperature and DH in RS111 may be

majorly due to its higher proportion of fa (Table 2 and Figure 2D),

lower RC, and higher proportion of amorphous to ordered

carbohydrate structure (Table 1).
Gelatinization properties of rice starch

When gelatinized in 5 M urea, four varieties showed different

degrees of gelatinization (Figure 3A). R7954 and II-32B swelled

obviously in urea, whereas the starch of RS111 and Zhedagaozhi 1B

were hardly gelatinized, especially Zhedagaozhi 1B, which was

scarcely gelatinized. Meanwhile, the solubility of Zhedagaozhi 1B

determined by the volume of sediment was significantly lower than

that of RS111 (Table 1). These results were consistent with the chain

length distribution of amylopectin that starch with more short

chain was easier to be gelatinized (Li, 2022). The lowest swelling and

gelatinizing of Zhedaogaozhi 1B might explain for its highest RS2

content as swelling power showed negative correlation with RS

(Singh et al., 2010). However, Zhedaogaozhi 1B had less RS3
TABLE 3 Thermal properties of four rice *.

To (°C) Tp (°C) Tc (°C) △Hgel (J/g) R (°C)

Flour

RS111 57.19 ± 0.18c 63.81 ± 0.07d 71.06 ± 0.15d 7.60 ± 0.31b 13.87 ± 0.33b

Zhedagaozhi 1B 70.31 ± 0.85a 80.94 ± 0.11a 88.54 ± 0.30a 9.00 ± 0.44a 18.23 ± 1.08a

R7954 59.27 ± 0.04b 65.71 ± 0.14c 73.58 ± 0.25c 9.52 ± 0.05a 14.31 ± 0.21b

II-32B 70.05 ± 0.07a 75.04 ± 0.24b 79.71 ± 0.21b 9.55 ± 0.22a 9.65 ± 0.22c

Starch

RS111 58.55 ± 0.13d 63.89 ± 0.26d 69.68 ± 0.21d 10.43 ± 0.35c 11.13 ± 0.32b

Zhedagaozhi 1B 63.33 ± 0.39b 77.64 ± 0.13a 89.51 ± 0.24a 16.33 ± 1.47a 26.19 ± 0.49a

R7954 61.94 ± 0.07c 65.49 ± 0.13c 71.05 ± 0.31c 13.55 ± 0.21b 9.11 ± 0.26c

II-32B 68.79 ± 0.78a 73.77 ± 0.25b 79.58 ± 0.35b 15.83 ± 0.56a 10.80 ± 0.54b
*The results were expressed as mean ± SD (n = 3). To, onset temperature; Tp, peak temperature; Tc, conclusion temperature; DHgel, enthalpy of gelatinization; R, Tc − To.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1267281
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Luo et al. 10.3389/fpls.2023.1267281
content than RS111, although it is hard to be gelatinized in urea,

that might be because of the gelatinization in urea cannot reflect

completely the gelatinization in boiling water and the reassembled

structures during cooking and cooling played more important role

in RS3 formation (Chi et al., 2021).
Pasting properties of rice flours
and starches

The RVA profiles showed significant differences among four

rice varieties (Figures 4A, B). All RVA parameters, namely, PV, TV,
Frontiers in Plant Science
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breakdown viscosity, FV, and setback viscosity of Zhedagaozhi 1B

were dramatically higher than that of RS111, both in starch and

flour (Table 4). While the pasting temperature (PT) of RS1111 flour

was higher than that of Zhedagaozhi 1B, and PT showed

significantly positive correlation with RS3 (Table 3). Srichuwong

and Jane (2007) found that starches consisting of amylopectin with

more short A chains (DP 6–12) had a lower PT and PV and larger

breakdown value since the short branch chains could not provide

strong interaction to maintain the integrity of the swollen granules.

The current results were partially consistent with this study,

suggesting that there were other factors affected the pasting

properties of rice starch between two mutants.
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(A) Effects of 5M urea on the swelling of starch granules from the endosperm of two genotypes. (B) In-vitro starch hydrolysis curves of the two rice
varieties cooked in different forms. Error bars represent the standard deviation of the mean of triplicate digestion.
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Digestion properties

Cooked flours were homogenized to mimic chewing and then

digested using the standard INFOGEST2.0 method (Brodkorb et al.,

2019). The digestion data of two mutants both showed good fit with

a first-order equation (R2 > 0.86). RS111 showed a lower digestion

extent than that of Zhedagaozhi 1B (Figure 4B and Table 5). The

digestion extent (C∞) and the digestion rate (k) of RS111 was

significantly lower than that of Zhedagaozhi 1B (Table 5).
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Considering the calculated values of C∞ were affected by the

digestion time, the experimentally determined values of C120 were

also presented, which were similar as C∞ (Table 5). Although Holm

et al. (1988) found that the degree of starch gelatinization is an

important determinant for the rate of starch hydrolysis in vitro

(Holm et al., 1988) and Zhedagaozhi 1B was scarcely gelatinized,

gelatinized and retrograded starch can benefit the formation of RS,

which has been reported to be decisive for the glycemic index of rice

(Kumar et al., 2018). The RS3 content should be the major
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FIGURE 4

(A) Pasting properties of rice flours measured by Rapid Visco Analyzer (RVA). (B) Pasting properties of rice starches measured by RVA. (C) Thermal
properties of the four rice fours measured by DSC. (D) Thermal properties of the four rice starches measured by DSC.
TABLE 4 Pasting viscosity of four rice *.

PV (cP) TV (cP) BV (cP) FV (cP) SV (cP) PT (°C)

Flour

RS111 452.7 ± 5.5d 361.7 ± 5.7d 91.0 ± 2.0b 547.7 ± 4.0d 186.0 ± 8.7d 92.3 ± 0.8a

Zhedagaozhi 1B 1115.5 ± 14.8c 923.5 ± 16.3c 192.0 ± 1.4b 1540.0 ± 2.8c 616.5 ± 19.1c 87.1 ± 0.6b

R7954 3811.5 ± 38.9a 3033.0 ± 11.3a 778.5 ± 50.2a 5539.5 ± 96.9a 2506.5 ± 108.2a 81.1 ± 0.0c

II-32B 2749. 0 ± 89.1b 2009.0 ± 59.3b 740.0 ± 52.3a 4221.3 ± 36.7b 2212.3 ± 56.9b 79.2 ± 1.2c

Starch

RS111 623.7 ± 20.0d 388.3 ± 7.6c 235.3 ± 12.7c 1424.7 ± 39.0d 1036.3 ± 42.0c 80.0 ± 1.0a

Zhedagaozhi 1B 2746.7 ± 25.4c 2230.7 ± 21.4a 516.0 ± 17.3b 4573.3 ± 49.8b 2355.3 ± 45.0b 80.0 ± 0.5a

R7954 4009.0 ± 66.5a 2226.0 ± 53.7a 1783.0 ± 120.2a 5362.0 ± 80.6a 3136.0 ± 134.4a 69.6 ± 0.5c

II-32B 3615.0 ± 17.0b 1823.5 ± 74.2b 1791.5 ± 91.2a 4210.5 ± 187.4c 2387.0 ± 113.1b 76.4 ± 1.1b
fro
*The results were expressed as mean ± SD (n = 3). The same small letters indicated that there were no significant differences among the starches or flours of rice (p< 0.05). PV, peak viscosity; TV,
trough viscosity; BV, breakdown viscosity; FV, final viscosity; SV, setback viscosity; PT, pasting temperature.
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contributor for the digestion rate in cooked rice; thus, RS111 with

higher RS3 content had slower digestion rate (Tables 1, 5).
Conclusions

RS111 and Zhedagaozhi 1B had similar AAC with around 34%,

significantly higher than their wild-type parent and common rice.

Although two wild types had similar properties, RS111 and

Zhedagaozhi 1B conferred different physiochemical properties,

such as viscosity, gelatinization parameters, swelling power, and

digestibility. RS111 had higher RS3 content but lower RS2 content

than Zhedagaozhi 1B; correspondingly, cooked RS111 showed

slower digestibility. Differences in physiochemical properties

might be due to the different starch structure between RS111 and

Zhedagaozhi 1B. The B-type starch granule and high proportion of

fb3 in Zhedagaozhi 1B may be responsible for its high-RS3 content,

while the smaller irregular and oval starch granules, high

proportion of fa in RS111 might be the major contributor to its

rich RS3. As RS111 and Zhedagaozhi 1B are derived from restorer

and maintainer, respectively; they can be used directly as new rice

varieties, or as parents for high-RS hybrid rice breeding through

improving other restorers and maintainers. Fine structure of

amylopectin seemed very important for determining the RS type

and content when amylose content is similar. Modifications on

amylopectin structure showed great potential in breeding rice with

different RS2 and RS3 content, which could meet the increasingly

needs for various rice germplasms.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Author contributions

ML: Methodology, Data curation, Investigation, Validation,

Writing – original draft. WG: Data curation, Formal Analysis,
Frontiers in Plant Science 10
Methodology, Writing – original draft, Visualization. SZ:

Investigation, Data curation, Methodology, Writing – original

draft. LX: Data curation, Investigation, Writing – original draft.

YS: Data curation, Investigation, Writing – original draft. DW:

Conceptualization, Funding acquisition, Project administration,

Supervision, Validation, Writing – review & editing. XS: Formal

Analysis, Methodology, Visualization, Writing – review & editing,

Funding acquisition.
Funding

The author(s) declare that no financial support was received for

the research, authorship, and/or publication of this article. The

authors greatly acknowledge the financial support from the

National Key Research and Development Program of China

(2021YFF1000202), the Functional Rice Breeding, Germplasm

Enhancement, R&D and Basic Public Welfare Research Program

Project (2022C02011, 2021C02063, 2021-2-032), and the National

Natural Science Foundation of China (32072038).
Conflict of interest

Authors ML, LX, and YS are employed by the company China

National Seed Group Co., Ltd., Wuhan.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
TABLE 5 Estimated kinetic parameters for starch digestion of the two rice varieties*.

C∞ (%) C120 (%) k (min−1) IRR10 (% min−1)

RS111 77.8 ± 0.2** 77.7 ± 0.2** 0.074 ± 0.003 4.07 ± 0.11

Zhedagaozhi 1B 79.1 ± 0.1** 79.1 ± 0.1** 0.077 ± 0.002 4.24 ± 0.06
*The results were expressed as mean ± SD (n = 3). The “**” indicates significant correlations at the 0.01 levels (2-tailed).
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