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Waxy rice, which lacks amylose, is an important variant in rice, and its starches have been widely used. New
waxy rice varieties generated via the CRISPR/Cas9 gene-editing system is described. Herein, four waxy rice
starches with different physicochemical properties were successfully obtained by the CRISPR/Cas9 editing Waxy
(Wx) gene. The results showed that the amylose content (AC) of wx mutant starches ranged from 0.26 to 1.78 %,
and CZBwx1 starches had the best gel consistency and highest water solubility among all wx mutants. Mutations
of Wx? allele produced more short-chains (degree of chain polymerization (DP) 6-11), and less medium- and
long-chains (DP12-70) than that of Wx% while the AC of Wx® allele mutants was higher than the mutations of
Wx allele. The gelatinization temperature (GT) of wx® mutant starches was higher than that of wx® mutant
starches. Moreover, we found that the GT and amylopectin fine structure type of waxy rice starch did not change
after Wx gene editing. Based on these findings, it is possible to produce waxy rice starch with different physi-

cochemical properties, containing target GT and chain length distributions of amylopectin.

1. Introduction

Waxy rice is regarded as a high-quality rice variant, also known as
glutinous rice, which is very sticky when cooked (Juliano, 1998). Its
starch content accounts for approximately 80 % of the dry weight of
polished rice, and the majority of starch is amylopectin with very little
or no amylose (0 %-2 %) (Bean et al., 1984). Due to the unique prop-
erties of waxy rice starch, it is extensively used in the chemical industry,
medicine, and daily human life (Bao et al., 2004; Puchongkavarin et al.,
2005; Wang & Wang, 2002).

Starch is comprised of two polymers, amylopectin, and amylose.
Amylose is a mainly linear chain with a-1,4-linked glucosyl units, while
amylopectin is a highly branched polymer with short a-1,4-linked glu-
cosyl chains linked by a-1,6-linkages. A large number of studies on

starch properties point to the fact that the fine structure of amylopectin
is thought to be a significant factor leading to the different character-
istics of starch (Huang & Lai, 2014; Singh et al., 2012; Vandeputte,
Vermeylen, et al., 2003). Greater branch density of amylopectin leads to
higher solubility, which is not accessible to retrograde (Precha Atsa-
wanan et al., 2018). In four crop starches, amylopectin is thought to
consist of 4 chains, and the average chain length of A chains, B1 chains,
B2 chains, B3 chains, and B4 chains were 12-16, 20-24, 42-48, 69-75,
104-140, respectively. (Hizukuri, 1986). The chain-length distribution
of amylopectin and the amylopectin chain ratio (ACR value) are related
to the gelatinization temperature (GT) (Bao et al., 2009; Nakamura
et al., 2002). Based on the GT, the amylopectin structure types of rice
starch can be classified into two types: low GT-type (LGT; GT < 72 °C)
and high GT-type (HGT; GT > 77 °C) (Fu et al., 2022).

Abbreviations: AC, Amylose content; DP, Degree of chain polymerization; GT, Gelatinization temperature; Wx, Waxy gene; ACR, Amylopectin chain ratio; WT,
Wild-type; SEM, Scanning electron microscopy; ATR, Attenuated total reflectance; RVA, Rapid Viscosity Analyzer; PKV, Peak viscosity; HPV, Hot paste viscosity;
CPV, Cool paste viscosity; BDV, Breakdown viscosity; SBV, Setback viscosity; T,, Onset temperature; T,, Peak temperature; T., Conclusion temperature; AH, Gela-
tinization enthalpy; HPAEC-PAD, High-performance anion-exchange chromatography with pulsed amperometric detection; HPGPC, High-performance size exclusion

chromatography.
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The CRISPR/Cas9 system in waxy rice breeding among diverse
germplasm has been fully elaborated (Ma et al., 2015; Zhang et al.,
2018). The Waxy (Wx) gene was edited to produce null mutations by
CRISPR/Cas9, to generate waxy (wx) mutant lines with a very low
amylose content (AC), but without changing major agronomic traits
(Zhang et al., 2018). From a recent study on the physicochemical
properties of wx mutants grain via CRISPR/Cas9, five classes of waxy
rice flour were obtained with dramatically different quality (Fu et al.,
2022). Although these studies have provided a new fast strategy for
waxy rice breeding and starch production, the starch quality of waxy
rice is still difficult to predict, and more information is needed to obtain
quality waxy rice starch before gene editing.

In the current study, two major Wx alleles (Wx® and be) were
selected, and in four elite cultivated rice varieties the Wx gene was
edited. These varieties were QN (Wx%), H36 (Wx%), YX (Wx?) and CZB
(WxP). Starch in wx mutant lines was examined for functional and
physicochemical characteristics, and the relationships between physi-
cochemical characteristics of wild types and their corresponding wx
mutant lines were determined. Moreover, we analyzed the major factors
affecting various physicochemical characteristics only for wx mutant
lines or waxy rice starch. Such information can not only contribute to
producing waxy rice starch with specific characteristics but can also help
to expand its application in the food and other industries.

2. Materials and methods
2.1. Plant materials and growth conditions

In this study, four elite rice varieties with two major Wx gene alleles
were selected, including two Wx“ allele varieties (QN and H36) and two
Wi allele varieties (YX and CZB). These rice varieties, which are mainly
planted in eastern Asia and western China, were supplied by the Rice
Research Institute of Sichuan Agricultural University. Unless indicated,
all the rice lines were grown in paddy fields in Chengdu, China, during
the normal rice-growing seasons.

2.2. Gene editing and cloning

The CRISPR/Cas9 targeted genome editing tool was constructed as
previously described (Fu et al., 2022). The primer sequences used to
construct the vector are shown in Fig. 1B and Table S1. The PCR mix
being based on the Foregene PCR Fast Mix. Target site sequencing of all
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plants by direct or cloned sequencing of the PCR products were ampli-
fied using the primer set Wx-seq (Fig. 1A, B and Table S1). The PCR
products were sequenced by the Sanger method.

2.3. Measurements of rice starch

Waxy rice and rice starch physicochemical properties were deter-
mined as follows: the seeds of a single wx mutant with T5 plant stable
inheritance were dried at 37 °C for two weeks. The dried seeds were
shelled, polished, and milled using a rice pearling mill, and sieved
through a 74-pm mesh. Starch was prepared following the method of
Zhang et al. (2016).

The mature seeds were harvested from homozygote plants and used
for determination after storing at room temperature for >7 days. The AC
was measured according to the method of Umemoto et al. (1995).

2.4. Scanning electron microscopy (SEM)

The morphology of wx mutant starches was examined by scanning
electron microscopy (SEM, Phenom Pro, Phenom, Holland) operating at
5 kV, and gold coating was applied prior to SEM analysis (Zhu et al.,
2020).

2.5. Crystalline characteristics

The crystalline characteristics of starch samples were analyzed using
the wide-angle X-ray powder diffraction data (Rigaku Ultima IV, Japan).
This instrument was operated at 40 kV and 100 mA with measurement
angle (260) was in the range of 10 to 90° and scanning rate was 2°/min.
The relative crystallinity (RC, %) was calculated using the Jade 6.0
software.

2.6. Fourier transforms infrared spectroscopy

FT-IR spectra of rice starches were obtained with a Thermo Scientific
Nicolet iS50 spectrometer (Thermo Fisher Scientific, America) using an
attenuated total reflectance (ATR). The Omnic version 8.2 software was
chosen to analyze the ATR spectrum of the starch sample in the range of
400-4000 cm ™. The ratio of 1047 to 1022 cm ~ obtained from the ATR
spectrum refers to the ratio of the crystalline area to the amorphous area
in starch.

Fig. 1. Identification of wx mutant lines. (A)
Schematic experimental design. From left to right:
wild-type rice, Waxy gene (LOC 0s06g04200),
target sequence, the CRISPR/Cas9 system and waxy
rice. (B) CRISPR/Cas9 gene editing vector. LB, Left
border; U6, Rice U6 promoter; SG, Guide RNA; UBI,
UBI promoter; NOS Ter, NOS terminator; 35S, 35S
promoter; Hygro, Hygromycin gene; PolyA Ter,
PolyA terminator; RB, Right border. (C) Nucleotide
variations at the targets (the protospacer adjacent
motif in blank) of homozygous mutant lines from
QNwx1, H36wx1, YXwx1 and CZBwx1. “—”, base
deletion; “+”, base insertion. The targeted sequence
is highlighted in blue, and the protospacer adjacent

wx mutant

o 5|

WT TTTGCAGGCGAATGGCCACAGGGTCATGG

QNwxl  TTTGCAGGCGAATGGCCACA-GGTCATGG  -1bp
H36wxl TTTGCAGGCGAATGGCCACAGG-TCATGG  -1bp
YXwxl  TTTGCAGGCGAATGGCCACAGGGATCATGG +1bp
CZBwxI TTTGCAGGCGAATGGCCACAGG-TCATGG  -1bp

0
QNwx/

motif (PAM) sequences are in red. (D) Amylose
content of wx mutant starches and their corre-
sponding WTs.

H36wx!  YXwx/ C7Bwx]
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2.7. Water solubility

Starch samples were suspended in water at the concentration of 1 %
(w/v) in centrifuge tubes. The starch samples were then heated in a
water bath at 55, 75 and 95 °C each for 30 min, with frequent vortex
mixing at 2 min intervals. Calculation of water solubility was performed
according to the method of Precha Atsawanan et al. (2018).

2.8. Gel consistency

The gel consistency of starch was assessed according to the method of
Vandeputte, Vermeylen, et al. (2003). Starch samples were placed in 13
x 100 mm tubes containing 200 pL 0.025 % thymol blue, and then 2.0
mL 0.2 M KOH in boiling water was added for 3 min. Gel consistency was
measured in mL as the length when laid flat on the graph for 30 min.

2.9. Pasting properties

Pasting properties of rice starch were measured using a Rapid Vis-
cosity Analyzer (RVA, model 3D, Newport Scientific, Warriewood,
Australia) and Thermocline for Windows software (version 2.0) ac-
cording to the methods of Park et al. (2007). The pasting parameters of
starches included the peak viscosity (PKV), hot paste viscosity (HPV),
cool paste viscosity (CPV), breakdown viscosity (BDV = PKV — HPV),
setback viscosity (SBV = PKV — HPV), and peak time.

2.10. Thermal properties

Thermal properties of rice starch were determined using differential
scanning calorimetry (DSC Q2000, TA Instruments, Ltd., Crawley,
United Kingdom) according to the methods of Patindol et al. (2009). The
thermal parameters of starches, such as the onset temperature (T,), peak
temperature (T,), conclusion temperature (T.), and gelatinization
enthalpy (AH) were evaluated.

2.11. Amylopectin chain-length distribution and molecular weight

The chain-length distribution of amylopectin was measured using
high-performance anion-exchange chromatography with pulsed
amperometric detection (HPAEC-PAD) according to the methods of Fu
et al. (2022).

The molecular weight of starch was measured using a high-
performance size exclusion chromatography (HPGPC) system accord-
ing to the methods of Huang and Lai (2014).

2.12. Data analysis

All experiments were repeated three times independently. The re-
sults are expressed as mean + standard deviation. Data analysis was
performed with SPSS 25.0 (IBM, USA), and values in the same column
with the same letters do not differ significantly (p < 0.05). SnapGene 4.3
was used to visualize PCR and cloning.

3. Results and discussion
3.1. Mutant isolation

Four elite cultivated rice varieties with two different major Wx al-
leles were selected QN (Wx%), H36 (Wx%), YX (Wx®) and CZB (WxP),
respectively, which are widely grown in Southwest China. We designed
a CRISPR/Cas9 construct to accurately target the third exon of the Wx
gene to generate a null mutation (Fig. 1A and B). We observed that over
80 % of Ty transformants were mutants in the four varieties (Table S2),
indicating that the CRISPR/Cas9 system showed high mutagenesis effi-
ciency in rice (Ma et al., 2015). The wx trait mutations did not change
the major agronomic traits of the T; generation lines, such as panicle
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number per plant, grain number per plant, and seed-setting frequency
(Table S3). These results were consistent with previous studies (Fu et al.,
2022; Huang et al., 2020; Zeng et al., 2020; Zhang et al., 2018). In
addition, we identified single-base homozygous mutants of the four
varieties, QNwx1, H36wx1, YXwx1, CZBwx1, and extracted their starch
for further study (Fig. 1C).

3.2. AC and starch granular structure

The starch of wx mutant lines in this study represented in AC, ranged
from 0.26 % to 1.78 % (Fig. 1D and Table 1). CZBwx1 showed the lowest
AC than the other three wx mutant lines, and the AC of the corre-
sponding wild type (WT) was also lower than the other varieties
(Table S3). The AC of rice with the Wx® allele ranged from 21.6 % to 25
%, while that of rice with the Wx allele ranged from 14.2 % to 15.6 %
(Sano, 1984). Rice varieties with Wx® allele is generally produced more
amylose than Wx? allele. Similar results were found in wx mutants, wx®
mutant starches contained much amylose compared with wx? mutant
starches. Previous studies reported that the AC in waxy rice starch
ranged from 0.2 % to 4.2 % (Chung et al., 2011; Kong, Zhu, et al., 2015;
Precha Atsawanan et al., 2018). Furthermore, these other studies re-
ported that the AC in waxy starch ranged from 0 % (waxy maize) up to
approximately 9 % (waxy barley), and this was mainly related to plant
species (Jane et al., 1999; Song & Jane, 2000). In the current study, the
AC in wx mutant lines with similar to the range of AC in waxy rice, and
could be called waxy rice starch.

The starch granular structure of wx mutant lines was different to WT
lines in size and shape and showed a significant variation on SEM
(Figs. 2A and S1). The granules ranged in size from 2.1 to 7.1 pm in
different starches, and the granular size of wx mutant starches were
bigger than their corresponding WTs due to lack of amylose. Our results
showed that granular size and shape were consistent with previous re-
ports (Kong, Zhu, et al., 2015; Singh et al., 2006; Singh Sodhi & Singh,
2003). The different genotypes of granule-bound starch synthase I
(GBSSI) or other starch-synthesizing enzymes had an influence on starch
granule diversity (Man et al., 2013; Shufen et al., 2019; Wani et al.,
2012).

3.3. Crystalline structure

Figs. 2B and S2 show the X-ray diffraction patterns of wx mutant
starches and their corresponding WTs. All the rice starches displayed an
A-type pattern with a doublet at 17° and 18° and with individual peaks
at 15°, 20° and 23°(Ong & Blanshard, 1995). The relative crystallinity of
wx mutant starches was higher than WTs, ranging from 30.64 % to
45.62 % (Fig. S2). Similar, previous studies reported that the relative
crystallinity in waxy rice starches or low amylose rice ranged from 40.3
% to 49.1 %, and waxy rice starches showed higher relative crystallinity
as compared with normal rice starches (Kong, Kasapis, & Bao, 2015; Shi
& Gao, 2011; Zeng et al., 2015). It had been reported that amylose
content increased with a decrease in crystallinity in rice starches (Chung
etal., 2011). In the current study, due to the AC decreasing significantly,
the crystallinity of wx mutant starches increased significantly. Among
these, the starch of H36wx1 showed the highest relative crystallinity to
other wx mutant starches, the starch of YXwx1 and CZBwx1 had a similar
crystallinity, and the starch of QNwxI exhibited the lowest degree of
crystallinity as compared with three wx mutants. Moreover, amylo-
pectin fine structure is generally responsible for rice crystallinity, while
amylose disrupts the crystallinity (Singh et al., 2007). Therefore, our
study provided a good model for crystallinity research in rice starch,
which eliminates amylose interference.

3.4. FTIR spectroscopy

Figs. 2C and S3 show the deconvoluted FTIR spectra of wx mutant
starches and their corresponding WTs. The absorption peaks at 1047
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Table 1
Amylose content, water solubility, gel consistency and RVA pasting of wx mutant starches.
Cultivar  AC (%) Water solubility Gel consistency PKV (cp) HPV (cp) BDV (cp) HPV (cp) SBV (cp) Peak time PT (°C)
(%) (cm) )
QNwx1 1.78 + 40.83 + 1.14* 36 + 22 2768 + 1359 + 1408 + 1753 + —1014 + 4.52 + 81.47 +
0.112 297 13* 16* 43?2 15° 0.01% 0.15%
H36wx1 1.35+ 59.27 + 0.81° 46 + 2P 2473 + 1073 + 1401 + 5% 1449 + -1024 + 72 4.47 + 81.57 +
0.31° 30° 34° 36° 0.01° 0.10°
YXwx1 0.64 + 71.20 + 1.10¢ 48 +1° 2779 + 1234 + 1546 + 1515 + —1246 + 3.66 + 71.30 £
0.17¢ 44° 33¢ 70P 40° 84> 0.01¢ 0.06°
CZBwx1 0.26 + 78.83 + 1.31¢ 74 + 2° 2448 + 943 + 144 1505 + 1171 + —-1277 + 3.66 + 7213 +
0.13¢ 23° 36° 20° 22° 0.01¢ 0.08¢

AC, PKV, HPV, BDV, HPV, SBV, PT and cp = peak viscosity, hot paste viscosity, cool paste viscosity, breakdown viscosity (BDV = PKV — HPV), pasting temperature,
and centipoise, respectively.
Values in the same column with the same letters do not differ significantly (p < 0.05).
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Fig. 2. Typical scanning electron micrographs (A), X-ray diffraction patterns (B) and deconvoluted Fourier transform infrared (FTIR) spectra (C) of wx mutant
starches. The numbers of (B) at right are the relative crystallinity. The numbers of (C) at right are the ratio of 1047 cm™! to 1022 cm™>.
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em ! and 1022 cm™! reflect the crystallization and amorphous area in
the rice starch granules, respectively. The ratio of the intensity of bans at
1047 cm™! and 1022 ecm ™! signifies the amount of crystallization to
amorphous domains (Van Soest et al., 1995). All wx mutant starches had
the higher value of ratio 1047/1022 compared with their corresponding
WTs due to lack of amylose, ranging from 0.805 to 0.839 (Fig. S3)
(Chung et al., 2011). H36wx1 also showed the highest ratio value among
all rice starches, while QNwxI had the lowest ratio value in all wx
mutant starches. The FTIR results are in agreement with the XRD
findings.

3.5. Water solubility

Water solubility is an important attribute in product fabrication, i.e.,
a highly solubilized product can be efficiently mixed with other in-
gredients and provide products with a uniform appearance. When starch
is heated in excess water, the crystalline structure is disrupted, and
water molecules become linked by hydrogen bonds to the exposed hy-
droxyl groups of amylose and amylopectin. This causes an increase in
granule solubility (Lee et al., 2005). As shown in Table 1, when the
starch concentration was 1 % (w/v) and the temperature was 95 °C, the
highest solubility of CZBwx1 was 77.8 %, while the solubility of H36wx1
and QNwx1 was 58.7 % and 39.9 %, respectively. Amylose has generally
been considered to an insoluble starch. Our results showed that the
water solubility decreased with an increase in AC in wx mutant starches.

3.6. Gel consistency

Fig. 3 shows the gel consistency of wx mutant starches at the con-
centration of 1 % (w/v), and the measured values of gel consistency are
summarized in Table 1. Starch with a high AC is more likely to form
hydrogen bonds between molecules, contributing to firm gels (Gani
etal., 2013). The gel consistency of CZBwx1 starch with the least AC was
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better than the other three wx mutants. However, this is not enough to
explain the current experimental results. YXwx1 also had a lower AC,
but its gel consistency was similar to H36wx1. These results indicate that
not only AC, but also other factors can affect gel consistency, such as the
chain-length distribution and average chain length of amylopectin
(Cagampang et al., 1973; Precha Atsawanan et al., 2018; Vandeputte,
Derycke, et al., 2003). We obtained waxy rice starches with two different
gel consistencies, which could be used in different areas.

3.7. Pasting properties

Figs. 4 and S4 show the RVA profiles of the four wx mutant starches

4000
— QNwx/
—— H36wx/
— YXwx/
3000 CZBwx1
=W
&
2
2
S 2000
]
>
1000
0.00 i ) ] )
0 400 600 800

Time (s)

Fig. 4. RVA profiles of wx mutant starches.

CZBwx1

YXwx1 CZB

Fig. 3. Gel consistency of wx mutant starches and their corresponding WTs.
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and their corresponding WTs, and the pasting properties (PKV, peak
viscosity; HPV, hot paste viscosity; CPV, cool paste viscosity; BDV,
breakdown viscosity; SBV, setback viscosity) of the starches are pre-
sented in Table 1. All wx mutant starches had lower pasting properties
than their corresponding WT. The HPV among the different wx mutant
starches ranged from 943 centipoise (cp) to 1359 cp, with the highest in
QNwx1 and the lowest in CZBwx1. The CPV in wx mutant starch samples
ranged from 1171 cp to 1753 cp. The decrease of CPV in wx mutant
starches was due to a significant reduction in AC (Arocas et al., 2009).
The SBV showed that the starch pastes had a tendency to retrograde,
while the SBV of waxy starch was often low. This was due to the lack of
amylose in waxy starch leading to starch pastes which were not easy to
retrograde (Kong, Kasapis, & Bao, 2015). In this study, the SBV of wx
mutant starches showed negative values ranging from —1014 cp to
—1277 cp, similar to waxy rice starches (Wang & Wang, 2002). Peak
time is the time for viscosity to reach a peak. The peak time of wx®
mutants, and that of wx® mutants, were quite similar, and wx® mutants
were lower than wx® mutants. A high AC leads to a long peak time (Ren
et al., 2017).

3.8. Thermal properties

The GT (onset, To; peak Tp; and conclusion, T;) and enthalpy of
gelatinization (AH) of the starches from four wx mutants and their cor-
responding WT lines are shown in Table 2. The GT of starches can be
divided into three classes: low (T, ranging from 66.6 to 70.5 °C), in-
termediate (T, ranging from 73.5 to 77.6 °C), and high (T}, ranging from
79.7 to 82.5 °C) (Guo et al., 2019). For QN and H36 (wx mutant and
WT), their starches had high GT. For YX and CZB (wx mutant and WT),
their starches had low GT. The starches of all wx mutants had a gelati-
nization endotherm ranging from 66.07 to 85.86 °C and the AH ranged
from 12.85 J/g to 15.48 J/g. This observation indicated that compared
with WT starches, the starches of wx mutants displayed higher GT,
enthalpy, and GT range (T.-T,). The AH indicates the overall degree of
crystallinity (Tester & Morrison, 1990). Therefore, wx mutant starches
were gelatinized longer than their corresponding WTs due to waxy rice
starches had higher crystallinity. The results agree with X-ray and FTIR
(Figs. S2 and S3). AC is considered to have an influence on GT, and
increasing AC significantly increased starch pasting temperature (Jane
et al., 1999). We also found that wx mutants (wxl’ ) with a lower-level AC
(AC < 1 %) lead to the lower GT compared with wx mutants (wx®) with
AC > 1 %. However, it was previously reported that the GT of starch is
also associated with chain length distributions of amylopectin (Sevenou
et al., 2002). In the current study, we observed wx mutant starch had a
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similar GT to its corresponding WT, and this was because they had the
similar ACR values (Fu et al., 2022).

3.9. Structural analysis

Figs. 5 and S5 shows the HPAEC-PAD chromatograms of the four
isoamylase debranched wx mutant starches and their corresponding
WTs, and the chain length distributions of the starches are presented in
Table 2. The results indicated that the chain length distributions of wx®
mutant starches, and that of wx® mutant starches (Fig. 5A, B), were quite
similar, determined using HPAEC-PAD. We observed that the chain
length proportion of DP6-11 (degree of chain polymerization) in wa®
mutant starches was higher than in wx® but that of DP > 25 in wx“
mutant starches was higher than in wx?, which means that rice varieties
with the Wx allele will generate wx mutant starches containing more
short-chains than Wx® after Wx gene editing (Fig. 5C). GT was nega-
tively correlated with the amount of short-chains (DP6-12) and posi-
tively correlated with long chains (DP > 25) (Park et al., 2007).
Therefore, wx® mutant starches had the higher GT than wx® mutant
starches. Several studies have suggested that incorporation of the wxb
allele into rice varieties will produce a higher percentage of short-chain
amylopectin, and rice starches with wx allele had a higher percentage
of short A chains and a lower percentage of B1 chains than that of rice
starches with Wx“ allele (Fan et al., 2017; Inouchi et al., 2005; Umemoto
et al., 1999; Umemoto et al., 2002). Similar results were found in wxb,
and wx® mutants, that is, the percentage of short chains wx? mutant
starches was also higher than wx?, and the average chain length of wx“
mutants was higher than wx? mutants (Table 2).

Compared with HPAEC-PAD, not only the variations in the per-
centage of starch short chains, but also long chains (DP > 70) were
observed in HPGPC chromatograms. Fig. 6 shows the HPGPC-RID
chromatograms of the four debranched wx mutant starches. The
debranched CZBwx1 starch exhibited two peaks (F1 and F2), and
H36wx1, QNwxI and YXwx1 showed three peaks. The shorter chains
eluted first (F1), while the longer chains were subsequently eluted (F3).
We observed that CZBwx1, with more intermediate molecular weight
branched chains of starch (F2) and no or less amylose (F3), had the
highest gel consistency and softest viscosity (Table 1). A previous study
found that some low-amylose rice varieties showed softer gel consis-
tency and lower viscosity (Zhang et al., 2019). Current research has
shown that the ratio of amylose to amylopectin, the molecular weight/
distribution of amylose and amylopectin, the degree of branching and
the length of amylopectin affect swelling capacity and solubility (Chung
et al., 2011; Precha Atsawanan et al., 2018; Wani et al., 2012; Yang

Table 2
The gelatinization temperature and distribution of amylopectin chain-length of wx mutant starches and corroding their WT.
Cultivar ~ Gene T, (°C) T, (°C) T. (°C) AH (J/g) T.-T, (°C) DP6-12 (%) DP13-24 DP25-70 (%) ACR AFST
type (%)

QN wx® 74.32 + 79.90 + 83.01 + 12.90 + 8.69 + 28.41 + 57.13 + 14.45 + 0.16 + H
0.29° 0.11° 0.47° 0.10° 0.22° 0.07° 0.04° 0.10° 0.01°

QNwxl  wx® 74.91 + 79.79 + 85.87 + 15.48 + 10.97 + 21.01 + 50.12 + 28.88 + 0.14 +
0.17° 0.47° 0.43° 0.29° 0.26" 0.12° 0.06" 0.07° 0.01°

H36 Wx? 73.88 + 80.08 + 82.94 + 11.04 + 9.06 + 27.02 + 55.23 + 17.75 + 0.15 + H
0.23¢ 0.16° 0.14° 0.15¢ 0.11% 0.11° 0.04° 0.07¢ 0.01°

H36wxl — wx? 75.05 + 79.74 + 85.86 + 15.17 + 10.81 + 21.26 + 48.98 + 29.76 + 0.15 +
0.17° 0.33° 0.16° 0.17° 0.05° 0.06¢ 0.10¢ 0.04¢ 0.01%®

YX wxb 66.94 + 70.32 + 75.36 + 10.86 + 8.42 + 35.19 + 50.93 + 13.88 + 0.23 + L
0.09¢ 0.18° 0.22¢ 0.36° 0.14° 0.13¢ 0.11¢ 0.03¢ 0.01¢

YXwx1 wx? 66.07 + 70.25 + 77.59 + 12.85 + 11.52 + 26.92 + 45.38 + 27.69 + 0.21 +
0.11¢ 0.22° 0.51¢ 0.15° 0.50° 0.09° 0.09f 0.18° 0.01¢

CZB wxb 67.02 + 70.56 + 75.75 + 11.69 + 8.73 + 26.51 + 44,92 + 28.57 + 0.21 + L
0.10¢ 0.12° 0.23¢ 0.30¢ 0.16° 0.09f 0.118 0.048 0.014

CZBwxl  wx® 66.35 + 70.44 + 77.21 + 13.19 + 10.86 + 27.74 + 45.32 + 26.94 + 0.22 +
0.17¢ 0.13° 0.45¢ 0.15° 0.58° 0.178 0.11f 0.08" 0.01¢

To, Tp, Tc, AH (J/g), ACR, AFST, I and H = onset, peak, and final gelatinization temperature, gelatinization enthalpy, amylopectin chain ratio, amylopectin fine
structure type, high gelatinization temperature type, and low gelatinization temperature type, respectively.
Values in the same column with the same letters do not differ significantly (p < 0.05).
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Fig. 6. HPGPC chromatograms of enzymatic debranched wx mutant starches.

et al., 2020). As a consequence, this may be the reason for the difference
in solubility and gel consistency between CZBwx1 and the other three
varieties.

Based on the ACR value and the range of GT, the type of amylopectin
fine structure can be classified into one of two types: LGT-type (GT <
72 °C, ACR > 0.18) and HGT-type (GT > 77 °C, ACR < 0.18) (Fu et al.,

2022). The ACR value is a significant factor affecting physicochemical
properties of rice starches, is negatively correlated with GT, as the range
of GT is directly determined by the ACR value (Nakamura, 2002). In this
study, the amylopectin fine structure type of wx® mutants were HGT-
type, and that of wx? mutants were LGT-type. More importantly, our
results demonstrated that the amylopectin fine structure of wx mutant
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starches was the same type as their corresponding WT lines (Table 2),
indicating that the production of waxy rice starch with a well-defined
amylopectin fine structure, a well-defined GT, and different physico-
chemical properties is possible.

3.10. Selection of waxy rice starch

From these study results, we can highlight several points to produce
waxy rice starch. First, WT with the Wx allele or low initial AC should
be selected for gene editing by CRISPR/Cas9 if a waxy rice variety with a
lower AC, or vice versa is required (Huang et al., 2020; Pérez et al.,
2019; Zhang et al., 2018). Second, according to the GT, we can predict
the type of amylopectin fine structure, and the percentage of the A and
B1 chains. Therefore, it is easy to produce waxy rice starch with a well-
defined GT and a well-defined amylopectin fine structure (Fu et al.,
2022). Moreover, we found that the Wx® allele will generate wx? mutant
starches with more short-chains and less long-chains than wx® mutant
starches; thus, the production of waxy rice starches with target chain
length distributions of amylopectin is possible. Finally, we can also
generate waxy rice starches with different water solubility, gel consis-
tency and pasting properties using CRISPR/Cas9 to edit the Wx gene,
which means they will have different applications, and the reasons for
this discrepancy require further study.

4. Conclusion

In the current study, four waxy rice starches were obtained by Wx
gene editing. The wx? mutant starches had lower AC than wx® mutants,
and the WT with low initial AC will generate wx mutant starch with
lower AC. The wx® mutants would generate starches with more short-
chains, and less long-chains than wx® mutant starches, leading to the
GT of wx® mutant starches being lower than that of wx® mutant starches.
Both the wx mutants and their corresponding WTs had similar amylo-
pectin fine structure and GT types, suggesting that waxy rice starch with
well-defined GT and amylopectin fine structure could be selected for
production programs. Moreover, CZBwx1 had higher water solubility
and gel consistency than H36wx1, QNwx1 and YXwx1, due to its unique
amylopectin fine structure, but the cause of this discrepancy is unclear.
Therefore, further studies are necessary to analyze the relationship be-
tween the physicochemical properties of the wx mutants and their cor-
responding WTs with a view to producing waxy rice starch with other
well-defined physicochemical properties.
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