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The fermentation of Qu (FQ) could efficiently produce enzymatically modified
starch at a low cost. However, it is poorly understood that how FQ influences
the waxy maize starch (WMS) structure and the digestion behavior. In this
study, WMS was fermented by Qu at different time and starches were
isolated at each time point, and its physico-chemical properties and structural
parameters were determined. Results showed that the resistant starch (RS),
amylose content (AC), the average particle size [D(4,3)] the ratio of peaks
at 1,022/995 cm~!, and the onset temperature of gelatinization (T,) were
increased significantly after 36 h. Conversely, the crystallinity, the values of
peak viscosity (PV), breakdown (BD), gelatinization enthalpy (AH), and the
phase transition temperature range (AT) were declined significantly after 36 h.
It is noteworthy that smaller starch granules were appeared at 36 h, with
wrinkles on the surface, and the particle size distribution was also changed
from one sharp peak to bimodal. We suggested that the formation of smaller
rearranged starch granules was the main reason for the pronounced increase
of RS during the FQ process.

waxy maize starch, fermentation, Qu, starch digestibility, resistant starch

Introduction

Starch is a primary energy source in the daily diets of humans (Meng et al., 2020).
According to the enzymatic hydrolysis rate in vitro, starch can be classified as rapidly
digested starch (RDS) (digested within 20 min), slowly digested starch (SDS) (digested
between 20 and 120 min), and resistant starch (RS) (not digested within 120 min)
(Englyst et al., 1992). This digestion pattern exists in both animals and humans, where
RDS and SDS digestions are localized to the small intestine, but RS can only be fermented
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into short-chain fatty acids in the large intestine (Duyen
et al., 2020). The in vivo clinical experiments indicate that the
digestion rate of starch in the human body is closely related to
the postprandial blood glucose response. Starch with high RDS
will cause the human body to be in a state of hyperglycemia
for a long time and induce the occurrence of chronic diseases,
such as type II diabetes, obesity, and cardiovascular diseases (Lal
et al,, 2021a). Starch that is abundant with SDS can effectively
postpone the increment of blood glucose and reduce chronic
diseases. The short-chain fatty acids derived from RS ferment
can effectively prevent the occurrence of colon cancer (He et al.,
2021). Therefore, improving the content of SDS and RS in starch
is of great significance for human nutrition and health.

There are many methods to modify the digestibility of
starch, such as physical, chemical, and enzymatic methods.
The physical methods change the multi-scale structure of
starch through hydrothermal treatment, high temperature, or
high pressure, which causes the rearrangement of the starch
structure and reduces the digestibility of starch (Lal et al,
2021b). However, target-guided physical modification of starch
is difficult since the multi-scale structure is hard to control,
and thus, the production efficiency is relatively low. Chemical
modification methods mitigate the digestibility of starch by
reducing the specific binding between amylase and starch or
changing the structure of starch by introducing new functional
groups, such as oxidation, esterification, and etherification
(Wolf et al., 1999). However, these inserted functional groups
may bring potential food safety risks. The enzyme method
is also reported to be an eflicient way to produce modified
starch because substrates can specifically combine with active
sites of enzymes (Dura et al., 2014). Given that enzyme types,
doses, or digestion times diversify, the starch structure can be
differentially modified to some extent. Under the action of 1%
isoamylase for 24 h, the content of RS was increased from 0.4
to 67.7% and 4.3 to 68% in waxy wheat and corn, respectively
(Cai and Shi, 2010). The RS content of red kidney bean starch
was increased from 21.3 to 31.5% by using pullulanase for
10 h (Reddy et al,, 2013). However, the high cost of enzymatic
modification limits its large-scale production.

Since ancient times in China, Qu has been widely used
to produce wine at a low cost (Chen and Xu, 2013). Wine
production by the fermentation of Qu (FQ) is a process in which
a large number of glucoamylases and amylases are produced,
and starches are degraded into glucose (Zhang et al., 2016).
Then, yeast hydrolyzes glucose into alcohol and carbon dioxide
during the anaerobic fermentation process (Mo et al.,, 2010).
In this process, amylase only acts on a-1,4 glycosidic bonds,
whereas glucoamylase not only acts on a-1,6 glycosidic bonds
but also attacks on a-1,4 glycosidic bonds (Keeratiburana et al.,
2020). There are also a large number of residues after the process
of brewing, named vinasse, which is rich in starches. Studies
have shown that the content of SDS in glutinous rice vinasse
increased significantly after fermentation (Zhang et al., 2016),
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and the digestibility of different types of rice varies during
fermentation, which may be related to their own structure (Situ
etal,, 2019). Therefore, the process of FQ can effectively change
the structure of starch at a low cost.

Waxy maize is rich in nutrients, such as amino acids,
protein, and vitamins, which are healthful for humans (Gong
et al, 2018), and it is mainly used as fresh-eating maize
(Ketthaisong et al., 2014). In addition, waxy maize is considered
as a better material for the brewing of wine because of its higher
ethanol conversion efficiency (Yangcheng et al., 2013). However,
there is little knowledge on the starches in waxy maize vinasse,
which limited the application of these starches. Therefore, we
hypothesize that the FQ affected the digestibility and structures
of waxy maize starch (WMS). To gain a broad insight into the
consequences of FQ on WMS, we focused on the waxy maize
for different fermentation times and explored the change of
digestibility and structures of WMS at each time point.

Materials and methods

Materials

Waxy maize starch (WMS, Shan Bainuo192) was obtained
from Maize Genetic Breeding Laboratory at Northwest A&F
University in China. Pancreatin (Cat. No. P7545, Sigma, St.
Louis, MO, United States) and amyloglucosidase (Cat. No.
A7095, Sigma, St. Louis, MO, United States) were obtained from
Sigma (St. Louis, MO, United States). Qu was purchased from
Angel Yeast Co., Ltd. (Yichang, Hubei Province, China). The
GOPOD Kit was purchased from Megazyme (Bray Business
Park, Bray, Co., Wicklow, Ireland). All other chemical reagents
were analytical grade.

The fermentation of Qu and starch
isolation

The maize flour (100 g) was mixed evenly with both water
and Qu in a sealed tank. Maize flour, water, and Qu were in
the proportion of 250:75:1 according to the instructions of the
manufacturer, and the suspension was fermented at a 30°C
constant temperature incubator for 12, 24, 36, 48, and 60 h,
respectively. Maize vinasse at each time point was collected to
extract starch (Zhang et al., 2016).

Starch was isolated according to the previous methods with
some modifications (Lin et al., 2016). Maize vinasse was ground
with water and filtered through a 100 pm sieve into a 50 ml
centrifuge tube. This suspension was centrifuged at 1,500 rpm
and room temperature for 8 min, and the supernatant was
discarded. Sodium hydroxide (0.4%, W/V) was added to the
precipitate and shaken well. This suspension was incubated for
4 h and then centrifuged at 1,500 rpm for 4 min, and the
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TABLE 1 In vitro digestion profiles of starches from native and
fermented starch.

Samples RDS (%) SDS (%) RS (%)
WMS 28.0 + 1.1% 72.0 £ 1.12 0.0 + 0.0
WMS-12 29.1 +0.9% 70.9 4 0.9% 0.0 % 0.0°
WMS-24 21.5 +0.3% 743 4220 42+41.9°
WMS-36 33.1 4 10.0° 54.59 + 6.1 1234 3.9°
WMS-48 14.4 4 5.3° 33.5 +6.04 52.1 7.2
WMS-60 12.4 4 3.0° 22.0 +5.64 65.6 - 2.6*

All data are means =+ standard deviations (SD). Values with different letters in the same
column are significantly different at p < 0.05. RDS, rapidly digestible starch; SDS, slowly
digestible starch; RS, resistant starch; WMS, native waxy maize starch; WMS-X, waxy
maize starch fermented for X h.

supernatant was discarded. The precipitate was washed three
times with distilled water and centrifuged at 1,500 rpm for
4 min. Finally, the precipitate was washed with ethanol and
centrifuged at 4,000 rpm for 10 min. The precipitate was air-
dried, and then fermented maize starch was obtained.

Amylose content

The measurement of amylose content (AC) was conducted
according to the dual wavelength method (Zhu et al., 2008).
Potassium iodide (KI) (2 g) and iodine (Ir) (0.2 g) were
dissolved in 100 ml of deionized water to obtain iodine solution.
Starch (10 mg) was dispersed in 100 pl of ethanol. Sodium
hydroxide solution (1 M, 1 ml) and deionized water (8.9 ml)
were added to the suspension to form Solution A. Then, Solution
A (200 pl), 0.1 M HCI (200 pl), iodine solution (200 jl), and
deionized water (9.4 ml) were mixed evenly. The absorbance
of this solution at 510 and 620 nm was detected by UV
spectrophotometry (Shimadzu, Japan). The AC was calculated
according to the following formula:

Amylose = 0.95 x [(ABSg20 — ABSs10) + 0.0542]/0.3995

Scanning electron microscopy

The morphology of starch granules was observed by SEM
(S-3400N, Hitachi, Japan) at a voltage of 5 kV. Samples were
sprayed with gold before observation (Song et al., 2019).

Laser diffraction particle size

The particle size distributions of starch granules were
analyzed by Laser diffraction particle size (LDPS) analyzer
(Hydyo2000MU, Mastersizer 2000, United Kingdom) with a
resolution of 0.1-1,000 pm (Song et al., 2019).
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X-ray diffraction

Crystal patterns of starch granules were analyzed by X-ray
diffraction (XRD) (D/max2200pc, Rigaku, Japan). The X-ray
beam was set to 40 mA and 40 kV, the diffraction angle range
(26) was 3-40°, and the scanning speed was 4°/min. The relative
crystallinity (RC) was calculated by MDI JADE 6.0 software
(Song et al., 2019).

Fourier transform infrared
spectroscopy

The short-range ordered structure of starch was determined
by Fourier transform infrared (FTIR) spectroscopy (Nicolet
1S50, Thermo Fisher Scientific, Hudson, United States). The
wavelength range of 800-1,200 cm~! was applied, and OMNIC
software (Thermo Fisher Scientific, United States) was used
for deconvolution. The peak width was 70.4 cm~ !, and the
resolution enhancement factor was 2.0 (Song et al., 2019).

Differential scanning calorimetry

The thermal properties of starch were detected by
differential scanning calorimetry (DSC, Q2000, TA Instruments,
Waters, United States). Starch (3 mg) and deionized water
(9 1) were mixed evenly in a sealed aluminum container and
incubated overnight to achieve hydration. Moreover, a blank
aluminum container was used as a blank control. The scanning
range was 30-120°C, and the scanning speed was 10°C/min.
The onset gelatinization temperature (T,), peak temperature
(Tp), conclusion temperature (T¢), and gelatinization enthalpy
(AH) were determined (Song et al., 2019).

Pasting property analysis via rapid
viscosity analysis

The pasting properties of starch were measured by a rapid
viscosity analyzer (RVA-4500, Perten Instruments, Sweden).
Starch (3 g) was dissolved in 25 ml of deionized water. The starch
suspension was first heated at 50°C for 1 min, heated to 95°C
for 2.5 min at a rate of 12°C/min, and finally cooled to 50°C for
2 min at the same rate. The peak viscosity (PV), trough viscosity
(TV), final viscosity (FV), breakdown (BD), and setback (SB)
values were measured (Song et al., 2019).

In vitro digestibility

The digestibility of starch was evaluated according to the
Englyst method (Englyst et al., 1992) with slight modifications.
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TABLE 2 The amylose content, crystallinity, Fourier transform infrared (FTIR), and particle size of native and fermented starch.

Samples AC (%) RC (%) 1,047/1,022 cm™! 1,022/995 cm ™! D(4,3)

WMS 6.9+02°¢ 52.5 + 2.2% 0.9 £ 0.0° 0.7 +£0.1° 26.0 +0.14
WMS-12 7.7 £ 0.8 47.7 £2.2° 1.0 £0.3° 0.8 +0.1° 26.6 £ 0.94
WMS-24 9.0 + 0.9 38.8 +1.4° 1.2+0.0° 0.8 +0.1° 25.0 + 0.74
WMS-36 9.9+ 0.1° 33.6 £2.2° 1.2+0.0° 1.7 4£0.5% 28.8 £0.7°
WMS-48 13.0 £ 15 9.6 4 0.5 1.1+0.0° 144012 39.2 +0.1°
WMS-60 14.0 + 0.5 8.0 +0.1° 1.0 £ 0.0° 154012 48.0 + 1.0

All data are means = standard deviation (SD). Values with different letters in the same column are significantly different at p < 0.05. AC, amylose content; RC, relative crystallinity;
1,047/1,022, the ratio of peaks at 1,047/1,022 cm™ 15 1,022/995, the ratio of peaks at 1,022/995 cm™!; D(4,3), mean diameter over the surface distribution. WMS, native waxy maize starch;
WMS-X, waxy maize starch fermented for X h.

The enzyme solution was prepared by mixing 1,160 mg predominant increase happened after 36 h, the maximum value
porcine pancreatin (Cat. No. P7545, Sigma, St. Louis, MO, (65.6%) was obtained at 60 h. As for SDS, it did not change
United States), 692 pl of amyloglucosidase (Cat. No. A7095, within 24 h and then decreased significantly, and the minimum

Sigma, St. Louis, MO, United States), and 6 ml of sodium value (22.0%) was also obtained at 60 h (Table 1). These results
acetate buffer (0.1 M, pH = 5.2). Starch (100 mg), sodium indicated that the digestibility of WMS was mitigated after FQ.
acetate buffer (15 ml), and enzyme solution (2.5 ml) were

shaken well in a 50 ml centrifuge tube. This suspension was

incubated in a shaker at 37°C at 300 rpm. The 0.1 ml reacted Effects of fermentation of Qu on

solution was collected at different time points (0, 10, 20, 30, amylose content of starch

40, 60, 90, 120, and 180 min), and the enzyme was inactivated

by adding 1 ml of anhydrous ethanol. This suspension was The AC of WMS was increased with the increasing
centrifuged at 10,000 rpm for 5 min, and the glucose content of fermentation time, and it significantly increased after 36 h
the supernatant was determined by a GOPOD Kit. The contents (Table 2). A possible explanation is that the debranching of
of RDS (the starch digested within 0-20 min), SDS (the starch amylopectin under the effects of glucoamylase and the long-
digested within 20-120 min), and RS (the remaining residue) branch chains could be recognized as amylose (Liu et al., 2019).

were calculated as described before (Zhong et al., 2022).

o _ Effects of fermentation of Qu on the
Statistical analyS|S morpho[ogy of starch

All experiments were conducted with three biological The shape of native WMS was irregular polygon, consistent

replicates. The data are expressed as the mean + standard with previous research results (Chen et al., 2006). During the
deviation (SD). SPSS 22 was used to perform a one-way analysis
of variance (ANOVA) and least significant difference (LSD)

tests (p < 0.05) to determine whether there were significant

fermentation, a number of pores began to appear on the surface
and their number and diameter were increased gradually with
the extension of fermentation time. It is noteworthy that some
differences among the results. starch particles were completely destroyed, and smaller particles

The abbreviation is exemplified as “starch type-fermentation
time.” For instance, “WMS-12” indicates that the WMS was

fermented for 12 h.

with wrinkles on the surface appeared at 36 h; the number
also increased gradually with the extension of fermentation
time (Figure 1).

Results Effects of fermentation of Qu on the

particle size distribution of starch
Effects of fermentation of Qu on starch

digestion pattern The fermentation did not change the average granular size
(D [4, 3]) of WMS within 24 h and was significantly increased

The content of RDS was almost not changed within 36 h after 24 h (Table 2). This may be due to the small granules
and significantly decreased after 36 h, the minimum value that were attacked by enzymes preferentially, because it could
(12.4%) was obtained at 60 h. In contrast, the content of RS provide more effective binding sites for enzymes (Warren et al.,
was increased during the process of fermentation, and the 2011). It is also noteworthy that there appeared two sharp peaks
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Scanning electron microscopy images showing the morphology of native starch and fermented starch. WMS, native waxy maize starch

fermented for x h.

at 36 h, the first peak was dropped and transferred toward the
left gradually and the second peak was only increased with
the extension of fermentation time (Figure 2). It means that
the proportion of large granule was increased and the smaller
particles were appeared. This result was also according to the
SEM (Figure 1).

Effects of fermentation of Qu on
crystalline structures of starch

The native WMS had strong diffraction peaks at 15, 17, 18,
and 23° (Figure 3), which is a typical A-type crystal structure
(Qiao et al,, 2016). Moreover, the fermentation process did
not change the crystal type of starch, consistent with previous
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results (Zhang et al., 2016). However, the diffraction peaks
were almost disappeared after 36 h (Figure 3). It means
that the crystal structure of WMS was destroyed severely.
This is also confirmed by the crystallinity data, which were
always decreased during fermentation and the pronouncedly
decreasing happened after 36 h, and the minimum value (8.04%)
was obtained at 60 h (Table 2).

Effects of fermentation of Qu on the
short-range ordered structure of
starch

Compared to native WMS, the FQ did not change the
FTIR spectrum of starch (Figure 4). The peak intensities of
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Fourier transform infrared spectra of native starch and
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The particle size distribution of native starch and fermented
starch. WMS, native waxy maize starch; WMS-x, waxy maize
starch fermented for x h.
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FIGURE 3

X-ray diffraction spectra of native starch and fermented starch.
WMS, native waxy maize starch; WMS-x, waxy maize starch
fermented for x h.

starch at 1,047 and 1,022 cm~! are representative of the
crystalline and amorphous regions, respectively (Wang et al,
2016). Therefore, the ratio of peak intensity at 1,047/1,022 cm ™!
and 1,022/995 cm™!, respectively, could be used to reflect the

TABLE 3 The thermal properties of native and fermented starch.

fermented starch. WMS, native waxy maize starch; WMS-x, waxy
maize starch fermented for x h.

degree of order in starch and the proportion of amorphous
to order structure of starch (Cai et al, 2014). The ratio of
1,047/1,022 cm~! was increased within 36 h and then decreased,
and the difference was insignificant (Table 2), which indicated
that the structure of WMS became more order within 36 h.
While the ratio of 1,022/995 cm™! was increased within 36 h and
then obtained a plateau. It demonstrated that a more amorphous
region appeared at 36 h during fermentation.

Effects of fermentation of Qu on the
thermal properties of starch

The onset gelatinization temperature (T,) of starch did
not change within 36 h. However, it increased pronouncedly
after 36 h. The peak gelatinization temperature (T,) showed
a similar trend, which was increased significantly after 36 h,
and the change within 36 h can be ignored. As for the
conclusion gelatinization temperature (T.), it was raised within
24 h and then dropped, and the maximum value was obtained
at 24 h. Both the gelatinization enthalpy (AH) and the
transition temperature range (AT) showed a similar trend,

Samples T, (°C) T, (°C) T, (°C) ATcC) AH(]/g)
WMS 65.4 = 0.3 70.1 £ 0.0° 79.9 + 0.7> 14.4 4 0.9 7.6 +0.3%
WMS-12 66.0 + 0.6 71.0 +0.1° 81.2 4 0.0° 15.2 + 0.6%¢ 9.2+ 112
WMS-24 65.8 + 0.2° 71.1 4 0.3% 82.2+ 0.9 16.5 + 0.7 9.2+ 0.4%
WMS-36 65.2 % 0.0° 70.1 % 0.0° 81.0 4 0.0° 15.8 + 0.0 6.5 4 0.0°
WMS-48 67.0 + 0.4° 71.9 £ 0.5° 80.8 + 0.2% 13.8 4 0.2¢ 4.0 +0.4°
WMS-60 67.7 £ 0.0% 71.9 £ 0.1% 79.0 £ 0.1° 11.340.14 1.5+ 0.3¢

All data are means + standard deviation (SD). Values with different letters in the same column are significantly different at p < 0.05. T,, the gelatinization onset temperature; Ty,

the gelatinization peak temperature; T, the gelatinization final temperature; AT, T, — T,, AH: gelatinization enthalpy; WMS, native waxy maize starch; WMS-X, waxy maize starch

fermented for X h.
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TABLE 4 The pasting properties of native and fermented starch.

Samples PV(cP) TV(cP) BD(cP) FV(cP) SB(cP)
WMS 4539 + 32 1781 =+ 63° 2772 + 74 2458 + 9 677 £ 71%
WMS-12 4016 =+ 51° 1422 4 18° 2594 + 69 2015 + 20° 593 + 382
WMS-24 3243 + 16° 1308 + 27° 1935 4 11° 1604 =+ 25¢ 296 + 3P
WMS-36 2042 + 1734 873 4 49° 1169 =+ 124¢ 1141 + 794 268 + 30°
WMS-48 1458 + 4¢ 748 + 2¢ 710 +24 1014 =+ 34 266 + 5°
WMS-60 1848 + 1534 879 + 31¢ 969 + 122¢4 1499 + 87¢ 620 =+ 56*

All data are means + standard deviation (SD). Values with different letters in the same column are significantly different at p < 0.05. PV, peak viscosity; TV, trough viscosity; BD,
breakdown; FV, final viscosity; SB, setback; WMS, native waxy maize starch; WMS-X, waxy maize starch fermented for X h.

which did not change within 36 h and then was decreased
significantly (Table 3).

Effects of fermentation of Qu on
pasting properties of starch

Fermentation of Qu decreased the pasting properties of
WMS. The PV was declined continuously during fermentation,
and it was significantly decreased after 36 h. Both the TV and
BD showed a similar trend with PV, whereas the serious decline
happened after 24 and 36 h, respectively, and then both were
steadied. The changes of both FV and SB values had fluctuated,
and they were always lower than the native starch, and the
minimum values of them were obtained at 48 h (Table 4).

Discussion

Amylase and glucoamylase are mainly produced during the
FQ (Zhang et al, 2016). Amylase randomly hydrolyzes a-1,4
glycosidic bonds, and glucoamylase can not only hydrolyze a-
1,4 glycosidic bonds but also hydrolyze o-1,6 glycosidic bonds
(Keeratiburana et al., 2020). Therefore, the essence of FQ is the
enzymatic hydrolysis of starch by amylase and glucoamylase.

First stage of fermentation of Qu: The
formation of a more perfect starch
structure

The increase of RS of WMS may be due to the structural
changes under the action of enzymes during the FQ. The native
WMS had a typical A-type crystallinity (Figure 3), and shorter
branch chains (Hizukuri, 1985) and its branching points exist
not only in amorphous regions but also in crystalline regions.
Those led to a large number of “weak points” in the crystalline
structure that can be easily hydrolyzed (Jane et al., 1997).

During FQ, the crystal structure was hydrolyzed partly
within 36 h, as shown in the data of XRD, the crystallinity
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only decreased from 52.47 to 33.85% (Table 2), and the
pattern of diffraction peaks did not change (Figure 3).
The crystalline region is constituted of amylopectin (Perez
and Bertoft, 2010). It was clear that the de-branching of
long-branch chains of amylopectin could increase the AC
(Liu et al, 2019). Our data showed that the content of
amylose did not increase significantly within 36 h (Table 2),
it demonstrated that the short-chains of amylopectin were
hydrolyzed preferentially, which could lead to a more perfect
structure of starch (Zhu, 2018). Because the short-chains of
amylopectin could lead to form a number of “weak points”
in the crystal structure, thus making it more sensitive to
enzymes (Jane et al, 1997). The increase in the ratio of
1,047/1,022 cm™! within 36 h also demonstrated this (Table 2;
Zhang et al., 2010).

Amylopectin contributes to water absorption and starch
swelling, while amylose inhibits this swelling (Tester and
Morrison, 1990). This swelling property can be reflected by
PV (Zou et al, 2019), the decrease in PV may be due to
the loss of branch chains of amylopectin (Li et al, 2017).
Therefore, we suggest that the decrease in PV within 36 h was
mainly due to the hydrolysis of amylopectin, and the increase
of AC (Table 2) was the reason for the decrease after 36 h.
It is noteworthy noting that the SB did not show a positive
correlation with AC, which is not according to the previous
research (Li et al, 2016). We suggest that it is mainly due
to the effects of the amylose length and the whole size of
amylopectin (Tao et al, 2019), and we will explore it in a
future study. The value of BD could be used to reflect the
intermolecular force of starch. The smaller BD is, the stronger
the intermolecular force is (Zou et al., 2019). Our data showed
that both the PV and BD decreased pronouncedly within 36 h
(Table 4), indicating that the amylopectin was destroyed and
the intermolecular force of starch became stronger at that
point, which indirectly indicated that the “weak points” were
hydrolyzed and the crystal structure became more perfect.
The RS content also increased from 0 to 10.1% (Table 1)
within 36 h. Therefore, we suggested that the formation of a
more perfect crystal structure was the reason for the increase
in RS within 36 h.
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Second stage of fermentation of Qu:
The formation of rearrangement starch
granules

However, the crystal structure was almost destroyed
completely at 60 h of FQ (Table 2). The diffraction peaks of
XRD were almost disappeared after 36 h (Figure 3). In addition,
the gelatinization enthalpy (AH) could indirectly reflect the
crystal structure. The decrease in AH indicates that part of the
double helix structures of starch was destroyed, and the energy
required to destroy the double helix was relatively low (Qiao
et al,, 2016). Our data showed the AH decreased significantly
after 36 h (Table 3), indicating that the crystal structure was
destroyed seriously. The significant increase in AC after 36 h
fermentation (Table 2) also indirectly demonstrated this. It is
noteworthy that some smaller granules appeared with wrinkles
on the surface (Figure 1), and the particle size distribution also
changed from one sharp peak to bimodal (Figure 2). A possible
reason is that the generation of short amylose and amylopectin
chains under the action of enzymes could rearrange to form new
starch granules (Ma et al., 2020) that included the formation of
a double helix of amylose-amylose, amylose-amylopectin, and
amylopectin-amylopectin (Li et al., 2015). In addition, these
realignment granules had more intense structure, which is more
enzyme resistant (Polesi and Sarmento, 2011).

Our data also demonstrated this, the value of BD was
also decreased seriously at this time point, indicating the
enhanced intermolecular force of starch. Meanwhile, the
significant increase in gelatinization onset temperature (T,) and
the pronounced narrowing of AT after 36 h (Table 3) also
demonstrated the formation of a more intense starch structure
(Ding et al., 2019). Therefore, we speculated that the formation
of smaller rearranged starch granules was the main reason for
the increase in RS during fermentation.

In conclusion, the effects of FQ on WMS may have two
processes. Firstly, the “weak points” were hydrolyzed, which
made the crystal structure become more perfect and the
RS increased slightly (Table 1). Then, the crystal structure
was almost hydrolyzed completely and could form smaller
rearranged starch granules, which was the main reason for the
pronounced increase in RS during the FQ.

Conclusion

The RS content of WMS could be increased significantly by
the FQ, which may be due to the crystal structure changed under
the action of enzymes during fermentation. There may undergo
two processes. Firstly, the “weak points” of the crystal structure
were hydrolyzed preferentially, which made the crystal structure
become more perfect and RS content increased slightly. In
the second process, the crystal structure was almost destroyed
completely, and the broken starch could be rearranged to form
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smaller starch granules, which was the main reason for the
pronounced increase of RS during fermentation. Therefore, by
controlling fermentation time, it could produce the WMS with
higher RS content at a low cost, and it also could be applied to
the functional food area on a large-scale in the future.

Data availability statement

The original contributions presented in the study are
included in the article/supplementary material, further inquiries
can be directed to the corresponding authors.

Author contributions

WW:
writing-original draft, preparation, and writing-review and
editing. XZ, NL, and XL: writing-review and editing. JQ:
software. RX, CZ, and HL: investigation. YZ: conceptualization

conceptualization, visualization, investigation,

and writing-review and editing. DG: conceptualization, funding
acquisition, and writing-review and editing. All authors
contributed to the article and approved the submitted version.

Funding

This work was financially supported by 2021 Agricultural
Technology and Innovation Program [NYKJ-2021-YL(XN)13]
of Department of Agriculture and Rural Affairs of Shaanxi
Province, China, Special Corn Germplasm Creation, Variety
Breeding and Industrialization Demonstration (2021ZDLNYO01-
08), and Construction of Agricultural Science and Technology
Demonstration Park in Kazakhstan (Z2220121005).

Conflict of interest

The 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.

frontiersin.org


https://doi.org/10.3389/fpls.2022.984795
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Wu et al.

References

Cai, J., Cai, C,, Man, J., Yang, Y., Zhang, F., and Wei, C. (2014). Crystalline
and structural properties of acid-modified lotus rhizome C-type starch. Carbohydr.
Polym. 102, 799-807. doi: 10.1016/j.carbpol.2013.10.088

Cai, L., and Shi, Y. C. (2010). Structure and digestibility of crystalline short-
chain amylose from debranched waxy wheat, waxy maize, and waxy potato
starches. Carbohydr. Polym. 79, 1117-1123. doi: 10.1016/j.carbpol.2009.10.057

Chen, P., Yu, L., Chen, L., and Li, X. (2006). Morphology and microstructure
of maize starches with different amylose/amylopectin content. Starch Starke 58,
611-615. doi: 10.1002/star.200500529

Chen, S., and Xu, Y. (2013). Effect of ‘wheat Qu’on the fermentation processes
and volatile flavour-active compounds of Chinese rice wine (Huangjiu). J. Instit.
Brew. 119, 71-77. doi: 10.1002/jib.59

Ding, Y., Luo, F., and Lin, Q. (2019). Insights into the relations between the
molecular structures and digestion properties of retrograded starch after ultrasonic
treatment. Food Chem. 294, 248-259. doi: 10.1016/j.foodchem.2019.05.050

Dura, A., Blaszczak, W., and Rosell, C. M. (2014). Functionality of porous
starch obtained by amylase or amyloglucosidase treatments. Carbohydr. Polym.
101, 837-845. doi: 10.1016/j.carbpol.2013.10.013

Duyen, T. T. M., Huong, N. T. M., Phi, N. T. L., and Hung, P. V. (2020).
Physicochemical properties and in vitro digestibility of mung-bean starches
varying amylose contents under citric acid and hydrothermal treatments. Int. J.
Biol. Macromole. 164, 651-658. doi: 10.1016/j.ijbiomac.2020.07.187

Englyst, H. N., Kingman, S. M., and Cummings, J. H. (1992). Classification and
measurement of nutritionally important starch fractions. Europ. J. Clin. Nutr. 46,
§33-850.

Gong, K., Chen, L, Li, X, and Liu, K. (2018). Lignin accumulation and
biosynthetic enzyme activities in relation to postharvest firmness of fresh waxy
corn. J. Food Proces. Preserv. 42:¢13333. doi: 10.1111/jfpp.13333

He, T., Wang, K., Zhao, L., Chen, Y., Zhou, W. X,, et al. (2021). Interaction with
longan seed polyphenols affects the structure and digestion properties of maize
starch. Carbohydr. Polym. 256:117537. doi: 10.1016/j.carbpol.2020.117537

Hizukuri, S. (1985). Relationship between the distribution of the chain length of
amylopectin and the crystalline structure of starch granules. Carbohydr. Res. 141,
295-306. doi: 10.1016/S0008-6215(00)90461-0

Jane, J. L., Wong, K. S., and Mcpherson, A. E. (1997). Branch-structure
difference in starches of A- and B-type X-ray patterns revealed by their Naegeli
dextrins. Carbohydr. Res. 300, 219-227. doi: 10.1016/S0008-6215(97)00056-6

Keeratiburana, T., Hansen, A. R, Soontaranon, S., Blennow, A., and Tongta,
S. (2020). Porous high amylose rice starch modified by amyloglucosidase and
maltogenic alpha-amylase. Carbohydr. Res. 230:115611. doi: 10.1016/j.carbpol.
2019.115611

Ketthaisong, D., Suriharn, B., Tangwongchai, R., and Lertrat, K. (2014). Changes
in physicochemical properties of waxy corn starches after harvest, and in
mechanical properties of fresh cooked kernels during storage. Food Chem. 151,
561-567. doi: 10.1016/j.foodchem.2013.11.104

Lal, M. K,, Singh, B., Sharma, S., Singh, M. P., and Kumar, A. (2021a). Glycemic
index of starchy crops and factors affecting its digestibility: A review. Trend Food
Sci. Technol. 111, 741-755. doi: 10.1016/j.tifs.2021.02.067

Lal, M. K., Tiwari, R. K., Kumar, R., Naga, K. C., Kumar, A., Singh, B., et al.
(2021b). Effect of potato apical leaf curl disease on glycemic index and resistant
starch of potato (Solanum tuberosum L.) tubers. Food Chem. 359:129939. doi:
10.1016/j.foodchem.2021.129939

Li, P, He, X, Dhital, S., Zhang, B., and Huang, Q. (2017). Structural
and physicochemical properties of granular starches after treatment with
debranching enzyme. Carbohydr. Res. 169, 351-356. doi: 10.1016/j.carbpol.2017.
04.036

Li, W,, Li, C,, Gu, Z,, Qiu, Y., Cheng, L., Hong, Y., et al. (2016). Relationship
between structure and retrogradation properties of corn starch treated with 1, 4-
a-glucan branching enzyme. Food Hydrocoll. 52, 868-875. doi: 10.1016/j.foodhyd.
2015.09.009

Li, Y., Zhang, A. R, Luo, H. F, Wei, H, Zhou, Z., Peng, ], et al
(2015). In vitro and in vivo digestibility of corn starch for weaned pigs:
Effects of amylose: amylopectin ratio, extrusion, storage duration, and
enzyme supplementation. J. Anim. Sci. 93, 3512-3520. doi: 10.2527/jas.2014-
8790

Lin, L., Guo, D., Zhao, L., Zhang, X., Wang, J., Zhang, F., et al. (2016).
Comparative structure of starches from high-amylose maize inbred lines
and their hybrids. Food Hydrocoll. 52, 19-28. doi: 10.1016/j.foodhyd.2015.
06.008

Frontiers in Plant Science

09

10.3389/fpls.2022.984795

Liu, K., Zhang, B., Chen, L., Li, X, and Zheng, B. (2019). Hierarchical structure
and physicochemical properties of highland barley starch following heat moisture
treatment. Food Chem. 271, 102-108. doi: 10.1016/j.foodchem.2018.07.193

Ma, Z., Hu, X, and Boye, J. I. (2020). Research advances on the formation
mechanism of resistant starch type III: A review. Crit. Rev. Food Sci. Nutr. 60,
276-297. doi: 10.1080/10408398.2018.1523785

Meng, R, Wu, Z, Xie, Q. Zhang, B, Li, X, Liu, W, et al. (2020).
Zein/carboxymethyl dextrin nanoparticles stabilized pickering emulsions as
delivery vehicles: Effect of interfacial composition on lipid oxidation and
in vitro digestion. Food Hydrocoll. 108:106020. doi: 10.1016/j.foodhyd.2020.
106020

Mo, X, Xu, Y., and Fan, W. (2010). Characterization of aroma compounds
in Chinese rice wine Qu by solvent-assisted flavor evaporation and headspace
solid-phase microextraction. J. Agricult. Food Chem. 58, 2462-2469. doi: 10.1021/
j903631w

Perez, S., and Bertoft, E. (2010). The molecular structures of starch
components and their contribution to the architecture of starch granules:
A comprehensive review. Starch Starke 62, 389-420. doi: 10.1002/star.2010
00013

Polesi, L. F.,, and Sarmento, S. B. S. (2011). Structural and physicochemical
characterization of RS prepared using hydrolysis and heat treatments
of chickpea starch. Starch Stirke 63, 226-235. doi: 10.1002/star.2010
00114

Qiao, D., Xie, F,, Zhang, B., Zou, W., Zhao, S., Niu, M., et al. (2016). A
further understanding of the multi-scale supramolecular structure and digestion
rate of waxy starch. Food Hydrocoll. 65, 24-34. doi: 10.1016/j.foodhyd.2016.
10.041

Reddy, C. K., Suriya, M., and Haripriya, S. (2013). Physico-chemical and
functional properties of Resistant starch prepared from red kidney beans
(Phaseolus vulgaris. L) starch by enzymatic method. Carbohydr. Polym. 95, 220
226. doi: 10.1016/j.carbpol.2013.02.060

doi: 10.1002/star.200400377

Situ, W., Song, X., Luo, S., and Yang, J. (2019). Digestibility and structures of
vinasse starches with different types of raw rice and fermented leaven. Food Chem.
294, 96-103. doi: 10.1016/j.foodchem.2019.05.036

Song, Z., Zhong, Y., Tian, W., Zhang, C., and Guo, D. (2019). Structural and
functional characterizations of a-amylase-treated porous popcorn starch. Food
Hydrocoll. 108:105606. doi: 10.1016/j.foodhyd.2019.105606

Tao, K., Li, C., Yu, W,, Gilbert, R. G., and Li, E. (2019). How amylose molecular
fine structure of rice starch affects functional properties. Carbohydr. Polym. 204,
24-31. doi: 10.1016/j.carbpol.2018.09.078

Tester, R. F., and Morrison, W. R. (1990). Swelling and gelatinization
of cereal starches. II, Waxy rice starches. Cereal Chem. 67,
558-563.

Wang, S., Sun, Y., Wang, J., Wang, S., and Copeland, L. (2016). Molecular
disassembly of rice and lotus starches during thermal processing and its
effect on starch digestibility. Food Funct. 7, 1188-1195. doi: 10.1039/C6FO0
0067C

Warren, F. J,, Royall, P. G., Gaisford, S., Butterworth, P. J., and Ellis, P. R.
(2011). Binding interactions of a-amylase with starch granules: The influence
of supramolecular structure and surface area. Carbohydr. Polym. 86, 1038-1047.
doi: 10.1016/j.carbpol.2011.05.062

Wolf, B. W., Bauer, L. L., and Fahey, G. C. (1999). Effects of chemical
modification on in vitro rate and extent of food starch digestion: An attempt to
discover a slowly digested starch. J. Agricult. Food Chem. 47, 4178-4183. doi:
10.1021/jf9813900

Yangcheng, H., Jiang, H., Blanco, M., and Jane, J. (2013). Characterization of
normal and waxy corn starch for bioethanol production. J. Agricult. Food Chem.
61, 379-386. doi: 10.1021/jf305100n

Zhang, J., Chen, F.,, Liu, F, and Wang, Z. (2010). Study on structural
changes of microwave heat-moisture treated resistant Canna edulis Ker starch
during digestion in vitro. Food Hydrocoll. 24, 27-34. doi: 10.1016/j.foodhyd.2009.
07.005

Zhang, T. Li, X, Chen, L, and Situ, W. (2016). Digestibility and
structural changes of waxy rice starch during the fermentation process for
waxy rice vinasse. Food Hydrocoll. 57, 38-45. doi: 10.1016/j.foodhyd.2016.
01.004

Zhong, Y., Herburger, K., Xu, J., Kirkensgaard, J. J. K., Khakimov, B.,
Hansen, A. R,, et al. (2022). Ethanol pretreatment increases the efficiency of

frontiersin.org


https://doi.org/10.3389/fpls.2022.984795
https://doi.org/10.1016/j.carbpol.2013.10.088
https://doi.org/10.1016/j.carbpol.2009.10.057
https://doi.org/10.1002/star.200500529
https://doi.org/10.1002/jib.59
https://doi.org/10.1016/j.foodchem.2019.05.050
https://doi.org/10.1016/j.carbpol.2013.10.013
https://doi.org/10.1016/j.ijbiomac.2020.07.187
https://doi.org/10.1111/jfpp.13333
https://doi.org/10.1016/j.carbpol.2020.117537
https://doi.org/10.1016/S0008-6215(00)90461-0
https://doi.org/10.1016/S0008-6215(97)00056-6
https://doi.org/10.1016/j.carbpol.2019.115611
https://doi.org/10.1016/j.carbpol.2019.115611
https://doi.org/10.1016/j.foodchem.2013.11.104
https://doi.org/10.1016/j.tifs.2021.02.067
https://doi.org/10.1016/j.foodchem.2021.129939
https://doi.org/10.1016/j.foodchem.2021.129939
https://doi.org/10.1016/j.carbpol.2017.04.036
https://doi.org/10.1016/j.carbpol.2017.04.036
https://doi.org/10.1016/j.foodhyd.2015.09.009
https://doi.org/10.1016/j.foodhyd.2015.09.009
https://doi.org/10.2527/jas.2014-8790
https://doi.org/10.2527/jas.2014-8790
https://doi.org/10.1016/j.foodhyd.2015.06.008
https://doi.org/10.1016/j.foodhyd.2015.06.008
https://doi.org/10.1016/j.foodchem.2018.07.193
https://doi.org/10.1080/10408398.2018.1523785
https://doi.org/10.1016/j.foodhyd.2020.106020
https://doi.org/10.1016/j.foodhyd.2020.106020
https://doi.org/10.1021/jf903631w
https://doi.org/10.1021/jf903631w
https://doi.org/10.1002/star.201000013
https://doi.org/10.1002/star.201000013
https://doi.org/10.1002/star.201000114
https://doi.org/10.1002/star.201000114
https://doi.org/10.1016/j.foodhyd.2016.10.041
https://doi.org/10.1016/j.foodhyd.2016.10.041
https://doi.org/10.1016/j.carbpol.2013.02.060
https://doi.org/10.1002/star.200400377
https://doi.org/10.1016/j.foodchem.2019.05.036
https://doi.org/10.1016/j.foodhyd.2019.105606
https://doi.org/10.1016/j.carbpol.2018.09.078
https://doi.org/10.1039/C6FO00067C
https://doi.org/10.1039/C6FO00067C
https://doi.org/10.1016/j.carbpol.2011.05.062
https://doi.org/10.1021/jf9813900
https://doi.org/10.1021/jf9813900
https://doi.org/10.1021/jf305100n
https://doi.org/10.1016/j.foodhyd.2009.07.005
https://doi.org/10.1016/j.foodhyd.2009.07.005
https://doi.org/10.1016/j.foodhyd.2016.01.004
https://doi.org/10.1016/j.foodhyd.2016.01.004
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Wu et al.

maltogenic a-amylase and branching enzyme to modify the structure of granular
native maize starch. Food Hydrocoll. 123:107118. doi: 10.1016/j.foodhyd.2021.
107118

Zhu, F.  (2018). Relationships  between  amylopectin  internal
molecular  structure and  physicochemical  properties  of  starch.
Trends Food  Sci. Technol. 78, 234-242. doi: 10.1016/j.tifs.2018.
05.024

Frontiers in Plant Science

10

10.3389/fpls.2022.984795

Zhu, T., Jackson, D. S., Wehling, R. L., and Geera, B. (2008). Comparison of
Amylose Determination Methods and the Development of a Dual Wavelength
Todine Binding Technique 1. Cereal Chem. 85, 51-58. doi: 10.1094/CCHEM- 85-
1-0051

Zou, J., Xu, M., Tang, W., Wen, L., and Yang, B. (2019). Modification of
structural, physicochemical and digestive properties of normal maize starch by
thermal treatment. Food Chem. 309:125733. doi: 10.1016/j.foodchem.2019.125733

frontiersin.org


https://doi.org/10.3389/fpls.2022.984795
https://doi.org/10.1016/j.foodhyd.2021.107118
https://doi.org/10.1016/j.foodhyd.2021.107118
https://doi.org/10.1016/j.tifs.2018.05.024
https://doi.org/10.1016/j.tifs.2018.05.024
https://doi.org/10.1094/CCHEM-85-1-0051
https://doi.org/10.1094/CCHEM-85-1-0051
https://doi.org/10.1016/j.foodchem.2019.125733
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

	The effects of fermentation of Qu on the digestibility and structure of waxy maize starch
	Introduction
	Materials and methods
	Materials
	The fermentation of Qu and starch isolation
	Amylose content
	Scanning electron microscopy
	Laser diffraction particle size
	X-ray diffraction
	Fourier transform infrared spectroscopy
	Differential scanning calorimetry
	Pasting property analysis via rapid viscosity analysis
	In vitro digestibility
	Statistical analysis

	Results
	Effects of fermentation of Qu on starch digestion pattern
	Effects of fermentation of Qu on amylose content of starch
	Effects of fermentation of Qu on the morphology of starch
	Effects of fermentation of Qu on the particle size distribution of starch
	Effects of fermentation of Qu on crystalline structures of starch
	Effects of fermentation of Qu on the short-range ordered structure of starch
	Effects of fermentation of Qu on the thermal properties of starch
	Effects of fermentation of Qu on pasting properties of starch

	Discussion
	First stage of fermentation of Qu: The formation of a more perfect starch structure
	Second stage of fermentation of Qu: The formation of rearrangement starch granules

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


