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Abstract

Background: Yam (Dioscorea opposita Thunb.) has been consumed as a food and used in
traditional Chinese medicine for thousands of years. Resistant starch (RS) 3 is of particular
interest because it is heat-resistant, safe and non-toxic, and retains good nutritional benefits; it is
therefore used in a wide range of traditional and emerging foods as a heat-stable prebiotic
ingredient. In our previous study, we found that yam RS includes strong lipid-lowering and
anti-constipation activities. Methods: Yam RS3 was prepared by autoclaving-retrogradation
and pullulanase debranching to yield autoclaving-retrogradation yam RS and pullulanase
debranching yam RS, respectively. First, the physicochemical properties of both RS3s were
analyzed. Second, the structures of the RS3s were characterized by scanning electron
microscopy, X-ray powder diffraction, and Fourier transform infrared spectroscopy. Finally, the
regulatory effects of the RS3s on the gut microbiota were evaluated using an in vitro fecal
fermentation model. Results: The RS content of the RS3s decreased after processing, but was
higher in pullulanase debranching yam RS (35.67%) than in autoclaving-retrogradation yam RS
(28.71%). Compared with native yam starch, RS3s lost their original granular shapes and
instead exhibited irregularly shapes with continuous phases. The crystalline structure of the
RS3s was completely altered, with pullulanase debranching yam RS exhibiting B-type patterns.
Both RS3s, and especially pullulanase debranching yam RS, promoted a significant increase in
short chain fatty acid content after in vitro fermentation (all P < 0.05). Moreover, pullulanase
debranching yam RS significantly increased the abundance of beneficial bacteria and decreased
the abundance of harmful bacteria such as Escherichia and Shigella (all P < 0.05). Conclusion:
Our findings show that yam RS3s can regulate the composition of the gut microbiota and
promote the production of short chain fatty acid, especially butyric acid. Pullulanase
debranching was a more effective method for producing functional yam RS3.

Keywords: Yam,; resistant starch type 3; physicochemical properties; short chain fatty acids; gut
microbiota

Dioscorea opposita Thunb

Yam starch
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Highlights
This study finds that Yam (Dioscorea opposita Thunb.) resistant
starch 3 can regulate the composition of the gut microbiota and
promote the production of short chain fatty acid.

Tradition
Yam (Dioscorea opposita Thunb.) is one of the earliest known and
most used ingredients in traditional Chinese medicine. The first
mention of yam as a medicinal ingredient is in Shennong’s Classic
of Materia Medica, which was written during the Eastern Han
Dynasty (25 C.E.—220 C.E.) and listed yam as a top-grade
therapeutic substance. In Compendium of Materia Medica
(written between 1552 C.E. and 1578 C.E.), Li Shizhen (born in
1578 C.E.) stated that yam can strengthen the spleen and stomach
(therapeutic effects that are similar to regulation of
gastrointestinal functions in Western medicine).

Background

Yam, the dry root of Dioscorea opposita Thunb. (Figure 1), has been
used in traditional Chinese medicine for thousands of years as a
nutritious food source and tonic. Chinese yam has been cultivated
since the Xia (2070 to 1600 B.C.E.) and Shang (1600 to 1046 B.C.E.)
dynasties of China, and gradually came to be used as a medicinal
material during the Ming (1368 to 1644 C.E.) and Qing (1636 to 1911
C.E.) dynasties of China [1]. Yam was first mentioned in Shennong’s
Classic of Materia Medica, which was written during the Eastern Han
Dynasty (25-220 C.E.) and listed yam as a top-grade therapeutic
substance [2]. This book is the earliest known Chinese pharmaceutical
text. There is also historical evidence that many Chinese medical
scientists used yam, such as Li Shizhen (born in 1578 C.E.), who wrote
Compendium of Materia Medica (written in 1552 to 1578 C.E.) and
Zhang Zhongjing (born about 150-154 C.E.), who wrote Synopsis of
Golden Chamber (published in the 34 century C.E.), both of whom
emphasized the role of yams in strengthening the spleen and stomach
(it is similar to regulating gastrointestinal function in Western
medicine) [3]. Modern studies have shown that yam is rich in fiber
and enzymes and can be used to help regulate gastrointestinal
functions, such as in the treatment of chronic gastroenteritis,
protection of the gastric mucosa, and regulation of intestinal flora [4,
5]. While there are numerous active ingredients in yam, starch is one
of the main components, accounting for 20%-60% of the total
biomass of the tuber [6]. Yam is a main component of many patented
Chinese medicines, such as Liuwei Dihuang pills (SFDA in China
approval No. Z34020130), Qiwei Duqi pliis (SFDA in China approval
No. Z33020157), and Wubi Shanyao pills (SFDA in China approval No.
733020111). It is used as medicine in the form of a powder, in which
starch plays a very important role. The structure and activity of starch
changes during the processing of whole yam, and some resistant
starch (RS) is produced. Bioactive carbohydrates, including RS and
polysaccharides, have a variety of health benefits in humans [7].
However, these starches are often discarded in the process of isolating
bioactive compounds. In addition, native starches do not consistently
withstand extreme processing conditions, such as high shear rates,
high temperatures, strong acid and alkali treatments, and freeze-thaw
cycles, which limits their use in many industries [8]. Therefore,
different methods are usually used to modify native starch to expand
its applications.

RS is a newly identified type of dietary fiber that cannot be
degraded by digestive enzymes in the human stomach and small
intestine but can be fermented by the gut microbiota in the colon to
produce short chain fatty acids (SCFAs), thereby promoting the
growth of functional colonic microorganisms and playing such roles as
preventing colon cancer, improving insulin resistance, and lowering
blood lipid levels [9, 10]. Generally, RSs can be classified into five
categories: RS1, RS2, RS3, RS4, and RS5 [11]. RS3 in particular has
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aroused widespread interest because it is highly heat-stable and
retains its nutritional qualities even after heating. In addition, its
properties include a white color, no distinctive smell, low water
absorption, and a delicate taste [12], making it a candidate for a wide
range of applications in the food and pharmaceutical industries.

The processing conditions used in the preparation of RS3 have a
substantial influence on its structural characteristics. RS3 is formed by
recrystallization of gelatinized starch during cooling. Autoclaving can
fully gelatinize starch granules and cause complete release of amylose
molecules, thus promoting full combination between amylose
molecule double helices and facilitating the formation of RS [11]. This
was the earliest method used to prepare RS. The number of
autoclaving-cooling cycles used in this process has a significant impact
on the formation of RS3 [13]. Starch retrogradation is mainly caused
by amylose molecule interactions because it is easy to form hydrogen
bonds between amylose. Enzymatic debranching is often used to
generate more amylose, so as to further promote the formation of RS3.
Compared with pure amylose, which is more expensive to produce
and more difficult to dissolve in water, this method is more suitable
for large-scale production of RS3. Pullulanase, which can selectively
cleave 1, 6-a-D-glucosidic bonds, is commonly used as a debranching
enzyme in this context [14]. Currently, the autoclaving method is
typically combined with the enzymatic debranching method to
increase RS3 yield.

In our previous studies, we found that native yam starch (YS) has
good anti-digestibility [15], and that yam RS properties include
anti-constipation and blood lipid-lowering activities [16]. Accordingly,
the aim of this study was to compare the physicochemical properties,
structural characteristics, and gut microbiota regulatory activity of
two kinds of yam RS3, so as to provide a basis for the development of
traditional Chinese medicines based on yam.

Materials and methods

Materials and reagents

Chinese yam (Dioscorea opposite Thunb.) was obtained from Wenxian
County, Jiaozuo City, Henan Province, and authenticated by Prof.
Wenyuan Gao, Tianjin University, China. Pullulanase (1,000
ASPU/mL) and porcine pancreatic alpha-amylase (12 U/mg) were
purchased from Yuanye Biological Technology Co. (Shanghai, China).
Amyloglucosidase (100,000 U/mL) was purchased from Macklin
Biological Technology Co., Ltd. (Shanghai, China). Acetic acid,
propionic acid, isobutyric acid, n-butyric acid, isovaleric acid, and
n-valeric acid were purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA). All other chemicals used in the experiments were of
analytical grade (Jiangtian Chemical Co., Ltd., Tianjin, China).

Yam starch

Dioscorea opposita Thunb

Figure 1 Yam whole plant, medicinal root, and starch
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Isolation of YS

Starch was isolated from fresh yam according to the method described
by Jiang et al. [17] with slight modifications. Fresh yams were washed,
peeled, and cut into small pieces, which were then homogenized with
a juicer and filtered through a 200-mesh sieve. The residue left on the
sieve was washed several times with distilled water, then discarded,
and the filtrate was allowed to stand for about 1-2 hours. Next, the
supernatant was discarded, and the precipitate was washed with
distilled water repeatedly until the supernatant was colorless. Then,
the precipitate was washed repeatedly with 95% ethanol and
centrifuged (3,000 X g, 10 min). The upper layer containing protein,
fiber, and other substances lighter than starch was scraped off, and the
lower layer containing impurities heavier than starch was also
discarded. The starch was then dried at 50 °C for 24 hours, crushed,
and passed through a 100-mesh sieve.

Preparation of RS

Autoclaving-retrogradation yam resistant starch (ARYRS). First, 9
g of YS was accurately weighed, and 30 mL water was added to obtain
starch suspension. The suspension was gelatinized in an autoclave at
121 °C and 0.05 MPa for 30 min, and then cooled to room temperature.
The gelatinized starch was cooled at 4 °C for 48 h, then dried at 50 °C
for 24 h. Finally, the starch was ground and passed through a
100-mesh sieve for use.

Pullulanase debranching yam resistant starch (PDYRS). First, 9 g
of starch was suspended in 30 mL deionized water and autoclaved at
121 °C and 0.05 MPa for 30 min. After cooling to 58 °C, the pH of the
paste was adjusted to 4.7 with 0.5M HCI, after which the solution was
debranched by pullulanase (40 ASPU/g) for 12 h. The starch was
cooled to room temperature, further cooled at 4 °C for 48 h, dried at
50 °C for 24 h, crushed, passed through a 100-mesh sieve, and set
aside for use.

Physicochemical properties

Moisture and protein. The protein content of the samples was
determined according to the standard American Association of Cereal
Chemists method [18]. Briefly, 1 g of starch was accurately weighed
with low-nitrogen weighing paper. The sample was then transferred to
a numbered Kjeldahl nitrogen tube (ZDDN-II, Zhejiang Top Yiqi Co.,
Ltd., Hangzhou, China) to measure the protein content. The moisture
content of the samples was measured by oven drying and heating at
105 °C for 24 hours until a constant weight was reached [19].

RS content. The method described in Association of Official
Analytical Chemists (2002) was used to measure the RS content [20].
Briefly, 0.1 g of each sample was added to 4 mL of mixed enzyme
solution (porcine pancreatic a-amylase 10 mg/mL, amyloglucosidase
3 U/mL) and hydrolyzed at 37 °C for 16 h. The reaction was
terminated by adding 4 mL 95% ethanol, followed by centrifugation at
10,000 g for 10 min. The precipitate was washed with 50% ethanol,
then centrifuged again, and the process was repeated twice. The
precipitate was dissolved in 2 mL KOH (2 M) solution, then 8 mL
sodium acetate buffer solution (1.2 M, pH=3.8) and 0.1 mL
amyloglucosidase (3,300 U/mL) were added, mixed and shaken in a
water bath at 50 °C for 40 min. The glucose content was determined
by the phenol sulfuric acid method.

Water-binding capacity (WBC). The WBC of the samples was
assessed using the method described by Huang et al. [16] with some
modification. First, 1 g of starch was mixed with 15 mL distilled water
and stirred for 1 h. After centrifugation (3,000 Xg, 10 min), the
supernatant was carefully removed and drained for 10 min. The wet
starch precipitate was then weighed.

Solubility (SOL) and swelling power (SP). SOL and SP were
measured using the method described by Jiang et al. [15] with a slight
modification. First, 2% starch suspensions (w/v) were heated in a
water bath at 65, 75, 85, or 95 °C for 1 h and stirred continuously. The
cooled suspensions were then centrifuged for 10 min (3,000 Xg).
After centrifugation, the supernatant was slowly poured into an
evaporating pan, dried at 105 °C, and weighed. The lower sediment
was directly weighed to obtain the swollen mass (SW). SOL and SP
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were calculated as follows:
SOL (%) = Weight of dried supernatant x 100 / Starchg,,
SP (g/g) = SW / (Starchgy,, X (100% — SOL%))
where starchg,, is the dry water basis starch weight.

Scanning electron microscopy

Field emission scanning electron microscopy (Apreo S LoVac, FEIL,
Czech Republic) was performed at an acceleration voltage of 20 kV to
examine starch morphology. Prior to analysis, the starch samples were
placed on double-sided adhesive tape attached to the metal tube and
then coated with gold.

Fourier transform infrared spectroscopy (FT-IR)

The Fourier transform infrared spectra of starches were obtained by
the potassium bromide (KBr) method using an infrared spectrometer
(Tensor27, Bruker, Karlsruhe, Germany). The spectral range was
4,000-400 cm™', the resolution was 4 cm™', and each sample was
scanned 32 times.

X-ray diffraction

A powder X-ray diffractometer (MIniflex600, Tokyo, Japan), operated
at 40 kV and 15 mA, was used to observe the crystalline structure of
the starches. The diffraction patterns were collected in the range of
5°-40° (26) with a speed of 4° (260)/min and a step size of 0.02° (26).

In vitro fecal fermentation

In vitro human fecal fermentation of starches was performed as
described previously [21, 22] with minor modifications. Fresh fecal
samples were collected from three healthy donors (aged 22-35 years,
two females, one male) who had not taken antibiotics or probiotics or
had any gastrointestinal disorders within the preceding 3 months.
Informed consent was obtained from each donor participating in this
study. All experiments were completed within 2 hours of collecting
the feces. First, 1 g of feces was added to 8 mL sterile phosphate
buffered saline (0.1 mol/L, pH = 7.0) pre-reduced with 0.1% (w/v)
cysteine hydrochloride, mixed evenly, and centrifuged at 4 °C for 5
min (500 g). The fecal supernatants from all three donors were
combined in equal amounts for use as the fecal inoculum. Next, 100
mg of starch was added to a fermentation tube containing 5 mL of
fermentation medium and 2 mL of fecal inoculum and anaerobically
cultured at 37 °C for 24 h. A tube containing fermentation medium
and fecal inoculum only was used as the blank control. After the
fermentation, the samples were centrifuged at 14,000 X g for 20 min,
and the supernatant and precipitate were stored at —80 °C until
analysis.

Determination of SCFAs

SCFA contents were determined using a gas chromatograph-mass
spectrometer (TRACE_1300GC-ISQ_LT, Thermo Co., Ltd., Waltham,
MA, USA) equipped with a TG WAX column (30 m x 0.25 mm X 0.25
um). First, 0.1 g of fermentation liquid was added to 2 mL of a 10%
phosphoric acid aqueous solution and mixed well, followed by
extraction with 2 mL ether for 5 min and centrifugation at 3,000 x g
for 15 min. After centrifugation, the ether phase was removed, then
the extraction was performed twice more using 1 mL ether and the
same procedure, after which all three extracts were combined. The
entire volume of the ether extract was fixed, and the sample was
injected for analysis. The acetic acid, propionic acid, isobutyric acid,
n-butyric acid, isovaleric acid, and n-valeric acid contents were
determined using the standard curve method. The detection
conditions were as follows: column temperature: 100 °C (5 min),
—5 °C/min, —150 °C (10 min), —30 °C/min, — 240 °C (30 min); flow
rate: 1 mL/min; split ratio: 75:1; carrier gas: helium; injector: 240 °C;
electron ionization source bombardment voltage: 70 ev; single ion
scanning mode: quantitative ion 60, 73; ion source temperature:
200 °C; connecting wire temperature: 250 °C.

DNA extraction and MiSeq sequencing
The TruSeqTM DNA Sample Prep kit (Illumina Inc., San Diego, CA,
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USA) was used to extract genomic DNA from fermentation samples.
Amplification of the 16S rRNA V3-V4 hypervariable region was
performed with universal primers: 338F
(5’-ACTCCTACGGGAGGCAGCAG-3"), and 806R
(5-GGACTACHVGGGTWTCTAAT-3"). All polymerase chain reactions
were performed on a thermocycler polymerase chain reaction system
(ABI GeneAmp 9700, Waltham, MA, USA). Polymerase chain reaction
products were detected using a 2% agarose gel and purified with a
AxyPrep DNA Gel Extraction kit (Axygen Biosciences, Union City, CA,
USA). The purified amplicons were quantified using a QuantiFluor-ST
blue fluorescence quantification system (Promega, Madison, GA, USA)
and sequenced on an MiSeq platform (IIlumina, San Diego, CA, USA)
according to standard protocols by the Shanghai MajorBio Bio-Pharm
Technology Co., Ltd. (Shanghai, China).

Statistical analysis

Data analysis was carried out using Origin 8.5 (Origin Lab Co., Ltd.,
Northampton, MA, USA). The statistical analysis was performed by
one-way analysis of variance with Duncan’s multiple range test using
SPSS 19 software (IBM, Chicago, IL, USA). All results are presented as
mean = standard error of mean from triplicate measurements.

Results

Moisture, protein, RS, and WBC

The physicochemical properties of YS and RS are shown in Table 1. YS
and the two RSs exhibited moisture contents between 9.49% and
10.96%. Compared with the YS, the protein content of the RSs was
significantly decreased, mainly because protein structure is destroyed
by high-temperature processing. The RS content decreased from
42.34% in YS to 28.71% in ARYRS and 35.67% in PDYRS because of
modifications caused by processing. However, the RS content of
PDYRS was higher than that of ARYRS, indicating that pullulanase

promoted the formation of RS. The WBCs of ARYRS (263.8%) and
PDYRS (125.81%) were higher than that of YS. It has been reported
that increasing hydrophilic groups or decreasing hydrophobic
tendencies during the modification process increases WBC [23].

SOL and SP

The SOL and SP of YS and the RSs at different temperatures are
presented in Table 2 and Table 3, respectively. The SOL and SP of the
samples increased gradually as the temperature increased. SOL
increases with temperature because the crystal structure is gradually
destroyed during the heating process, and the hydrogen bonds in
water easily associate with the hydroxyl groups in amylose [24]. As
shown in Table 2, ARYRS had the highest SOL, followed by PDYRS,
and then YS. Starch granule SP reflects the degree of starch chain
binding in the amorphous and crystalline domains. The swelling of
starch particles starts from the relatively loose amorphous region and
then proceeds to the crystalline region [1]. The two modified starches,
especially ARYRS, exhibited better SP than native starch.

Scanning electron microscopy

The scanning electron microscopy micrographs of YS and the two RSs
are shown in Figure 2. The granules of native YS were flat ovals,
triangular ovals, or quasi-circles, and the surfaces were smooth and
compact. These results are consistent with the granular shapes of YSs
reported in the literature [16]. Compared with YS, the apparent
morphology of the modified starches was noticeably different. As can
be seen in Figure 2, the RS3 particles had lost their original granular
shapes and exhibited an irregular block-like appearance. The particle
size was significantly larger and presented a continuous phase. In
addition, the surfaces of the RS granules were quite uneven and
exhibited multiple layered strips (yellow arrows in Figure 2). Similar
phenomena have been observed in cowpea starch [25] and lotus seed
starch [24].

Table 1 Moisture, protein, RS, WBC, and relative crystallinity of YS and RSs

Sample Moisture (%) Protein (%) RS (%) WBC (%) Relative crystallinity (%)
YS 10.96 = 0.04° 0.20 * 0.03" 42.34 + 0.12° 94.57 + 0.31° 35.14 + 0.13°
ARYRS 10.00 + 0.01° 0.05 + 0.00° 28.71 + 0.27¢ 263.80 + 0.64° 3.75 + 0.03
PDYRS 9.49 + 0.06° 0.04 + 0.00° 35.67 * 0.22° 125.81 + 1.06° 30.17 + 0.21°

RS, resistant starch; WBC, water-binding capacity; YS, yam starch; ARYRS, autoclaving-retrogradation yam resistant starch; PDYRS, pullulanase
debranching yam resistant starch. Mean * standard error of mean, n = 3. Values with different letters in the same column are significantly
different (P < 0.05).

Table 2 Effect of temperature on SOL of YS and RSs

Sample 65 °C 75 °C 85°C 95 °C

YS 4.85 + 0.09° 8.85 + 0.06° 11.23 + 0.25° 15.04 + 0.10°
ARYRS 7.46 + 0.11° 10.66 + 0.11° 12.45 + 0.17° 17.59 + 0.38"
PDYRS 34.24 + 0.27° 40.31 + 0.18" 52.06 *+ 0.29° 60.46 + 0.31°

RS, resistant starch; SOL, solubility; YS, yam starch; ARYRS, autoclaving-retrogradation yam resistant starch; PDYRS, pullulanase debranching yam
resistant starch. Mean *+ standard error of mean, n = 3. Values with different letters in the same column are significantly different (P < 0.05).

Table 3 Effect of temperature on SP of YS and RSs

Sample 65 °C 75°C 85°C 95 °C

YS 2.12 + 0.01° 3.58 + 0.03° 4.52 + 0.08° 6.25 + 0.11°

ARYRS 8.79 + 0.01° 10.11 + 0.00" 10.24 = 0.09° 11.60 = 0.20"
PDYRS 5.36 + 0.03 6.16 + 0.02° 6.37 = 0.03" 7.34 = 0.06°

RS, resistant starch; SP, swelling power; YS, yam starch; ARYRS, autoclaving-retrogradation yam resistant starch; PDYRS, pullulanase debranching
yam resistant starch. Mean * standard error of mean, n = 3. Values with different letters in the same column are significantly different (P < 0.05).
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Figure 2 Scanning electron microscopy of YS and RSs. A, YS 1,000 x; a, YS 3,000 x ; B, ARYRS 1,000 x; b, ARYRS 3,000 x; C, PDYRS 1,000 X ;
¢, PDYRS 3,000 x . Yellow arrows, layered strips on the surface of the particles; YS, yam starch; ARYRS, autoclaving-retrogradation yam resistant
starch; PDYRS, pullulanase debranching yam resistant starch; RS, resistant starch.

FT-IR

Infrared spectroscopy can analyze the molecular structure of starch
granules based on short-range differences in infrared signal levels, and
changes in peak intensity indicate changes in starch conformation
[26]. All samples displayed absorption peaks at around 3,380 cm™'
(-OH stretching vibration), 2,931 cm™! (-CH2 asymmetric stretching
peak), 1,650 cm~' (stretching and bending vibration of the
hydrogen-bonding -OH groups in water), 1,158 cm ™' (C-O and some
C-O-H stretching vibration), 1,080 cm™' (C-O glycosidic bond
stretching vibration), and 995 cm™! (vibration of C-O in alcohol
hydroxyl group) (Figure 3) [6, 16]. Absorption from 800 cm™' to
1,200 cm™' reflects stretching vibration changes and hydration
processing of C-C, C-OH, and C-H in the starch polymer configuration
[27]. The absorption intensity in this region was weaker in the RS3s
than in YS, indicating that the RS3s had undergone conformational
changes. The absorption peak at 995 cm ™' is related to the ordered
structure of starch, and may reflect its relative crystallinity [28]. As
Figure 3 shows, the crystallinity of the modified starch was reduced
relative to that of YS. The modifications caused a broader absorption
peak at 3,100 cm ™' to 3,400 cm ', indicating that the amylose chains
formed more hydrogen bonds, creating complex vibrational stretching
with hydroxyl groups [29]. Furthermore, ARYRS and PDYRS had a
wider peak at 2,925 cm ™' compared with YS, which was attributed to
the retrogradation of amylose [30].

1.6 PDYRS
ARYRS

1.2

1o \/\A\//W i}

0.2

Transmittance (%)
o
-]

o
=
L

0.0 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 3 FT-IR of YS and RSs. RS, resistant starch; YS, yam starch;
ARYRS, autoclaving-retrogradation yam resistant starch; PDYRS,
pullulanase debranching yam resistant starch.
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X-ray diffraction

The crystallinity and crystalline type of native YS and the RS3s were
determined by X-ray diffraction. The results are presented in
Supplementary Figure S1, and the corresponding parameters are
shown in Table 1. The YS diffractogram showed three strong
diffraction peaks at 15.18°, 17.12°, and 23.12° (20), indicating a
Cy-type crystalline structure, as has been reported previously [31].
C-type starch is a mixture of A- and B-type unit cells [32]. The X-ray
diffraction patterns of the modified starches were significantly
different from that of YS. PDYRS exhibited a B-type crystallinity, as
indicated by the single peak at 260 = 17.2° and double peaks at 20 =
22.14° and 23.94°. The formation of the B-type crystallinity pattern
was due to retrogradation at low temperature. In contrast, the
crystalline structure of ARYRS was completely changed. There was
only a single, weak peak at 20 = 17° and a single broad peak at 26 =
22°. This change in crystallinity pattern was consistent with a previous
report [33]. The crystallinity degrees calculated from the ratio of the
diffraction peak areas and total diffraction areas were approximately
35.14%, 3.75%, and 30.17% for YS, ARYRS, and PDYRS, respectively.

SCFA production during in vitro fermentation

The average amounts of acetate, propionate, isobutyric acid, butyrate,
isovaleric acid, and valeric acid produced during in vitro fecal
fermentation are shown in Supplementary Table S1. The amounts of
SCFAs produced by the two RS3s after anaerobic fermentation were
significantly different, but acetic acid content was high for both.
Compared with the blank control group, the acetic acid, propionic
acid, isobutyric acid, butyric acid, isovaleric acid, and valeric acid
contents of ARYRS and PDYRS after in vitro fecal fermentation were
significantly increased, while the propionic acid content was
decreased. A series of in vivo and in vitro experiments previously
showed that RS can be used as a fermentation substrate to promote
butyric acid production, while producing much less organic acid (such
as lactic acid and succinic acid) [34]. Similarly, fermentation of yam
RS3s produced a large amount of butyric acid. Compared with the
blank control group (5.91 mg/kg), the butyric acid content in PDYRS
was significantly higher, at 25.04 mg/kg, followed by ARYRS (10.35
mg/kg). It is worth noting that fermentation of PDYRS led to the
production of more of each short-chain fatty acid than fermentation of
ARYRS. These results clearly suggest that the different structural
properties of the two RSs samples affected their fermentation
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behavior.

Microbial composition during in vitro fermentation

Understanding the relationship among RS, gut microbiota, and
bacterial metabolites is helpful for preventing disease and promoting
health by regulating the gut microbiota. The effect of different yam
RS3s on the gut microbiota composition was assessed by 16S rRNA
gene sequencing (Supplementary Figure S2). At the phylum level
(Supplementary Figure S2A), four types of bacteria were detected in
all samples after in vitro fermentation, namely Firmicutes,
Bacteroidota, Proteobacteria, and Actinobacteriota. Compared with
the blank control group, in the PDYRS group there was a significant
increase in the abundance of Firmicutes and Bacteroidota and a
significant decrease in the abundance of Proteobacteria. The relative
abundance of Bacteroides was decreased in the ARYRS group
compared with the blank group, which may be related to the lower pH
after fermentation. Xie et al. [35] and Wu et al. [36] made a similar
observation. Notably, fermentation of ARYRS was associated with a
higher proportion of Proteobacteria. This phenomenon may be
attributable to the absorption of low molecular weight carbon sources
by Proteobacteria such as Escherichia and Shigella to maintain their
growth [37].

The microbiota composition shifts observed at the genus level are
shown in Supplementary Figure S2B. To explore the main differences
among the bacterial communities, the relative abundances of the top
20 genera were compared. For PDYRS, the relative abundance of the
genera  Bacteroides, Enterococcus,  Faecalibacterium,  Blautia,
unclassified f. Lachnospiraceae, Fusicatenibacter,
Ruminococcus_torques_group, Eubacterium_eligens_group, and Alistipes
was higher at the end of fermentation, whereas the abundance of
Escherichia-Shigella, Phascolarctobacterium, Subdoligranulum, Collinsella,
and Megamonas was reduced compared with the blank control group.
The changes observed in most bacterial communities in the ARYRS
group were opposite to those seen in the PDYRS group. Meanwhile, an
increase in the relative abundance of Escherichia-Shigella was observed
in the ARYRS group, similar to previous reports [38, 39]. Additionally,
the ARYRS sample exhibited a lower relative abundance of
Parasutterella than did the blank control group. A variety of animal
models and human studies have shown that Parasutterella abundance
is negatively correlated with high-fat diet induced metabolic
phenotypes (including hypothalamic inflammation) [40]. These
results suggest that supplementation of the fecal cultures with ARYRS
and PDYRS changed the microbial composition in opposite ways,
possibly because of differences in the fine structure of the RS3s.

Discussion

Modification of native YS significantly changes its physicochemical
properties and structural characteristics. Compared with YS, the RS
contents of both RS3s were lower. This might be due to
overfragmentation of starch molecules, especially amylose, making
them too small to integrate into the RS3 crystal structure [33]. The
SOL, SW, and WBC are all related to the interaction between starch
and water. The increased WBC observed in the RS3s may be related to
degradation of amylopectin chains caused by autoclaving or
pullulanase treatment, resulting in the formation of low molecular
weight starch granules with high affinity for water molecules [41].
The increase in SOL may have occurred because the modification
process greatly destroyed the crystalline region of native starch. SOL is
used as an indicator of the degree of destruction of starch components
[42]. Furthermore, SP is related to starch WBC: the higher the WBC,
the greater the SP. In addition, granules with larger crystalline areas
and stronger bonds in the crystalline regions swell less in cold water
when subjected to heat [42]. The WBC results were consistent with
the relative crystallinity results. In addition, the higher SOL of PDYRS
than that of ARYRS can be attributed to the production of more
amylose under the action of pullulanase, which was conducive to
binding water molecules.

As can be seen from Figure 2, RS3 granules had a large, block-like
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appearance with a continuous phase, which was attributed to the
recrystallization of gelatinized starch [11, 43]. Nevertheless, the
appearances of the two RS3s assessed in this study were similar,
indicating that the different preparation methods used in this study
had no significant effect on RS3 particle morphology. However, the
long-range and short-range molecular orders of YS were greatly
affected by autoclaving-retrogradation and pullulanase debranching.
The FT-IR spectra (Figure 3) showed that all samples had similar
characteristic peaks, and there were no changes between chemical
groups, indicating that YS did not undergo chemical modification.
However, the conformation of the starch changed, as shown by the
differences in the width and strength of the absorption peaks among
the samples. At the same time, the relative crystallinity of the RS3s
decreased, as demonstrated by FT-IR and X-ray diffraction. The
decrease in relative crystallinity after modification may be related to
many factors, including crystal size, number of crystal regions, the
orientation of the double helix in the crystal region, and the degree of
double helix interaction [44]. Our results indicate that autoclaving
can destroy the crystalline areas of starch, but that the use of
pullulanase can alleviate this damage, leading to the formation of a
new crystal structure.

The production of SCFAs, especially butyric acid, was significantly
stimulated by both RS3s tested in this study. Butyrate plays an
important role in human gut health by reducing inflammation,
lowering the risk of colon cancer, and improving gut barrier function
[45]. Studies have revealed that an impaired supply of butyric acid to
colon cells can lead to intestinal shrinkage and impaired function,
including a reduced immune response. In contrast, enhanced butyric
acid supply to colon cells induces intestinal epithelial cell growth and
intestinal cell differentiation and improves immune surveillance [46].
In normal cells, butyrate has been shown to induce proliferation at the
crypt base, promoting healthy tissue turnover and maintenance. In the
inflamed mucosa, butyrate stimulates regeneration at sites of the
intestinal lining lesions. Moreover, experimental animal models of
carcinogenesis have shown that butyrate can modify many metabolic
actions and steps in the cell cycle, thereby counteracting early events
in the cancer progression cascade and slowing progression [47]. In
addition, an in vitro study indicated that butyrate inhibits tumor cell
growth and proliferation by preventing their entry into the G1 phase
of the cell cycle [48]. Nevertheless, RS3 prepared by different methods
had different effects on SCFA production; specifically, PDYRS was
more conducive to the generation of SCFAs. This was mainly caused
by differences in the physicochemical properties and structures of the
two RS3s. As described by Ma et al. [11], the chemical and structural
characteristics of RS can influence the yield of total and individual
SCFAs. Zhou et al. [49] speculated that the molecular structure of RS
is one of the main factors affecting the yield and proportion of SCFAs.
Gu et al. also showed that the fine molecular structure of RS3 affected
SCFA production [50]. A recent study showed that even RSs with
slight structural differences had different and highly specific effects on
SCFA production by the gut microbiome [51].

The two types of RS3 analyzed in this study had noticeably different
prebiotic properties. For example, PDYRS improved the relative
abundance of Firmicutes and Bacteroidota and reduced the abundance
of Proteobacteria, while ARYRS had the opposite effect. Certain
Firmicutes in the intestine can ferment indigestible carbohydrates to
produce SCFAs, which can promote host health. In particular,
probiotic species such as butyric acid-producing Firmicutes bacteria
have been found to increase the concentration of butyric acid in the
colon, thereby improving intestinal function [52]. Furthermore,
Bacteriodota express carbohydrate-active enzymes that can
specifically degrade and utilize polysaccharide, thereby producing
various SCFAs [53]. In addition, Bacteroidetes and Proteobacteria play
an important role in the degradation of organic matter and in carbon
cycling [54]. At the genus level, the relative abundance of the
beneficial bacteria Bacteroides, Faecalibacterium, Blautia, unclassified f
Lachnospiraceae, Ruminococcus_torques_group, and
Eubacterium_eligens_group was increased, and the relative abundance
of the harmful bacteria Escherichia-Shigella was decreased, by PDYRS.
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Fermentation of ARYRS showed the opposite trend. Bacteroides can
effectively improve mucosal angiogenesis, promote development of
the immune system, and play an important role in maintaining the
intestinal microecological balance [55, 56]. Blautia, Faecalibacterium,
and Ruminococcus are good butyrate producers, and Ruminococcus is a
key species in the human colon for degrading RS [57, 58].
Lachnospiraceae contains a large number of bacteria that produce high
levels of butyrate [59], which could explain the high butyric acid
production seen with PDYRS fermentation. Additionally, Eubacterium
can stimulate butyric acid production through the butyryl-CoA:acetate
CoA-transferase pathway [60]. A particularly interesting finding from
out study was the distinct inhibitory effect of PDYRS on Escherichia
and Shigella, which cause gastrointestinal disorders such as diarrhea
[61]. Fermentation of ARYRS resulted in a lower relative abundance
of Parasutterella compared with the blank control group. A variety of
animal models and human studies have shown that Parasutterella
abundance is negatively correlated with high-fat diet induced
metabolic phenotypes (including hypothalamic inflammation) [40].
Taken together, our results suggest that supplementation with ARYRS
and PDYRS changed the microbial composition of in vitro fecal
fermentation cultures, and that these two RS3s had opposite effects on
the gut microbiota, which may be related to the differences in their
fine structures.

Conclusion

The present study shows that structural differences between yam RS3s
may have substantial and distinct effects on SCFA production and
overall gut microbiota composition. Fermentation of ARYRS and
PDYRS increased the concentration of SCFAs, especially butyric acid;
and PDYRS had the strongest effect in this regard. Both ARYRS and
PDYRS can regulate the composition of intestinal flora, and PDYRS
had a more beneficial prebiotic effect. PDYRS promoted the

proliferation of beneficial bacteria such as Bacteroides,
Faecalibacterium,  Bautia, unclassified f  Lachnospiraceae, and
Ruminococcus_torques_group, and  inhibited the growth of

Escherichia-Shigella conditional pathogens. Overall, the results from
the present study suggest that pullulanase debranching is an effective
method for producing yam RS3, and that PDYRS could be used to
improve colon health and prevent related diseases by regulating
fermentation metabolites and gut microbiota composition.
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