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effects of its in vitro fermentation on the intestinal flora and short-chain fatty acids (SCFAs), quinoa starch (QS) was pre-
pared via alkali extraction and then autoclaved to obtain RS3-type QRS, and the amylose content, transmittancy, pasting
properties, and thermal properties of both starches were analyzed. The in vitro fermentation characteristics of the two and
their effects on intestinal metabolites were further explored using an in vitro fecal simulation fermentation system, 16S
rRNA sequencing, liquid chromatography-mass spectrometry, and non-targeted metabolomics. Compared with QS, RS3-
type QRS had significantly higher contents of resistant starch and amylose (P<0.05), significantly improved transmittancy
and solubility (P<0.05), possessed more stable thermodynamic properties, and was better in quality and easier to cook.
After adding RS3-type QRS to the in vitro fermentation matrix, the abundance of Faecalibacterium increased whereas that
of Escherichia-Shigella decreased. Members of the Firmicutes, including Blautia and Lactococcus, formed the core
community in RS3-type QRS and were significantly positively correlated with butyric acid enrichment (P<0.01 or P<0.05).
In metabolic pathways of bile secretion, the bile acid levels were significantly increased (P<0.05). SCFAs produced by the
intestinal flora, together with the differential metabolites, maintained intestinal homeostasis. The findings from this study

provide a reference for exploring the impact of RS3-type QRS on intestinal health and a theoretical basis for its application.
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Quinoa is a plant belonging to the Chenopodi-
aceae family, which is rich in various vitamins, pro-
teins, phytosterols, and flavonoids and possesses multi-
ple physiological functions. Starch is an important
component of quinoa, accounting for 53%~69% of
the dry weight of quinoa grains!'"!. Starch can be classi-
fied into three distinct types: Rapidly digestible starch
(RDS), slowly digestible starch (SDS), and resistant
starch (RS)P!. RS refers to starch fractions that can-
not be enzymatically degraded in the small intestine
but undergo fermentation or partial fermentation in
the human gastrointestinal tract and colon, thereby
producing short-chain fatty acids (SCFAs)®!. Based
on their source, characteristics, and processing meth-
ods, RS can be divided into five categories: RS1
(physically entrapped starch), RS2 (resistant starch
granules), RS3 (retrograded starch), RS4 (chemically
modified starch), and RS5 (starch-lipid complexes)™?.
Compared with other starch types, RS is more diffi-
cult to digest and absorb in the human body, so the
calories generated in the body after ingestion are low-
er. In contrast to other RS types, RS3 has better wa-
ter-holding capacity and thermal stability™ and is clas-
sified as a type of dietary fiber™. Adding RS3 to food
does not affect the flavor or color of the product, and
its taste is superior to that of traditional dietary fiber.
Owing to its excellent physicochemical properties and
physiological effects, RS3 is regarded as a promising
novel food ingredient®. RS3 is the most common
type of RS in food; Starchy foods form partial retro-
graded starch when cooled after cooking, and thermal
processing conditions affect the formation and struc-
ture of retrograded starch. The autoclave method, the
most widely used technique for preparing RS3, em-
ploys high pressure and temperature, which can in-

crease the RS content of quinoa starch (QS)!. RS ex-

ists in many natural foods, such as corn and potatoes.
Compared with regular corn starch, QS has a higher
amylopectin content, whereas its amylose content is
much lower than that of wheat, sorghum, millet, and
corn''!. Intestinal flora can more readily ferment amy-
lopectin and RS in starch, leading to an increase in
SCFA content after 24 h of fermentation”). As key
metabolites of intestinal microorganisms, SCFAs or-
ganically link the complex interactions between host
diet and intestinal microbiota. SCFAs serve as impor-
tant energy sources for intestinal epithelial cells and
natural ligands for free fatty acid receptors'™, and they
exert multiple health-promoting effects, such as regu-
lating lipid metabolism, immunity, and inflammatory
responses. These metabolites are mainly produced by
utilizing indigestible carbohydrates (including RS,
non-starch polysaccharides, and oligosaccharides)™.
Intestinal flora can produce SCFAs independently or
synergistically via different metabolic pathways.
Therefore, supplementing RS can not only alter the
content of intestinal SCFASs, but also promote intesti-
nal microecological homeostasis and improve intesti-
nal health,

Previous studies have mostly focused on the func-
tional exploration and application of quinoa starch
and quinoa resistant starch, but research on therelation-
ship between SCFAs produced by the fermentation of
QS and quinoa RS3-type resistant starch (RS3-type
QRS), and the intestinal microbial community as well
as intestinal metabolites remains limited. Thus, this
experiment investigated the physicochemical proper-
ties and in vitro fermentation characteristics of QS be-
fore and after high-temperature and high-pressure
treatment. It also explored the effects of RS3-type
QRS addition on intestinal flora and intestinal micro-

bial metabolism, as well as the intestinal microorgan-
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isms and metabolic pathways involved in SCFA pro-
duction, providing a reference for the application of
RS3-type QRS in food products.

1 Materials and methods

1.1 Instruments and equipment

Quinoa was acquired from a local farmer's mar-
ket Jining, Shandong, China; Acetic acid, propionic
acid, and butyric acid (analytical purity) Shanghai
McLean Biochemistry Co., Ltd.; Metaphosphoric acid,
sulfuric acid (analytically pure) Shanghai Pharmaceu-
tical Group Chemical Reagent Co., Ltd.; Axygen Bio-
sciences DNA Gel Extraction Kit Axygen Bio-
sciences United City, California, USA; E.Z.N.A.®
soil DNA kit Omega Bio-tek Knox

gia, USA; Feces were obtained from 6 volunteers

Norcross, Geor-

(20~25 years old) who had no history of gastrointesti-
nal diseases and antibiotic treatment within three
months at Heilongjiang Bayi Agricultural University.

TENSOR II Infrared Spectrometer
beier Technology Co., Ltd.; YT-DF200 Paddy quali-
ty rapid detector
Technology Co., Ltd.; Agilent 1200 HPLC Agilent
Technologies Inc., USA; A360 UV-visible scanning
spectrophotometer AOE Instruments Co., Ltd.; Per-
kin-Elmer TA DSC25
Inc.; 2194617TMB RVA  Perten Instruments Co.,
Ltd.; miSeq high-throughput sequencing platform II-
lumina Co., Ltd.; UHPLC Exactive
Scientific Co., Ltd.

Tianjin Jin-

Shandong Yuntang Intelligent

Platinum Elmer Instruments

Thermo Fisher

1.2 Experimental methods

1.2.1 Preparation of RS3-type QRS The method
for preparing RS3-type QRS was modified based on
the QS extraction protocol reported by Gonzalez-soto
et al."". Quinoa grains were first crushed and sieved,
then mixed with a 0.2% NaOH solution, and cen-
trifuged to remove impurities. The resulting precipi-
tate was further rinsed with distilled water and cen-
trifuged again to eliminate residual impurities, fol-
lowed by drying, re-crushing, and sieving to obtain
QS. A 26% (w/v) QS suspension was prepared and
subjected to high-pressure autoclaving at 121 °C for
30 min; Subsequently, the treated mixture was cooled,
dried, and ground to yield RS3-type QRS. The RS
content was determined in accordance with the

method described by Nakayoshi et al.l'?],
1.2.2 Physicochemical properties of QS and RS3-
type QRS

1.2.2.1 Amylose content The amylose content was

determined using a rapid rice quality detector. The ex-

perimental procedure was slightly modified accord-
ing to Yuan et al.'"3!. A starch standard solution was
first prepared for calibration. The test sample was
added to a boiling NaOH solution bath. Thereafter,
distilled water, acetic acid solution, and iodine reagent
were sequentially added to the sample system, and the
absorbance value was measured at a wavelength of

607 nm.

1.2.2.2 Transmittancy The method for determin-
ing transmittancy was slightly modified according to
Qin et al.l'. 1% (w/v) suspensions of QS and RS3-
type QRS were prepared separately, boiled for a speci-
fied duration, and then cooled to room temperature.
The absorbance of each sample was quantified at a
wavelength of 650 nm using an AOELAB A360 spec-
trophotometer, and transmittance was calculated

based on the absorbance data.

1.2.2.3 Solubility and expansive force Solubility
and expansive force were determined in accordance
with the method reported by Gao et al.l'"*l. 10.0%
(w/v) starch suspensions of QS and RS3-type QRS
were prepared, respectively. Each suspension was in-
cubated in a water bath at 80 °C for 30 min, then
cooled to room temperature and centrifuged. The ob-
tained supernatant was dried at 105 °C to a constant

weight. The calculation formulas of solubility and ex-

pansive force were as follows:

smubility(%):mﬂxloo 2 (1
2

Expansive force(g/g) = 100 = (2

m,
—_—X
m,(1-S)

Among them, m denoted the mass of the super-
natant after drying (g); m, denoted the mass of the pre-
cipitate (g); m, denoted the mass of the sample (g); S

denoted the solubility (%).

1.2.2.4 FTIR spectroscopy of QS and RS3-type QRS

The method for FTIR spectroscopy was performed
with slight modifications according to Sevenou et
al.'. QS and RS3-type QRS samples were mixed
with KBr, and the wavelength from 4000 to 500 cm'
was scanned using an infrared spectrometer. The alter-
ations in QS and RS3-type QRS chemical bonds were

examined.

1.2.2.5 Thermal properties by DSC Thermal proper-
ties were determined using a method described by
Fang et al.l'"”! with minor modifications. An aliquot of
2.5 mg of sample was mixed with 5 pL of distilled wa-
ter in an aluminum pan, with nitrogen used as the in-
ert atmosphere. The temperature range for scanning

was set from 25 °C to 150 °C, with a heating rate of
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10 °C/min, and the nitrogen flow rate was maintained

at 20 mL/min throughout the test.

1.2.2.6 Gelatinization properties by RVA The past-
ing properties were determined in accordance with the
method described by Liu et al.l'®. An appropriate
amount of sample was weighed and prepared into a
starch suspension, which was heated to 95 °C using
RVA, kept warm, and cooled to 50°C for determina-
tion. The peak viscosity (PV), trough viscosity (TV),
break down (BD) viscosity, final viscosity (FV), and

setback (SB) viscosity were recorded.
1.2.3 Anaerobic fermentation of human feces in vit-

ro In vitro fecal fermentation was performed using
quinoa starch (QS) or RS3-type QRS as the sole car-
bon source, with the method modified slightly accord-
ing to Lesmes et al.l'l. Fresh fecal samples were
pooled in equal proportions and homogenized in phos-
phate-buffered saline (PBS) at a ratio of 1:6 (w/v).
The mixture was filtered through sterile gauze to pre-
pare a fecal suspension. For each fermentation sys-
tem, 0.10 g of QS or RS3-type QRS was separately
added, followed by mixing the fecal suspension with
YCFA medium at a volume ratio of 1:9. Three experi-
mental groups were established: QS group, QRS
group, and BLANK group (no exogenous carbon
source added). Fermentation was carried out under
anaerobic conditions. Samples were collected at 0, 6,
12, 18, 24, and 48 h post-fermentation for short-chain
fatty acid (SCFA) quantification. After 24 h of fermen-
tation, supernatant aliquots from each group were har-
vested for genomic DNA extraction.

1.2.4 Determination of SCFAs
of target SCFAs (acetic acid, propionic acid, and bu-

The concentrations

tyric acid) in fermentation samples were quantified
following the method reported by Yao et al.”®!. Fer-
mentation broth was mixed with a metaphosphoric
acid solution at a volume ratio of 5:1 and vortexed
thoroughly for homogenization. After centrifugation
and filtration, the content of SCFAs was determined
by the external standard method. Ion exclusion chro-
matography column (7.8 mmx300 mm, 7 pm), mo-
bile phase: H,SO, solution (2.5% acetonitrile), col-
umn temperature and flow rate: 60 °C, 0.5 mL/min.

1.2.5 16S rRNA gene sequencing Genomic DNA
was isolated from the fermentation broth utilizing a
DNA extraction kit. The V3~V4 region of the 16S ri-
bosomal RNA gene was amplified employing bacteri-
al primers 338 (FACTCCTACGGGAGGCAGCAG)
and 806 R (GGACTACHVGGGTWTCTAAT). PCR

amplification was performed in a 50 pL volume us-

ing SanTaq PCR Mix, template DNA, primers, and
sterile ddH,O. The thermal cycling conditions were as
follows: Initial denaturation at 94 °C for 5 min; 35 cy-
cles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for
30 s, and a final extension at 72 °C for 10 min to ob-
tain the PCR products. After PCR products were iden-
tified by 2% agarose gel electrophoresis, the gel
blocks containing the target bands were dissolved in a
dissolution buffer and incubated in a 55 “C water bath
until they were completely dissolved. The mixture
was then subjected to binding to the adsorption col-
umn, washing with ethanol, and elution with buffer,
thus completing the purification of the PCR products.
The Illumina MiSeq platform was used for high-
throughput sequencing. The sequence data related to
this project was submitted to the NCBI Short Read
Archive database (Accession Number: PRINA1097
460). Principal component analysis (PCA), linear dis-
criminant analysis (LDA), and linear discriminant
analysis effect size (LEfSe) analysis were performed
on the dataset to forecast the functional capabilities of
bacterial genomes.
1.2.6 Analysis of metabolites in fermentation broth

Metabolites in samples from each group were ana-
lyzed via liquid chromatography-mass spectrometry
(LC-MS). Metabolite extraction was performed using
a methanol-water solution at a volume ratio of 4:1
(v/v). Sample pretreatment was carried out following
the method described by Qi MH (Meiji). Chromato-
graphic separation was conducted on an ACQUITY
HSS T3 column (100 mmx=2.1 mm, 1.8 pum) at 40 “C
using a UHPLC Exactive system, with a sample injec-
tion volume of 3 pL and a flow rate of 0.40 mL/min;
detailed separation conditions followed the protocol
reported by Yao et al.?%. Differential metabolites with
statistical significance between groups were screened
by VIP value. Metabolic enrichment analysis and path-
way analysis (based on database retrieval, KEGG,
http://www.genome.jp/kegg/) were performed.
1.3 Statistical analysis

Statistical analysis was conducted using SPSS

version 22.0 to determine the significance of differ-
ences through ANOVA, with results presented as X=s.
The experimental findings were visualized utilizing

Origin 64 software.

2 Results and analysis

2.1 Physicochemical properties

2.1.1 Physicochemical properties and FTIR spectra
analysis of QS and RS3-type QRS The RS content,

amylose content, transmittancy, solubility, and expan-
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Table 1 Physicochemical properties analysis of QS and RS3-type QRS
Samples RS content (%) amylose content (%) transmittancy (%) solubility (%) expansive force (%)
Qs 20.38+0.33° 4.04+0.43° 4.45+0.45° 5.30+£0.20° 35.30+0.20°
QRS 23.63+£0.43% 7.83+0.47° 18.93+0.15% 35.43+0.15% 12.92+0.96°

Notes: The difference of superscript letters after the same row of values was significant (P<0.05).

sive force of QS and QRS were illustrated in Table 1.
Table 1 showed significant differences in RS and amy-
lose contents between QS and QRS (P<0.05). QRS
underwent gelatinization and retrogradation via auto-
claving, with amylose molecules rearranged. More sta-
ble double-helical structures formed via intermolecu-
lar hydrogen bonding aggregated into enzyme-resis-
tant crystalline domains®!, which improved resis-
tance to enzymatic hydrolysis and consequently in-
creased RS content®. Transmittance directly reflects
starch transparency, an important parameter of
starchy foods that affects product appearance, con-
sumer acceptance, and processing applicability®*. Ab-
sorbance and transmittance showed a non-linear nega-
tive correlation: lower absorbance indicated higher
transmittance and better transparency. QS had a trans-
mittance of 4.45%+0.45%, while QRS reached
18.93%=+0.15%, with the latter being significantly
higher (P<0.05), indicating superior transparency of
QRS. Table 1 showed QRS had higher solubility but
lower swelling power. This might be because the
high-pressure treatment during the preparation pro-
cess destroyed the crystal structure of starch granules,
released some soluble starch, and increased the solubil-
ity of QRSP!. After autoclaving, RS3-type QRS gran-
ule structure became more compact, reducing water
absorption capacity and leading to lower swelling
power®3,

The infrared spectra of QS and QRS were illus-
trated in Fig.1. After high-temperature and high-pres-
sure treatment, no notable change in absorption peaks
was observed for RS3-type QRS, with no significant
differences between QS and RS3-type QRS in basic

skeleton, chemical groups, or chemical bonds.

— QRS
—QS

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)

Fig.1 FT-IR spectra of QS and QRS

2.1.2 Thermal Properties of QS and RS3-type QRS

Table 2 presented the findings on the thermodynam-
ic properties of QS and QRS. The gelatinization tem-
peratures (To, Tp, Tc) and gelatinization enthalpy
(AH) of QS were significantly lower than those of
QRS (P<0.05). Previous studies have shown that dur-
ing RS heating, amylose molecules interact with oth-
er molecules to form compact, robust structures. QRS
formed a denser crystalline structure, thus requiring
higher temperatures and more energy to disrupt its

crystalline structure*.

Table 2 Thermal Properties by DSC

Samples To (C) Tp (C) Te (C) AH (J/g)
QS 60.59+1.02°  65.88+1.07°  77.49£197°  2.55:023°
QRS 135.63£1.47*  137.27+£2.21°  145.21£2.06° 5.89+0.20"

Notes: The difference of superscript letters after the same row of values was
significant (P<0.05).

Compared with other quinoa resistant starch
types (RS1-type QRS, RS2-type QRS, RS4-type
QRS, and RS5-type QRS), RS3-type QRS had cer-
tain advantages in food processing®”. The QRS pre-
pared via autoclaving is RS3-type QRS RS3-type
QRS had better thermal stability, maintained a stable
structure in high-temperature processing such as bak-
ing and cooking, and was not easy to over-gelatinize.
RS3-type QRS could thicken and form a close net-
work with gluten, improve the hardness and elasticity
of noodles, and enhance the texture and taste of noo-
dles®. Compared with other types of resistant starch,
the effect of RS3-type QRS on increasing satiety was
more obvious, which could better meet people's de-

mand for reducing calorie intake.

2.1.3 RVA Analysis of QS and RS3-type QRS The
pasting properties of QS and QRS were listed in
Table 3. Lower BD suggested improved thermal stabil-
ity and enhanced shear resistance of the samples?.
The PV, BD, and SB of QRS were significantly high-
er than those of QS (P<0.05). The PV reflected the
maximum viscosity of starch granules during heating-
induced expansion. The amylose recrystallized struc-
ture of QRS delayed gelatinization; however, its post-
gelatinization swelling was more intense””. Thus,
QRS had a higher PV and was easier to cook with su-
perior quality. The crystalline structure of QRS was
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Table 3 Gelatinization properties by RVA

Samples PV (cP) TV(P) BD(P) FV(cP) SB(cP)
QS 1975:435° 1805+10.78" 170+4.17° 2051£9.17° 2464.56"
QRS 20214584 1313+5.56° 708+6.06" 1679£10.02° 366+13.6°

Notes: The difference of superscript letters after the same row of values was
significant (P<0.05).

less stable under high-temperature shear conditions;
The ordered domains formed by amylose recrystalliza-
tion were easily disrupted by shear forces, leading to a
rapid decline in starch paste viscosity*®]. This ex-
plained why RS3-type QRS had a higher BD than QS.
The SB reflected the degree of retrogradation of the
starch paste during cooling. RS3-type QRS had a high-
er amylose content, and its amylose molecules were
more prone to reorientation and recombination dur-
ing cooling™”. As a result, RS3-type QRS exhibited a
higher SB than QS.

2.2 Analysis of microbial community composition

The effects of QS and RS3-type QRS on human
fecal microbial community composition were evaluat-
ed using the Simpson, Chaol, Ace, and Shannon in-
dices (indices reflecting community richness and di-
versity). There was no significant increase in diversi-
ty in the QRS group. No significant differences were
observed in the Chaol, Ace, and Shannon indices
among the three groups. The results of the Simpson
index showed that the community diversity of the QS
group was significantly higher than that of the
BLANK group (P<0.05), while no significant differ-
ence was found between the QRS group and the
BLANK group (Table 4).

Table 4 Microbial community a-diversity index

Sample Chaol Ace Shannon Simpson
BLANK  382.51+50.79*  385.84+55.71*  3.25+£0.20°  0.12+£0.03"
Qs 340.65+23.03*  347.04+£27.10°  3.22+0.19°  0.01+£0.03"
QRS 353.55+£25.29"  360.84+31.33"  3.29+0.14"  0.09+0.02°

Notes: The difference of superscript letters after the same row of values was
significant (P<0.05).

Microbial community composition changes were
investigated by analyzing the abundance of dominant
bacterial populations across the QS, QRS, and
BLANK groups. Fig.2A showed that Firmicutes, Bac-
teroidota, and Proteobacteria were the most abundant
bacterial phyla in all samples. Firmicutes plays a key
role in butyrate production®”. The Firmicutes/Bac-
teroidetes (F/B) ratio was a core indicator reflecting
the relative balance of intestinal carbohydrate-degrad-
ing flora. The results showed that the F/B ratios of the
QS group and QRS group were lower than that of the
BLANK group, and QS and QRS were more con-

ducive to the decomposition and utilization of refracto-
ry carbohydrates. Additionally, Proteobacteria are typ-
ically associated with intestinal flora imbalance';
Relative to the BLANK group, both QS and QRS
groups had lower Proteobacteria levels, suggesting
that intake of QS and QRS helps maintain intestinal
flora homeostasis to a certain extent. Fig.2B showed
that Bacteroides, Escherichia-Shigella, and Faecali-
bacterium were the dominant groups in all samples.
Faecalibacterium could produce abundant butyric
acid and propionic acid, maintain intestinal barrier
function, and regulate the immune system®?. Faecal-
ibacterium levels were higher in the QS and QRS
groups than in the BLANK group. Conversely, the
QRS group had significantly lower Escherichia-Shigel-
la abundance than the BLANK group (P<0.05). As
pathogenic taxa linked to intestinal dysbiosis, the re-
duced abundance of Escherichia-Shigella indicated
that RS3-type QRS supplementation could inhibit
pathogenic bacterial growth and preserve intestinal
homeostasis.

As shown in Fig.2C, the microbial community
distribution of the QS and QRS groups was relatively
clustered, and both were distinctly separated from the
BLANK group, demonstrating that QS and QRS sup-
plementation significantly modulated human intesti-
nal flora structure. The evolutionary branch diagram
of LEfSe analysis was used to further explore the ef-
fects of QS and QRS on intestinal microbial communi-
ties. Fig.2D showed that the diversity of the QRS
group was higher than that of the QS group, and each
group produced enrichment of different species. The
QS group was enriched with bacteria of Holdemania
and Moryella, and the QRS group was enriched with
bacteria of Firmicutes, Negativicutes, and Lach-
nospiraceae. As shown in Fig.2E, the histogram of
LDA scores (LDA>3). After fermentation, there were
differences in the intestinal dominant flora of the two
starch samples. The core species of the QS group was
Bacteroidetes, while the core species of the RS3-type
QRS were Firmicutes and Lachnospirales. Firmicutes
were key components of the human intestinal microbio-
ta; they could ferment RS to produce SCFAs, thereby
promoting the proliferation of beneficial intestinal bac-
teria and protecting intestinal health®*. The higher RS
and amylose contents in RS3-type QRS provided fer-
mentation substrates for Firmicutes (e.g., Lachnospi-
rales and Ruminococcus), facilitating butyric acid pro-

duction.
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Fig.2 Bacterial community composition of QS and QRS fermentation for 24 h
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2.3 SCFAs and pH analysis

Intestinal anaerobic bacteria utilized carbohy-
drates to produce short-chain fatty acids (SCFAs),
which could supply energy to colonocytes!''); SCFAs
also regulated intestinal pH, enriched beneficial bacte-
ria, and inhibited pathogenic bacterial growth. Fig.3
showed the changes in SCFAs levels and pH of QS
and QRS during different fermentation periods.
Fig.3A~Fig.3D indicated that, compared with the QS
group, the level of acetic acid in the QRS group was
slightly increased, and the levels of butyric acid and
total acid were significantly increased (£<0.05), while
the level of propionic acid was slightly lower than
that in the QS group. The QRS group also had higher
relative abundance of Firmicutes than both the QS
and BLANK groups, a phenomenon linked to its high
RS content. Firmicutes are key butyrate-producing
taxa; Prior studies have also shown that fermented RS
typically yields higher butyric acid levels. Butyric
acid has anti-inflammatory properties, strengthens the
colonic barrier, and may reduce colon cancer risk*.
Fig.3E showed that with the increase of in vitro fer-
mentation time, the pH level of the BLANK group
gradually declined throughout the entire fermentation
process. The pH of the in vitro fermentation broth sup-
plemented with QS and RS3-type QRS decreased

rapidly from O to 6 h. During the same time period,
the pH of the BLANK group decreased slowly. This
observation might be attributed to the fact that no addi-
tional carbon source was added to the BLANK group,
whereas QS and QRS, as starch-derived organic car-
bon sources, were readily fermented by microorgan-
isms, thereby causing a rapid pH decline at this stage.
Compared with the QRS group, the pH of the QS
group exhibited a significantly greater decrease with-
in this time range (P<0.05). This significant differ-
ence could be explained by the lower RS content in
QS, which made it more susceptible to microbial de-
composition and subsequent acid production. From 6
to 48 h, the pH of both the QS and QRS groups
showed a slow recovery trend; However, the final pH
of both groups at the end of the entire fermentation
process remained lower than their initial pH. This pH
recovery might have resulted from shifts in carbon
source metabolism and microbial metabolic pathways
during late fermentation: Methanogens and syntroph-
ic bacteria in fecal inocula could decompose SCFAs
as secondary substrates™’); Additionally, Escherichia
coli in fecal broths could ferment carbohydrates to
produce SCFAs, and could also cleave carbon diox-
ide and hydrogen via hydrogenolysis enzyme sys-

tems, which might have contributed to the late-stage
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pH increase in fermentation broths®“.

Compared with QS, RS3-type QRS resisted gela-
tinization and disintegration during processing or in
the gastric acidic environment due to its favorable
thermal stability, which allowed it to reach the large
intestine more intact. And its dense structure was de-
composed slowly by the flora, which continuously
provided substrates for the flora so that SCF As-produc-
ing bacteria (Firmicutes) could colonize and produce
SCFAs, especially increased butyric acid production.
The high solubility of RS3-type QRS facilitated its
dispersion into small-molecular fragments in the large
intestine, which increased its contact with intestinal
flora and supported the attachment and utilization of
amylase secreted by SCFA-producing bacteria. Fur-
thermore, in this acidic environment, dispersed small-
molecular fragments were preferentially utilized by
beneficial bacteria, which inhibited substrate competi-
tion by harmful bacteria and modulated the flora struc-
tureP”. Collectively, the thermal stability and high sol-
ubility of RS3-type QRS influenced its intestinal fer-
mentation behavior and jointly regulated metabolite

changes.
2.4 Correlation analysis between human intestinal mi-
crobial community and SCFAs

Fig.4 was a heatmap depicting the correlation be-
tween SCFAs and intestinal bacterial communities.
The results showed that Phascolarctobacterium and

Lachnoclostridium were significantly positively corre-

Spearman correlation heatmap
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lated with acetic acid production (P<0.01). Phascolarc-
tobacterium is an obligate anaerobic Gram-negative
bacterium capable of producing acetic acid and propi-
onic acidP®, while Lachnoclostridium can generate
acetic acid and exerts anti-inflammatory and im-
munomodulatory effects’®?. Bacteroides and Prevotel-
la were positively correlated with butyric acid produc-
tion, and Megamonas, Blautia, and Anaerostipes ex-
hibited a significant positive correlation with butyric
acid production (P<0.01). Butyric acid exerts multi-
ple beneficial effects on host health, including anti-in-

flammatory activity and maintenance of intestinal im-
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mune homeostasis*®.

Megamonas could metabolize
organic nutrients, ferment RS, and produce acetic acid
and propionic acid®'. As a form of RS, RS3-type
QRS was extensively utilized by intestinal microbio-
ta in the colon, which facilitated SCFA production by
intestinal flora. Blautia can enhance colonic mucus
function and development via SCFA secretion, there-
by helping form a protective microenvironment for in-
testinal microorganisms. Additionally, human studies
have shown that carbohydrate intake is positively asso-
ciated with butyric acid production and the abun-
dance of butyrate-producing bacteria in Blautia popula-
tions, indicating that Blautia plays a key role in hu-
man intestinal butyrate metabolism'*?!. Anaerostipes
was a member of the family Lachnospiraceae and one
of the main groups producing butyrate in the in-
testines of humans and animals'™). The rough sur-
faces generated by RS starch chain cleavage were
rapidly recognized by intestinal flora, which promot-
ed the early-stage enrichment of Bacteroides and Pre-
votella. The flora further degraded RS into small
molecular fragments, providing substrates for subse-
quent Blautia and Anaerostipes, which synergistical-
ly promoted the production of butyric acid™*. Parasut-
terella showed a strong positive correlation with propi-
onic acid production (P<0.05), and its abundance is
linked to RS supplementation'®!. This indicated that
the addition of QRS could promote the fermentation
of intestinal microorganisms to produce more SCFAs,
and the intestinal microorganisms could synergistical-
ly promote the production of SCFAs and contribute to
intestinal homeostasis. The buildup of SCFAs result-
ed in a lower pH, suppressed the growth of harmful
microbes, and helped preserve the balance of intesti-

nal microorganisms.
2.5 Enrichment analysis of differential metabolites be-

tween different groups

Fig.5A~Fig.5C were volcano plots of differen-
tial metabolites between groups (£<0.05). Compared
with the BLANK group, the QS group had more down-
regulated differential metabolites (141) (Fig.5A),
while the QRS group had more up-regulated differen-
tial metabolites (269) (Fig.5B). Relative to the QRS
group, the QS group exhibited 75 down-regulated and
42 up-regulated metabolites (Fig.5C). Notably, the
QRS group showed a significant increase in differen-
tial metabolite count compared with the BLANK
group. Moreover, RS3-type QRS supplementation en-
hanced intestinal microbial community diversity and

increased the variety of differential metabolites, high-

lighting the key role of RS intake in elevating intesti-
nal microbial diversity and improving human intesti-
nal health. Fig.5D~Fig.5F showed the relative abun-
dance of metabolites between different groups. Lig-
nans, neolignans and their derivatives, hydrocarbon
derivatives, and organic sulfur compounds were detect-
ed in both the QS vs. BLANK and QRS vs. BLANK
comparisons (Fig.5D, Fig.5E), whereas organic sul-
fur compounds were exclusive to the QS and QRS
groups (Fig. 5F). Quinoa seeds naturally contain sul-
fur-containing compounds (glutathione), and RS can
significantly increase sulfate-reducing bacterialpopula-
tions and facilitate hydrogen sulfide synthesis by mod-
ulating intestinal microbial composition™®. Organic
acids and their derivatives were highly abundant in all
comparison groups.

Fig.5G was a heatmap of differential metabo-
lites in QS and QRS groups, screened by VIP>2 and
P<0.05. The QS group had high levels of alkaloids
and their derivatives, with organic oxygen com-
pounds (including tropine, nitroflurbiprofen, and
myo-inositol) being the dominant class. Tropine is a
common intermediate for synthesizing various bioac-
tive alkaloids; Studies have found that natural bioac-
tive alkaloids and polyphenols exhibit strong in vitro
amylase inhibitory activity but are readily degraded in
vivo™”! suggesting that the amylase inhibitory activi-
ty of RS3-type QRS might have decreased after auto-
claving. Myo-inositol could be endogenously formed
by glucose decomposition and exists in foods**. Com-
pared with the QS group, the QRS group had higher
concentrations of benzene ring-containing substances
and organic nitrogen compounds. The notable differen-
(3a,5b,7a,12a)-24-[(carboxy-
methyl)amino]-1,12-dihydroxy-24-oxocholan-3-yl-
b-D-Glucopyranosiduronic acid (VIP>2, P<0.05),

which was a conjugated bile acid (a glucuronidation

tial metabolite was

product) and belonged to the secondary metabolites of

bile acid metabolism™”!

. RS fermentation produced
SCFAs to reduce intestinal pH, inhibited the passive
absorption of bile acids, promoted the formation of
conjugated bile acids, and enriched Bacteroidetes and
Firmicutes®”. Furthermore, studies showed that RS in-
tervention could increase fecal conjugated bile acid
excretion®). As shown in Fig.3, the QRS group had
significantly higher butyric acid production than oth-
er groups (P<0.05). RS intervention could promote
the proliferation of SCFA-producing bacteria, regu-
late colonic epithelial energy metabolism via SCFAs,

and protect the intestinal barrier.
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2.6 KEGG compound annotation and metabolic path-

way enrichment analysis of differential metabolites
Fig.6A~Fig.6C illustrated the analysis of the
KEGG secondary metabolic pathway functionspertain-
ing to the differential metabolites observed among the
various groups. The results showed that metabolites
annotated to metabolic pathways accounted for the
largest proportion across all groups, with 128, 135,
and 49 differential metabolites identified in each
group, respectively. Fig.6D~Fig.6F presented the re-
sults of metabolic pathway enrichment analysis for
the differential metabolites between groups. The find-
ings indicated that relative to the BLANK group, both
the QS and QRS groups were significantly enriched in

the bile secretion and f-alanine metabolism pathways
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(P<0.01) (Fig.6D~Fig.6E). Bile acids are important
metabolites that regulate intestinal absorption and bile
secretion. They can alleviate chronic liver disease and
obesity, directly disrupt bacterial cell membranes, cre-
ate a niche favorable for Firmicutes, and inhibit the
proliferation of bile acid-tolerant microorganisms
(e.g., Bacteroidetes and Actinobacteria)®?!. Studies
have shown that RS intake can ameliorate obesity by
modulating intestinal flora-mediated regulation of bile
acid composition'™!. Compared with QS, RS3-type
QRS had a higher RS content; After ingestion, intesti-
nal flora in the QRS group exhibited enriched Firmi-
cutes, which established a favorable metabolic mi-
croenvironment for bile secretion and maintained

metabolic homeostasis. As shown in Fig.4, the abun-
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Fig.6 KEGG functional annotation and metabolic pathway enrichment analysis of differential metabolites
Notes: A: QS vs. BLANK, B: QRS vs. BLANK, C: QS vs. QRS, D: QS vs. BLANK, E: QRS vs. BLANK, F: QS vs. QRS.
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dance of Parasutterella was significantly positively
correlated with butyric acid production (P<0.05). Rela-
tive to the BLANK group, more metabolites in the
QRS group were enriched in the bile secretion path-
way. Studies have demonstrated that Parasutterella is
a succinic acid-producing strain, with a positive corre-
lation between the bacterium’s abundance and suc-
cinic acid levels; succinic acid is an intermediate in
microbial propionic acid synthesis'®*. In addition, the
tyrosine metabolism pathway was also significantly
enriched in the RS3-type QRS group (£<0.01). Tyro-
sine is metabolized by intestinal bacteria, and its
metabolite p-cresol has garnered attention due to its
impacts on host-microbiota interactions””. Both QS
and QRS groups were significantly enriched in the
melanin production and D-amino acid metabolism
pathways (P<0.01) (Fig.6F). Studies have shown that
some melanin-producing bacteria and some melanin
can be anti-inflammatory and regulate the immune
regulation’. D-amino acids are key components of
bacterial cell wall peptidoglycan, which are involved
in biofilm degradation; additionally, some D-amino

B7 Certain D-amino

acids exert antibacterial effects
acid metabolites (e.g., glutamine, glutamic acid) can
be further fermented by intestinal bacteria into acetic
acid and propionic acid®’), and their combined ac-

tions maintain intestinal microbial homeostasis.
2.7 Correlation between key intestinal microbiome and

differential metabolites

To explore the association between key intesti-
nal microorganisms and differential metabolites, a
Spearman correlation heatmap of intestinal microflo-
ra and intestinal metabolites was generated (Fig.7).
The results indicated that Fusicatenibacter was signifi-
cantly positively correlated with deoxycholic acid and
DL-norvaline (P<0.001). Fusicatenibacter played a
significant role in the fermentation metabolism of car-
bohydrates. This genus was capable of utilizing sub-
strates such as glucose and RS to generate SCFAs, in-
cluding acetic acid, via the glycolytic pathway. DL-
norvaline was involved in glucose metabolism. Clini-
cal evidence showed that Fusicatenibacter abun-
dance was reduced in the intestines of patients with ul-
cerative colitis but elevated in healthy individuals®™®.
Deoxycholic acid and butyric acid were metabolites
of intestinal microbiota that can induce the synthesis
of host defense peptides and alleviate intestinal mucos-
al damage; high deoxycholic acid concentrations are
closely linked to bile acid metabolic pathways™’. No-

tably, a high-fat diet increases hepatic bile flow, pro-

Spearman correlation heatmap
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motes lipid absorption, and impairs intestinal barrier
function. Research indicated that Fusicatenibacter
was a significant producer of butyric acid within the
intestinal microbiota, with its abundance exhibiting a
positive correlation to the levels of butyric acid found
in fecal matter. In addition, the addition of RS4 signifi-
cantly increased the concentration of deoxycholic
acid, and the concentration of deoxycholic acid was
positively correlated with the abundance of Fusicateni-

191 " indicating that bile acid metabolism might

bacter
regulate the activity of the genus. Further, metabo-
lites derived from RS3-type QRS fermentation were
intricately linked to bile secretion metabolic path-
ways. As observed in the present study, the RS3-type
QRS group had the highest butyric acid production
among the three groups (P<0.05) (Fig.3C). Thus,
RS3-type QRS ingestion may indirectly enhance bu-
tyric acid synthesis by promoting the proliferation of
butyrate-producing bacteria such as Fusicatenibacter;
the butyric acid generated via RS3-type QRS fermenta-
tion could further mitigate intestinal inflammation,
thereby forming a positive feedback loop that sus-
tains intestinal homeostasis. Blautia and Anaerostipes
were positively correlated with cucurbitacin B and
leucinic acid but negatively correlated with deoxy-
cholic acid (P<0.05). Both Blautia and Anaerostipes
could ferment carbohydrates to produce SCFAs, partic-
ularly acetic acid. Cucurbitacin B is a naturally occur-
ring triterpenoid with diverse bioactivities, including
alleviation of inflammatory joint disorders, improve-
ment of central nervous system diseases, anti-tumor
effects, anti-diabetic activity, anti-inflammation, and
anti-oxidation'®". Leucine can promote mucosal heal-
ing in ulcerative colitis; this amino acid may modu-

late multiple metabolic pathways by regulating intesti-
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nal microorganisms (e.g., Blautia, Lactobacillus, and
Bifidobacterium), participate in intestinal epithelial
metabolism, and accelerate ulcerative colitis mucosal
repair'®. Triterpenoids (quinoa saponins) in quinoa
can regulate intestinal microbial diversity and pro-
mote the proliferation of Firmicutes'®’!. Klebsiella ex-
hibited a significant negative correlation with trans-
cinnamic acid (P<0.05). Klebsiella is a Gram-nega-
tive bacterium, while trans-cinnamic acid is a pheny-
lalanine metabolite with broad-spectrum antibacterial
activity against pathogenic microbes, along with its
derivatives!®¥. Collectively, RS3-type QRS fermenta-
tion inhibited pathogenic bacteria (K/ebsiella) and en-
hanced intestinal barrier function, as well as metabol-
ic homeostasis, by increasing the abundance of benefi-
cial butyrate-producing bacteria (i.e., Fusicatenibac-
ter, Blautia, and Anaerostipes). Metabolites includ-
ing deoxycholic acid, DL-norvaline, and trans-cinnam-
ic acid were closely associated with bile acid
metabolism and amino acid fermentation; their syner-

gistic actions collectively improved intestinal barrier

integrity, metabolic health, and inflammatory status.

3 Conclusion

In summary, compared with QS, RS3-type QRS
had more stable thermodynamic properties, better
light transmittance, and superior solubility. The addi-
tion of QRS to the in vitro fermentation matrix could
regulate the structure of human intestinal flora, pre-
vent the proliferation of harmful bacteria (£s-
cherichia-Shigella), promote the growth of Firmi-
cutes, create a good metabolic environment for bile se-
cretion, and enhance the production of SCFAs (bu-
tyric acid) to maintain the homeostasis of intestinal
flora and metabolic homeostasis. Furthermore, bile
acids generated via intestinal microbial fermentation
of RS3-type QRS showed enhanced involvement in
key metabolic processes such as bile secretion. Over-
all, RS3-type QRS positively influenced the intestinal
microbiome and its metabolites, showing the poten-
tial of prebiotics, which provided a theoretical basis
and experimental support for its food development

and utilization.

© The Author(s) 2026. This is an Open Access article dis-
tributed under the terms of the Creative Commons Attribution Li-
cense (https:/creativecommons.org/licenses/by-nc-nd/4.0/).
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