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Insoluble dietary fiber from soy hulls regulates the gut microbiota
in vitro and increases the abundance of bifidobacteriales
and lactobacillales
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Abstract We evaluated soy hull dietary fibers (SHDF)

extracted from different raw materials, in terms of their

chemical composition, physicochemical properties, struc-

ture, and ability to regulate fecal microflora, in order to

investigate the properties and functions of SHDF. The

structures of insoluble dietary fiber from soy hull with

oxalic acid extraction (IDFO) and insoluble dietary fiber

from soy hull with citric acid extraction (IDFC) were

characterized by scanning electron microscopy, Fourier

transform infrared spectroscopy, and X-ray diffraction.

Compared with IDFO, IDFC had larger crystalline regions,

and a higher water retention capacity (4.92 g/g), water

swelling capacity (4.77 mL/g), oil adsorption capacity

(1.60%), a-amylase activity inhibition ratio (12.72%),

glucose adsorption capacity (1.59–13.42%), and bile acid

retardation index (5.18–26.61%). Given that the gut

microbiota plays a pivotal role in health homeostasis, we

performed a detailed investigation of the effects of dietary

fiber on fecal microbiota through 16S rDNA high-

throughput sequencing. As revealed by Venn, principal

component analysis, and 3D-principal co-ordinates analy-

sis analysis, the structure of the fecal microbiota commu-

nity was markedly altered by intake of IDFO and IDFC. In

particular, the abundance of Bifidobacteriales and Lacto-

bacillales significantly increased to varying degrees as a

result of IDFO and IDFC intake. Altogether, this study

demonstrates a prebiotic effect of SHDF on the fecal

microbiota in vitro and provides a basis for the develop-

ment of SHDF as a novel gut microbiota modulator for

health promotion.

Keywords Dietary fiber � Structure � Functional property �
Gut microbiota

Introduction

In recent years, dietary fiber has gradually become known

as one of the seven major classes of nutrients for humans.

In 2009, the Codex Alimentarius Commission defined

dietary fiber (DF) (McCleary et al. 2013) as being formed

from carbohydrate polymers with ten or more monomeric

units that cannot be hydrolyzed by enzymes in the human

small intestine. DF includes edible carbohydrate aggregates

present in the food itself, as well as carbohydrate polymers

derived from food materials through physical, enzymatic,

or chemical methods, or synthetic polymers that are ben-

eficial for health. In general, DF is divided into soluble

dietary fiber (SDF) and insoluble dietary fiber (IDF). SDF

includes b-glucan, galactomannan, pectin, psyllium, inulin,

and resistant starch, whereas IDF includes cellulose,

hemicellulose, chitosan, lignin, etc. Previously, SDF was

considered to decrease serum lipid and glucose levels,

whereas the effect of IDF was mainly thought to be fecal

bulking (Kaczmarczyk et al. 2012). Subsequently,

increasing evidence has revealed the relationship between

IDF and health. For instance, IDF results in lower weight

gain, improved insulin sensitivity (Weickert et al. 2011),
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lowered blood pressure, and improved immune function

(Aljuraiban et al. 2015). Fecal dilatation and shorter

intestinal transit time can prevent constipation and may

dilute or decrease the absorption of toxic or carcinogenic

metabolites, thereby improving gastrointestinal health and

decreasing the risk of tumor development and cancer. In

spite of previous research efforts, however, whether and, if

so, how IDF affects the gut microbiota is largely unknown.

The gut microbiota has recently become a new focus of

research at the intersection between diet and metabolic

health (Gong et al. 2018a, b). High fiber diets provide an

abundant supply of fermentable substrate for the gut

microbiota, which modulates the systemic health of the

host through direct and indirect effects. These effects are

due to IDFs being little absorbed and thus interacting with

the gut microbiota for a long time in the intestinal tract.

The gut microbiota is greatly influenced by the fer-

mentability of ingested fibers; consequently, the gut

microbiota may link IDF and human health. With the

development of high-throughput sequencing technology

and metagenomics, increasing evidence has identified the

role of the gut microbiota in the etiology of host chronic

metabolic diseases. Sun et al. (2019) found that oral

treatment with water-insoluble polysaccharide significantly

improved glucose and lipid metabolism in ob/ob mice

(8 weeks old, obesity and type 2 diabetes in animal mod-

els) and decreased hepatic steatosis, as a result of an

increase in the butyrate-producing bacteria of the Lach-

nospiraceae family, including Clostridium. Hashemi

showed that pea seed coating increased the abundance of

bacteria of the families the Lachnospiraceae and the

Prevotellaceae in glucose-tolerant rats. In addition, cooked

pea seed coating increased glucose tolerance by approxi-

mately 30%, whereas dietary raw and cooked pea seed

coating was found to decrease the insulin response by 53%

and 56%, respectively (Hashemi et al. 2017). Velikonja

performed a double-blind, placebo-controlled, randomized

clinical trial of 43 volunteers diagnosed with metabolic

syndrome or high-risk of progression to metabolic syn-

drome. In a four-week intervention study, participants

consumed experimental bread containing 6 g of barley beta

glucan (BBG) or the same bread without beta glucan.

Abundance of the Coriobacteriales was significantly

reduced, and that of the Coriobacteriales species Col-

linsella aerofaciens, which is associated with colorectal

cancer and thrives in an inflamed intestinal environment,

showed a decreasing trend following BGB intervention

(Velikonja et al. 2019). These results highlight the possible

positive effects of beta glucan on host health and support

its prebiotic effect.

Soybean is the most important source of edible plant oil

and protein worldwide. Thousands of tons of soy hulls and

dregs are generated as agricultural by-products and are

typically discarded and wasted. Soy hulls are a good source

of IDF, and thus their utilization may benefit human health

and the protection of the environment. The objective of this

study was to evaluate the functional effects on the gut

microbiota of different IDFs extracted from soy hulls. The

physicochemical properties and structure of IDF were first

determined. After potential differences in IDFs were

identified, the changes in the profiles of the gut microbiota

were further analyzed by 16S rDNA high-throughput

amplicon sequencing. The findings of this study should

provide useful insights into the potential applications of DF

from soy hull by-products.

Materials and methods

Structural characterization

Scanning electron microscopy (SEM)

The surface and microstructure of DFs were observed by

SEM (S-4800 scanning electron microscope, Japan) at

3.0 kV. The dry samples were placed on a metal disk with

double-faced conducting adhesive tape and coated with a

gold layer of 10 nm. Representative micrographs were

taken for each sample at 10009 magnification.

Fourier-transform infrared spectroscopy (FTIR)

DFs were thoroughly mixed with KBr (1:150, w/w) and

pelletized. IR spectra of the IDFO and IDFC were recorded

on a FTIR-650 spectrometer (Thermo Nicolet Corporation,

USA) from 400 to 4000 cm-1 with 32 scans and a reso-

lution of 4 cm-1.

X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis of the dry sample was

carried out according to Wen et al. (2017), with slight

changes. The XRD pattern was determined in an X-ray

powder diffractometer (Bigaku Ultima IV, Japan) using Cu

radiation at 40 kV and an incident current of 40 mA. The

angular region was scanned in the range of 5� to 70� with a

step length of 0.02 and a step rate of 10�/min.

DF preparation and physicochemical properties

The method of extracting dietary fiber (DF) from soy hulls

by enzymes was modified according to Ma et al. (2015),

and the soy hull dregs, after microwave assisted extraction

of the soluble polysaccharides using oxalic acid and citric

acid, were mixed with deionized water at a 1:10 ratio and

hydrolyzed with alkaline protease (Yuanye, Shanghai,
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China) (200 U/mg) at 55 �C for 155 min. After the reac-

tion, the mixture was heated in a boiling water bath for

15 min to terminate the hydrolysis, then centrifuged at

4000 rpm for 20 min and dried at 65 �C to constant weight.

Water retention capacity (WRC) was determined

according to the method reported by López-Marcos et al.

(2015). DFs (1 g) were hydrated in a centrifuge tube with

30 mL deionized water at room temperature for 18 h, and

the supernatant was removed after centrifugation at

4000 rpm for 20 min. WRC was calculated according to

the weight of the resulting residue recorded both before and

after drying at 105 �C to constant weight, with the fol-

lowing equation:

WRC ðg/gÞ ¼ mf � md

� �
� md

where mf is the weight of hydrated residue (g), and md is

the weight of dried sample (g).

The water swelling capacity (WSC) was determined

according to the method reported by Sowbhagya et al.

(2007). DFs (0.2 g) were hydrated in 10 mL deionized

water in a graduated test tube at room temperature for 18 h,

and the volume of dietary fiber was calculated after water

absorption. WSC was determined by the following

equation:

WSC ðmL/gÞ ¼ v1 � v0ð Þ=w0

where v1 is the volume of the hydrated sample, v0 is the

volume of the dried sample, and w0 is the weight of the

dried sample.

The oil adsorption capacity (OAC) was determined

through the method described by López-Marcos et al.

(2015), with slight modifications. DFs (0.2 g) were mixed

with 30 mL corn oil for 18 h at room temperature. The

supernatant was removed after centrifugation at 4000 rpm

for 20 min and the residue weighed. OAC was determined

by the following equation:

OAC ðg/gÞ ¼ mr � mdð Þ � 100=md

where mr is the residue weight, which contained the oil (g),

and md is the original weight of DF (g).

Functional properties

Glucose adsorption capacity (GAC) was determined by the

method described by Luo et al. (2018). Each sample (1 g)

was mixed with 100 mL of glucose at different concen-

trations (50, 100, and 200 mmol/L) and incubated in a

water bath at 37 �C for 6 h. After the glucose adsorption

had reached its equilibrium, samples were centrifuged at

4000 rpm for 20 min, and the glucose concentration in the

supernatant was measured with a glucose assay kit (Yua-

nye, Shanghai, China). GAC was calculated according to

the following equation:

GAC ðmmol/gÞ ¼ Ci � Cs � Vi=Ws

where Ci is the glucose concentration of the original

solution (mmol/L), Cs is the supernatant glucose content

when adsorption reached equilibrium (mmol/L), Ws is the

weight of DF (g), and Vi is the supernatant volume (mL).

The a-amylase activity inhibition ratio (a-AAIR) was

determined with the method described by Ahmed et al.

(2011). A 4% (w/v) starch solution was prepared as fol-

lows: potato starch (4 g) and 90 mL 0.05 mol/L phosphate

buffer (pH6.5) were mixed at 65 �C for 30 min, and the

volume was adjusted to 100 mL with phosphate buffer

(pH6.5). A starch-a-amylase-DF system consisting of the

above starch solution (25 mL), a-amylase (Yuanye,

Shanghai, China) (0.4%), and tested DF (1%) was dialyzed

(SP132703: 12,000–14,000; Yuanye, China) against

200 mL of deionized water (pH 7.0) at 37 �C for 60 min in

a shaking water bath. Then, the glucose concentration of

the dialysate was measured with a glucose assay kit

(Yuanye, Shanghai, China). A control test was carried out

without DF, and a-AAIR was calculated from the follow-

ing equation:

a� AAIRð%Þ ¼ AC � ASð Þ � 100=AC

where AC is the absorbance of the control, and AS is the

absorbance of DF.

The bile acid retardation index (BRI) was determined

through the method described by Ma and Mu (2016), with

slight modifications. 15 mmol/L of taurocholic acid

sodium salt solution was prepared with 0.05 mol/L phos-

phate buffer at pH 7. DF (0.2 g) was mixed with the

sodium taurocholate solution and transferred into a dialysis

membrane (SP132703: 12,000–14,000; Yuanye, Shanghai,

China). The dialysis bag was placed in 100 mL of phos-

phate buffer (pH 7) at 37 �C. Sodium taurocholate without

DF was used as the control. An aliquot (2 mL) of the

dialyzate was removed for analysis at 60 and 120 min, and

the concentration of sodium taurocholate was measured by

HPLC (Agilent 1260, Agilent, USA). Briefly, the dialyzed

taurocholic acid solution was filtered before being injected

onto a Symmetry C18 (Agilent, USA) (4.6 mm 250 mm)

HPLC column with acetonitrile (Reagent A) and disodium

hydrogen phosphate (0.15%, pH 3.0, Reagent B) as mobile

phases. The mobile phase linear gradient consisted of 22–

42% A for 30 min followed by 42–35% A for 5 min. The

flow rate was 1.0 mL/min. A UV detector at 203 nm was

used to detect taurocholic acid. BRI was calculated with

the following equation:

BRI ð%Þ ¼ 100� ½ðCd � 100Þ=Cc�

where Cd is the total taurocholic acid concentration dif-

fused from the DF (mmol/L), and Cc is the total taurocholic

acid concentration diffused from the control (mmol/L).
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In vitro fermentation culture

Sugar-free medium was prepared, containing 2.25 g/L

yeast extract, 0.75 g/L tryptone, 3.0 g/L mucoprotein,

0.37 g/L L-cysteine, 12.5 g/L NaCl, 6.0 g/L bile salt and

0.9 g/L pancreatin, according to Truchado et al. (2017).

IDFO and IDFC and control glucose were added at a

concentration of 1%. Fresh feces were mixed in equal

proportions from three healthy volunteer without any gas-

trointestinal diseases and antibiotic therapy in the past half

year and added to a sterile 0.01 mol/L phosphate-buffered

solution pH at 7.4 to prepare a stool slurry, which was

added to the culture system at a ratio of 1:10 and cultured

at 37 �C for 48 h in an anaerobic incubator (90% N2, 5%

H2 and 5% CO2) (LAI-3, Shanghai Longyue Instrument

Equipment Co., Ltd. China) (Strain et al. 2019). The DNA

of original and cultured fecal microbiota (FM) was

extracted according to manufacturer’s instructions QIAamp

Fast DNA Stool Mini Kit (QIAGEN, Germany). The V3–

V4 region of the 16S rDNA gene fragments was amplified

using a set of primer pairs (341F; 50-CCCTACACGAC
GCTCTTCCGATCTG (barcode) CCTACGGGNGGC WG

CAG-30, 805R; 50-GACTGGAGTTCCTTGGCACCCGAG
AATTCCAGACTACHVGGGTATCTAATCC -30). Sta-

tistical analysis of biological information is typically per-

formed at OTUs at 97% similar levels. The abundance and

diversity of environmental communities were estimated

using statistical analysis indexes such as Chao, Ace,

Shannon, and Simpson. Principal component analysis

(PCA) of OTU in different samples was performed to

compare the structure of the microbiota between samples.

The differences between the samples were observed by

UniFrac-PCoA.

Statistical analyses

All experiments were performed with three replicates, and

the data are expressed as mean ± standard deviation. Data

were analyzed using the statistical analysis software SPSS

Statistics 19.0 (IBM, Armonk, NY, USA). Results were

considered to be statistically significant at p\ 0.05.

Results and discussion

Structural characterization

Scanning electron microscopy (SEM)

The morphologies of IDFO and IDFC after enzymatic

hydrolysis by protease are depicted in Fig. 1a. The SEM

images showed that the morphology of IDFO included a

compact regularly folded surface with visible attached

particles and spherical substances, which might have been

residual starch granules. Wen et al. (2017) also found

similar results. IDFC formed a loose structure with a

smooth surface, and the inner structure had holes exposed.

Alterations in the internal and external structure of IDFC

allowed more water molecules to participate in hydrogen

bonding and/or dipole formation, and hence may have

improved its water retention capacity and swelling capacity

(Chen et al. 2014).

Fourier-transform infrared spectroscopy (FTIR)

Figure 1b shows the FTIR spectrum of IDFO and IDFC

from 400 to 4000 cm-1. The spectroscopic profiles of most

bands of IDFO were comparable to those observed in

IDFC, indicating similarities in the chemical functional

groups of the two samples. It can be seen from Fig. 1b that

the infrared images of IDFO and IDFC have no difference

and have the same functional groups. There was a broad

band at 3421 cm-1 assigned to O–H stretching of hydrogen

combined with hydroxyl groups mainly derived from cel-

lulose and hemicellulose (Xiao et al. 2017). The peak at

2920 cm-1 indicated the presence of the C–H vibration of

the saccharide methylene group. The significant peaks

observed at 1735 cm-1 and 1618 cm-1 were due to

hemicellulose-specific acetyl or C=O bonds, as well as

methyl esterification or free carboxyl groups specific for

pectin (Kaushik and Singh 2011). The broad peaks at

1430–1320 cm-1 and the nearby shoulder peak corre-

sponded to the stretching vibration of the C–O bond in

COOR. The peak at 1155 cm-1 was ascribed to C–O–C

stretching vibration of hemicellulose and cellulose, and

that at 1060 cm-1 was indicative of stretching vibration of

C–O in hemicellulose and cellulose (Bibin Mathew et al.

2008), in agreement with the structure of cellulose. There

were three peaks at 1100–1010 cm-1; the characteristic

absorption peak of pyranoside, whereas the furanoside had

two peaks in this region. b-type pyranose has a peak at

891 ± 7 cm-1. A peak at 896 was indicative of stretching

vibration of b-pyranose and C–H variable angle vibration

(Fig. 1b) (Liu et al. 2014).

X-ray diffraction (XRD)

The XRD patterns and changes in the crystallinity of IDFO

and IDFC were investigated. As shown in Fig. 1c, distinct

diffraction peaks were observed at 2h angles of 22.26� and
34.5�, representing a typical crystalline cellulose I structure
(Wen et al. 2017). IDFO had a sharp peak at 14.88,

whereas IDFC had a wider peak. Cellulose consists of

linear chains of b (1–4) linked D-glucopyranose units that

aggregate and form the core of crystalline cellulose. The

crystalline portion was indicated by the sharp peak in the
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picture, and an amorphous portion was also observed

(Nishiyama et al. 2003). Hemicellulose is generally linked

with cellulose microfibers but has a random, amorphous

structure with little strength, which can be easily hydro-

lyzed by various hemicellulases (Scheller and Ulvskov

2010). It can be seen from Fig. 1c that the amorphous peak

is at 17.8�. The difference between IDFO and IDFC is that

IDFO has a sharp peak at 14.88�. The reason may be that

the oxalic acid has a lower pH than citric acid in the pre-

treatment of the raw material, and enhanced the peak

intensity.

Physicochemical properties

As shown in Table 1, analysis of two types of DF from soy

hulls demonstrated comparable concentrations of moisture,

fat, starch, and ash in the two samples. The IDF concen-

tration of IDFO (82.78%) was significantly higher than that

of IDFC (79.82%) (p\ 0.05), whereas the SDF concen-

tration of IDFC (6.41%) was significantly higher than that

of IDFO (4.63%) (p\ 0.05). In the study of Yang et al.

(2014), the concentration of IDF and SDF in soy hulls

processed with acid–base hydrolysis and high pressure was

86.5 g/100 g and 1.0 g/100 g. The IDF of IDFO and IDFC

Fig. 1 Scanning electron microscopy (SEM) (a), Fourier-trans-

formed infrared spectroscope (FTIR) spectra (b), and X-ray diffrac-

tion (XRD) patterns (c) of IDFO and IDFC. IDFO, insoluble dietary

fiber from soy hull with oxalic acid extraction; IDFC insoluble dietary

fiber from soy hull with citric acid extraction
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was slightly lower than its IDF content, compared with

Yang. The total DF concentration of soy hulls was higher

than that reported in other cereals and fruits, including rice

bran (27.04 g/100 g), sesame coat (31.64 g/100 g), peach

DF concentrate (30.7 g/100 g), orange DF concentrate

(36.9 g/100 g), and mango DF concentrate (28.05 g/100 g)

(Abdul-Hamid and Yu 2000; Elleuch et al. 2010; Liu et al.

2018; Vergara-Valencia et al. 2007). The fiber concentra-

tion of okara IDF was 82.6 g/100 g. These findings indi-

cate that soy hulls are an excellent source of DF, as a result

of their high DF content (Ullah et al. 2018). The difference

in protein between IDFO and IDFC may have been caused

by different types of acid used in the pre-treatment of the

soy hulls, which may have resulted in different effects on

the structure of the protein, thus affecting the enzymatic

hydrolysis effects of alkaline protease.

The physical and chemical properties of DF strongly

affect the nutritive value and physiological functions of

soybean foods. The WRC indicates the ability of DF to

retain moisture when it is subjected to external forces such

as centrifugal pressure, which can regulate the water dis-

tribution in the food system and has a strong effect on the

appearance, flavor, and commercial value of food. The

WRC of IDFO was 3.91 g/g, which was lower than that of

the corresponding IDFC (4.92 g/g) (Table 2). In addition,

the WRC of the IDFO and IDFC was higher than that of

citrus fruits (1.65 g/g), bananas (1.71 g/g), apples (1.87 g/

g), and grapefruits (2.09 g/g), but lower than that of

coconut kernels (10.71 g/g) and mango peel (11.40 g/g)

(Chau et al. 2007; Figuerola et al. 2005; Yalegama et al.

2013). These results may be attributed to the dependence of

DF WRC on particle size, processing condition, and sur-

face characteristics, such as porosity, charge density, sur-

face, and microstructure (Chau et al. 2007). Moreover, the

concentration of SDF may result in differences in WRC.

The more SDF content represented the higher the WRC.

The WRC value of IDF from bamboo shoot shell was

2.99 g/g, and this value significantly increased (p\ 0.05)

after enzymatic hydrolysis (4.96 g/g) and dynamic high

pressure micro-fluidization treatment (8.27 g/g) (Luo et al.

2018).

The WSC is the ratio of the volume of the material

immersed in excess water after DF equilibration to the

actual weight of the DF. The WSC of IDFO (3.22 mL/g)

was lower than that of IDFC (4.77 mL/g) (Table 2), pos-

sibly as a result of differences in the physical structure of

DF. The IDFC showed a loose structure with many voids,

as shown in the SEM image of IDFC (Fig. 1a); this

structure facilitates the absorption of water. The WSC of

unsieved deoiled cumin DFs obtained from enzymatic

hydrolysis was 6.76 mL/g, a value higher than that of

SHDF (Ma and Mu 2016).

The OAC indicates the ability of DF to absorb fat. As

shown in Table 2, there was no significant difference

between the OAC of IDFC (1.60 g/g) and IDFO (1.37 g/g).

The OAC was related to the fat concentrations of DF, and

the fat concentrations of IDFC and IDFO were similar, as

shown in Table 1. The OAC values of IDFO and IDFC

were higher than those of DFs extracted from grapefruits

(1.20 g/g) and apples (0.60 g/g), but lower than those of

DFs extracted from citrus fruits (1.81 g/g). In addition, the

OAC depends on the surface characteristics of the fiber

particles (Figuerola et al. 2005). The porosity of the DF

was greater, and its ability to adsorb oil was stronger. The

presence of pores in the SEM micrographs of IDFC is

conducive to the adsorption of oil.

Functional properties

The GAC index indicates the ability of the DF to control

postprandial blood glucose. Three different levels of glu-

cose (50, 100, and 200 mmol/L) were used to assess the

GAC of DF. As shown in Table 2, in general, the

adsorption capacity of IDFC for glucose was stronger than

that of IDFO, possibly as a result of the greater proportion

of SDF in IDFC. SDF with higher viscosity could poten-

tially enhance the entrapment of glucose molecules within

the fiber network, thereby delaying glucose diffusion (Chau

et al. 2007). The reticular structure of DF aids in glucose

absorption and slows the diffusion of glucose molecules in

the food system (Lecumberri et al. 2007). The glucose

adsorption capacity is directly proportional to the molar

Table 1 Proximate composition of IDFO and IDFC

DF Moisture Protein Fat Starch Ash IDF SDF

IDFO 4.17 ± 0.28a 0.036 ± 0.0034b 1.23 ± 0.16a 3.78 ± 0.93a 2.36 ± 0.058a 82.78 ± 0.0067a 4.63 ± 0.0017b

IDFC 4.53 ± 0.17a 0.052 ± 0.00067a 0.92 ± 0.2a 3.89 ± 0.23a 2.42 ± 0.079a 79.82 ± 0.0033b 6.41 ± 0.0026a

Data are expressed as g/100 g dry basis except for moisture content. Values are mean ± SD, N = 3. Values with a different letter in the same

column are significantly different, p\ 0.05 (Student’s t test). Error bar represents SD

IDFO insoluble dietary fiber from soy hull with oxalic acid extraction, IDFC insoluble dietary fiber from soy hull with citric acid extraction, DF

dietary fiber, IDF insoluble dietary fiber, SDF soluble dietary fiber
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concentration of glucose. Luo et al. (2018) has found that

the GAC values of all insoluble DFs from bamboo shoot

shell steadily increase with the increase of glucose con-

centration until the glucose concentration reaches 25 mM.

DFs with high BRI can effectively postpone or depress

bile acid uptake during gastrointestinal digestion by

accelerating the secretion of bile acids, thereby avoiding

epithelial cell and DNA damage. The results showed that

BRI increased with increasing dialysis time (Table 2).

IDFC exhibited a higher BRI (8.98–26.61%) than did

IDFO (2.10–5.18%). The BRI of deoiled cumin DF was

16.34–50.08% and increased with increasing dialysis time;

in soy hulls, it was higher than those of IDFO and IDFC

and exhibited the same change law (Ma et al. 2015).

DF suppresses the activity of a-amylase and improves

the digestion characteristics of starch in food. The inhibi-

tion rate of a-amylase activity is related to its WRC and

WSC. Higher WRC and WSC can decrease the fluidity of

the system and the probability of collision between the

enzyme and the substrate, thereby decreasing the enzy-

matic hydrolysis effect of a-amylase on starch. IDFC

(12.72%) had a higher a-AAIR than did IDFO (5.28%).

This result might be attributable to microstructure changes

such as more porous fiber networks, which were induced

by the particle size distribution; as shown as Fig. 1a, IDFC

had more holes than IDFO. Therefore, a higher amount of

a-amylase was adsorbed to DF, and a higher starch con-

centration was embedded in the porous fiber network.

Overall, the functional characteristics of IDFC were

stronger than those of IDFO.

Intake of DF changed the structure of the gut

bacterial community

To adequately demonstrate the effect of DF on fecal

microflora in vitro, we used high-throughput sequencing

spanning the V3–V4 hypervariable regions of 16S rDNA.

The chao1 index is commonly used in ecology to estimate

the total number of species, and the Ace index is used to

estimate the number of OTUs in a community. Alpha

diversity refers to diversity within a particular region or

ecosystem, often measured by species richness, as reflected

by the Simpson and Shannon indices. It is commonly used

in ecology to quantitatively describe the biodiversity of a

region. The larger the Simpson index value, the lower the

community diversity. The larger the Shannon value rep-

resented the higher the diversity of the community.

As shown in Table 3, IDFO and IDFC both induced

detectable changes in community richness and diversity.

Compared to the original FM, the Shannon indices

responsive flora diversity shifted from 1.85 to 2.61 and

2.15, and the Simpson index changed from 0.39 to 0.15

and 0.25 in the IDFO and IDFC groups respectively withT
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the time of fermentation in vitro. However, the diversity of

the GLU was reduced. These results indicated that the

intake of DF increased the diversity of fecal microbiota.

Compared with GLU, the increases in the OTUs and Ace

and Chao1 indices in response to IDFO and IDFC indi-

cated that the intake of DF increased the total number of

fecal microbiota, and that IDFC was superior to IDFO in

this respect. There was the same findings in other experi-

ments Lam uses barley b-glucan as a raw material to

explore its effects on infant feces. The study found that

compared with glucose, the intake of barley b-glucan lead

to the Shannon index and the Simpson reciprocal increased

and showed significantly higher a-diversity (Lam et al.

2019). There are studies that show the high-throughput 16S

rRNA amplicon sequencing are restricted to dominant

bacterial populations, metagenomic and amplicon

sequencing surveys report a number of approximately 150

dominant bacterial species detected per sample (Faith et al.

2013; Qin et al. 2010), whereas approximately 1000 bac-

terial species from the human intestine have been culti-

vated (Clavel et al. 2016; Rajilić-Stojanović and de Vos

2014). Therefore, IDFO and IDFC maybe induced more

specific strains prolifration to increase the number of OUT

in vitro.

We established a Venn diagram based on shared OTUs

and performed principal component analysis (PCA) and

3D-principal coordinate analysis (3D-PCoA) (Fig. 2). The

Venn diagram provided additional verification of our

results, indicating the regulatory effect of DF on fecal

microbiota, because the different groups had unique OTUs

that were not shared with the negative controls (Fig. 2a).

Moreover, as indicated in the PCA and 3D-PCoA score

plots, the IDFC-treated group showed a much more sig-

nificant structural shift than the IDFO-treated group, both

along the first principal component and the second principal

component (Fig. 2b, c). These results further demonstrated

the significant differences in the effects of IDFC and IDFO

on fecal microbiota. Shang has reported a modulatory effect

of keratan sulfate on gut microbiota: different groups of

treated mice had unique OTUs that were not shared with

those of the negative controls. However, the amount of DFs

added is an important factor in the regulation of the flora

structure of intestinal microbes in vitro (Shang et al. 2016).

Sasak found that 0.2% prebiotic intake had no effect on

microbial composition. The PCoA of the unweighted Uni-

Frac distance showed that the microbial population in the

fecal sample followed the same direction as the corre-

sponding culture without prebiotics (p = 0.454, multivari-

ate analysis of variance) (Sasaki et al. 2018).

Table 3 Diversity of fecal

microbiota in DF-treated and

control groups

Groups Reads OTUs Coverage Richness estimator Diversity estimator

Ace Chao1 Shannon Simpson

IDFO 50,144 855 0.991524 1890.15 1388.14 2.61 0.15

IDFC 54,231 863 0.991149 2343.28 1572.63 2.15 0.25

GLU 50,569 352 0.996124 1029.64 660.23 1.07 0.58

FM 89,995 478 0.998433 609.65 552.21 1.85 0.39

IDFO insoluble dietary fiber from soy hull with oxalic acid extraction, IDFC insoluble dietary fiber from

soy hull with citric acid extraction, FM fecal microflora, GLU glucose

Fig. 2 Response of the fecal microbiota to DF treatment. Venn

diagram representation of shared/unique OTUs in the fecal microbiota

of IDFO, IDFC, and GLU treated and control groups (a). PCA score

plot of the fecal microbiota in all groups (b). 3D-PCoA of the fecal

microbiota in all groups (c). IDFO insoluble dietary fiber from soy

hull with oxalic acid extraction, IDFC insoluble dietary fiber from soy

hull with citric acid extraction, FM fecal microflora, GLU glucose
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DF modulates the intestinal microbiota at different

taxonomic levels

We compared the bacterial composition of the fecal

microbiota at the phylum level and found that IDFO and

IDFC significantly increased the abundance of Fusobacte-

ria and Proteobacteria and decreased the population of

Bacteroidetes and Firmicutes at the phylum level (Fig. 3a),

with varying degrees of influence. We further compared the

bacterial composition of the intestinal microbiota at the

order level and found different effects of IDFO and IDFC

on the abundance of Bifidobacteriales and Lactobacillales

at the order level (Fig. 3b, c). After 48 h of culture, DF,

compared with the blank glucose (0.125), promoted the

proliferation of Bifidobacteriales, and IDFC (0.625) was

superior to IDFO (0.375), whereas DF, compared with

blank glucose, promoted the abundance of Lactobacillales,

and IDFO (7.25) was superior to IDFC (4.75). These results

indicated differences in the utilization of the two DFs

between Bifidobacteriales and Lactobacillales.

Similar findings have been found in other studies. Okara

is consumed to a different extent by Lactobacilli and

Bifidobacteria. There was no significant variation in okara

uptake by Lactobacillus acidophilus after 24 h of incuba-

tion. Okara was not used for the first 48 h, whereas, its

uptake increased significantly after 72 h and 96 h of fer-

mentation (29.8% fermented substrate). These results

indicated the high sensitivity of the changes in culture

conditions and showed an adaptation of bifidobacteria to

the okara substrate (Espinosa-Martos and Rupérez 2008).

Similar findings have been found in previous studies.

Whole Tibetan hull-less barley (WHB) was richer in DF

than refined Tibetan hull-less barley (RHB). When WHB

and RHB were fermented by human fecal bacteria in vitro,

the IDF in WHB was used more than RHB. Next-genera-

tion sequencing of the bacterial 16S rRNA gene showed

Fig. 3 Response of the fecal microbiota to DF treatment at the

phylum level (a) and the effect of the abundance of Bifidobacteriales

(b) and Lactobacillales (c) at the order level. IDFO insoluble dietary

fiber from soy hull with oxalic acid extraction, IDFC insoluble dietary

fiber from soy hull with citric acid extraction, FM fecal microflora,

GLU glucose
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that fermentation of both WHB and RHB significantly

promoted the growth of Bifidobacterium; notably, the rel-

ative abundance of Bifidobacterium increased by 78.5%

and 92.8%, compared with RHB and fructo-oligosaccha-

rides, respectively, during WHB fermentation (Gong et al.

et al. 2018a, b).

Conclusion

FTIR spectroscopy of IDFO and IDFC have no difference

and have the same functional groups. IDFO has a sharp

peak at 14.88�, whereas IDFC had a wider peak. IDFO

included a compact regularly folded surface with visible

attached particles and spherical substances, while IDFC

formed a loose structure with a smooth surface, and the

inner structure had holes exposed. Structural differences of

IDFO and IDFC resulted in different physicochemical and

functional properties. The moisture, protein, starch, ash,

and SDF concentration of IDFC were higher than those of

IDFO, whereas the fat and IDF concentrations were lower

than those of IDFO. The WRC, WSC, and OAC of IDFC

were greater than those of IDFO. The GAC, BRI, and a-
AAIR of IDFC also were stronger than those of IDFO.

Therefore, some differences of IDFO and IDFC at the

micro-level resulted in collaboration between Bifidobac-

teriales and Lactobacillales to varying degrees. IDFC

promoted the proliferation of Bifidobacteriales more than

did IDFO, whereas IDFO promoted the abundance of

Lactobacillales more than did IDFC. Thus this difference in

regulating intestinal flora will provide a basis for further

functional applications. This study provides theoretical

knowledge for the research and utilization of SHDF.
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