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a b s t r a c t

Based on preparation of co-fermented defatted rice bran (DFRB) using Bacillus subtilis, Saccharomyces
cerevisiae, Lactobacillus plantarum and phytase, the present study aimed to evaluate the effects of co-
fermented DFRB on growth performance, antioxidant capacity, immune status, gut microbiota and
permeability in finishing pigs. Ninety finishing pigs (85.30 ± 0.97 kg) were randomly assigned to 3
treatments (3 replicates/treatment) with a basal diet (Ctrl), a basal diet supplemented with 10% unfer-
mented DFRB (UFR), and a basal diet supplemented with 10% fermented DFRB (FR) for 30 d. Results
revealed that the diet supplemented with FR notably (P < 0.05) improved the average daily gain (ADG),
gain to feed ratio (G:F) and the digestibility of crude protein, amino acids and dietary fiber of finishing
pigs compared with UFR. Additionally, FR supplementation significantly (P < 0.05) increased total
antioxidant capacity, the activities of superoxide dismutase and catalase, and decreased the content of
malonaldehyde in serum. Furthermore, FR remarkably (P < 0.05) increased serum levels of IgG, anti-
inflammatory cytokines (IL-22 and IL-23) and reduced pro-inflammatory cytokines (TNF-a, IL-1b and
INF-g). The decrease of serum diamine oxidase activity and serum D-lactate content in the FR group
(P < 0.05) suggested an improvement in intestinal permeability. Supplementation of FR also elevated the
content of acetate and butyrate in feces (P < 0.05). Moreover, FR enhanced gut microbial richness and the
abundance of fiber-degrading bacteria such as Clostridium butyricum and Lactobacillus amylovorus. Cor-
relation analyses indicated dietary fiber in FR was associated with improvements in immune status,
intestinal permeability and the level of butyrate-producing microbe C. butyricum, which was also verified
by the in vitro fermentation analysis. These findings provided an experimental and theoretical basis for
the application of fermented DFRB in finishing pigs.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
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1. Introduction

China is the largest pig-raising country in the world and the
grain used annually in feed and husbandry accounts for more than
half of China's total grain consumption, which has led to food
competition between human beings and livestock. In recent years,
to relieve the shortage of feed resources and reduce feed costs,
nutrient-poor, less-expensive and locally available agricultural
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Table 1
Ingredient composition and nutritional levels in experiment (%, as dry matter basis).

Item Diet1

Ctrl UFR FR

Ingredient
Corn 79.10 69.50 69.50
Soybean meal 16.40 15.00 15.00
UFR e 10 e

FR e e 10.00
Soy oil 1.00 2.00 2.00
Dicalcium phosphate 0.65 0.65 0.65
Sodium chloride 0.30 0.30 0.30
Limestone power 0.55 0.55 0.55
Premix2 2.00 2.00 2.00
Total 100.00 100.00 100.00
Analyzed composition
DE, MJ/kg 13.56 13.45 13.32
CP 13.96 13.55 13.63
EE 4.15 4.66 4.74
Ash 5.23 5.22 5.44
Ca 0.43 0.44 0.44
Total P 0.47 0.55 0.51

UFR ¼ unfermented substrate (80% DFRB and 20% soybean hull); FR ¼ fermented
substrate (80% DFRB and 20% soybean hull); DE ¼ digestible energy; CP ¼ crude
protein; EE ¼ ether extract.

1 Ctrl: basal diet; UFR: basal diet with 10% UFR; FR: basal diet supplemented with
10% FR.

2 The premix provided the following nutrients per kilogram of the complete diet:
6,480 IU vitamin A as vitamin A acetate, 2,800 IU vitamin D3 as D-activated animal
sterol, 26 mg IU vitamin E as alpha tocopherol acetate, 2 mg vitamin K3 as mena-
dione dimethylpyrimidinol bisulfte, 50 mg thiamin as thiamine mononitrate, 4 mg
riboflavin, 3 mg pyridoxine as pyridoxine hydrochloride, 0.03 mg vitamin B12, 23-
mg D-pantothenic acid as calcium pantothenate, 20 mg niacin, 1.2 mg folic acid,
0.2 mg biotin, and 300 mg choline as choline chloride. Also provided the following
quantities of minerals per kilogram of the complete diet: 95mg Cu as copper sulfate,
200 mg Fe as ferrous sulfate, 0.35 mg I as potassium iodate, 30 mgMn as manganese
sulfate, 0.30 mg Se as sodium selenite, and 100 mg Zn as zinc sulfate.
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byproducts are increasingly utilized in livestock diets (Li et al.,
2018). Defatted rice bran (DFRB), a result of oil extraction from
rice, is a typically inexpensive and easily accessible agricultural
byproduct with a global production of 29.3 million tonnes annually
(Sohail et al., 2017).

Analysis shows that DFRB contains 32.9% dietary fiber, 14.3%
protein and 2.8% lipids (Daou and Zhang, 2014). Moreover, many
bioactive compounds in DFRB were reported to play critical roles in
combating oxidative stress, reducing inflammation andmodulating
the gut microbiome and barrier function (Ganda Mall et al., 2018;
Kumar et al., 2012; Webber et al., 2014). However, the existence of
antinutritional factors (ANF), such as trypsin inhibitors (TI) and
phytic acid, plus a high fiber and low protein content have caused
DFRB to be currently underutilized in animal husbandry feed
(Ranjan et al., 2019). Furthermore, a high oil residue even after the
oil extraction process makes DFRB susceptible to oxidation and
rancidity during storage (Huang et al., 2018). Hence, comprehensive
processing technologies for DFRB areworth researching. Solid-state
fermentation (SSF) is an effective, economically viable technique to
transform low-value agricultural byproduct efficiently and create
high value-added product (Ni et al., 2017). Previous studies have
reported that SSF can degrade ANF (phytate and TI), improve di-
etary fiber composition and protein digestibility, and enhance
antioxidant activity of DFRB (Liu et al., 2017; Ranjan et al., 2019).
However, the application of fermented DFRB in finishing pigs has
not yet been reported.

Based on preparation of co-fermented DFRB using Bacillus sub-
tilis, Saccharomyces cerevisiae, Lactobacillus plantarum and phytase,
the present study evaluated the effects of co-fermented DFRB on
growth performance, antioxidant activity, immune status, gut
microbiota and intestinal permeability in finishing pigs, which
provides evidence for the addition of fermented DFRB in the diet of
finishing pigs.

2. Materials and methods

2.1. Animal ethics statement

All the procedures were approved by the Institutional Animal
Care and Use Committee at Zhejiang University (approval no.
ZJU20160400).

2.2. Fermented feed production

In this experiment, B. subtilis BSWF (NCBI Accession No.
MN696208, S. cerevisiae SCWF (NCBI Accession No. MN038413),
L. plantarum CWLP (CGMCC 1.510) were all government-authorized
probiotics in China. Pilot production of co-fermented DFRB was
carried out at the Tianbang Feed Technology Co., Ltd. (Anhui,
China). The basal substrate (UFR) including 80% DFRB and 20%
soybean hull, was inoculated with B. subtilis (107 CFU/g),
S. cerevisiae 107 CFU/g), L. plantarum (107 CFU/g) and phytase (50 U/
g), and then fermented in a bed-packed incubator with 40% mois-
ture content for 24 h, and then transferred to a plastic bag equipped
with a one-way valve (Rou Duoduo Biotechnology Co., Beijing,
China), sealed, and fermented at room temperature for 48 h. After
the two-stage SSF, the fermentation substrate (FR) was obtained.

2.3. Animal experimental design and sample collection

Ninety finishing pigs (Duroc � Landrace � Yorkshire, body
weight ¼ 85.30 ± 0.97 kg) were randomly allocated into 3 treat-
ments. Each treatment consisted of 3 replicates and 10 pigs per
replicate: (1) basal diet (Ctrl); (2) basal diet þ 10% UFR (UFR); (3)
basal diet þ 10% FR (FR). After 30 d of the experiment, the growth
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performance was evaluated. All diets were formulated to meet the
NRC (2012) nutrient requirements. The composition and nutritional
value of the diets are presented in Table 1. Fecal samples were
collected at the end of the experiment. One aliquot of fecal sample
was kept in a sterile EP tube and stored at �80 �C; the other was
placed in 10% hydrochloric acid to fix excreta nitrogen and was also
kept at �80 �C. After overnight starvation, blood samples (5 mL)
were harvested from the anterior vena cava into 10 -mL vacutainer
tubes and centrifuged at 3,000 � g and 4 �C for 10 min to obtain
serum. Then serum samples were frozen at �80 �C.
2.4. Growth performance

The average daily feed intake (ADFI), average daily gain (ADG)
and gain to feed ratio (G:F) were calculated to evaluate the growth
performance. The ADFI was measured by recording the feed intake
daily. The ADG was measured by obtaining weights on the days
when the experiment started and finished.
2.5. Digestibility measurement

The apparent total tract digestibility (ATTD) of nutrients was
measured according to the method reported by Liu et al. (2018). In
brief, diets and fecal samples were used for the measurement of
DM, CP, EE, amino acids (AAs), IDF, SDF, Ca and P according to AOAC
(2007); acid insoluble ash (AIA) was chosen as the endogenous
indicator. The equation for ATTD calculation was the following:

ATTD (%) ¼ 1 - [(AIA diet � Nutrient feces)/(AIA feces � Nutrient diet)]
� 100
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2.6. Serum parameters analysis

Routine blood tests including serum urea N, Ca, P, total protein
(TP), albumin (ALB) and globulin (GLB) were carried out using a
Mairui 5300 Blood Cell Analyzer. Serum total antioxidant capacity
(TAC), superoxide dismutase (SOD) activity, catalase (CAT) activity
and malonaldehyde (MDA) were measured using commercial assay
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer's instructions. Serum parameters
including IgG, IgM, TNF-a, IL-b, IFN-g, IL-6, IL-10, IL-22, IL-23, and
diamine oxidase (DAO), D-lactate (DLA) and fecal sIgA were
determined using ELISA kits (Jiangsu Meibiao Biological Technol-
ogy, Jiangsu, China) following the manufacturer's protocols.

2.7. Fecal short chain fatty acid (SCFA) analysis

Fecal SCFAs were determined according to our previous report
(Jin et al., 2019). In brief, 1 g of fecal sample was blended in 2 mL of
distilled water. Afterwards, the sample was centrifuged (15,000 �
g, 4 �C, 15 min) and the supernatant was collected and mixed with
0.1 mL 25% (wt/vol) phosphoric acid. The sample then was filtered
and analyzed using gas chromatography (Varian CP-3800 GC, USA).

2.8. Gut microbiota analysis

The PowerSoil DNA isolation kit (MoBio Laboratories Inc., USA)
was used to extract total genomic DNA from the fecal samples. The
V3 to V4 gene regions of the bacterial 16S rRNA gene were ampli-
fied with primers 515F (ACTCCTACGGGAGGCAGCAG) and 806R
(GGACTACHVGGGTWTCTAAT). The PCR procedures were per-
formed according to the method described by Wang et al. (2019d).
PCR products were purified with a Qiagen gel extraction kit (Qia-
gen, Germany), and sequencing libraries were generated by using
the TruSeq DNA PCR-free sample preparation kit (Illumina, USA)
following the manufacturer's protocol. Illumina Hiseq2500
sequencing was conducted according to our previous report (Wang
et al., 2021). Raw tags were filtered using the QIIME (V1.9.1) pipe-
line, and the UCHIME algorithmwas applied to identify and remove
chimeric sequences. Operational taxonomic units (OTUs) were
clustered with a 97% similarity cutoff using UPARSE (Version
7.0.1001). Representative sequences were assigned to taxonomy
using the RDP classifier (Version 2.2) based on the SILVA database.
The abundance of each taxonomic group was constructed by a Perl
script and visualized using SVG. The sequence data were deposited
in the Sequence Read Archive (SRA) under the accession number
PRJNA740149. Chao1, Simpson, Good's coverage and other alpha
diversity indices were calculated in QIIME. Principal coordinate
analysis (PCoA) of unweighted UniFrac distances was performed
and plotted in R (Version 2.15.3). The main differentially abundant
genera were selected by the LEfSe method (Segata et al., 2011). To
predict metabolic functions of microbiota, the Tax4Funwas used to
obtain a functional profile from the 16S rRNA data and the heatmap
package of R (Version 2.15.3) was applied to generate heatmaps of
genera and Level3 predicted microbial metabolic functions.

2.9. Correlation analysis of dietary fiber composition, serum
parameters, fecal SCFA, gut microbiota and microbial metabolic
functions

Spearman correlation analysis of dietary fiber composition,
serum parameters, fecal SCFA, differential gut microbiota and mi-
crobial metabolic functions was computed by R (Version 3.2.4), and
network plots were generated by Cytoscape 3.6.1 with the absolute
value of the correlation coefficients > 0.45 and P < 0.05.
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2.10. In vitro fermentation

To remove digestible components of UFR and FR, the UFR and FR
were subjected to in vitro digestion prior to the bacterial fermen-
tations. The digestion of UFR and FR were conducted based on our
previous report (Jin et al., 2019). The pre-digested UFR and FR were
fermented in in vitro with fecal microbiota from finishing pigs of
Ctrl (Ctrl FM), UFR (UFR FM) and FR (FR FM) groups or C. butyricum
CD (isolated from gut of pig, ATCC19398). The fermentation me-
dium contained (per litre distilled water): 0.16 g peptone, 0.1 g
yeast extract, 0.16 g Tween 80, 0.16 g NaHCO3, 3.6 g NaCl,
1.6 g K2HPO4, 0.32 g L-cysteine hydrochloride, 0.36 g CaCl2$6H2O,
0.5 gMgSO4$7H2O and 0.01 g Hemin. One gram pre-digested UFR or
FRwas suspended in 25mL sterile fermentationmedium, boiled for
10 min and cooled down to room temperature; 5 mL sterile
fermentation medium was added to 0.1 g fecal sample or 0.1 mL C.
butyricum CD (105 CFU/mL); 2.5 mL of the fecal or C. butyricum CD
suspension was mixed with 2.5 mL UFR or FR solution and incu-
bated under anaerobic conditions at 37 �C with shaking at 125
rounds per min on a shaking incubator with a rotational radius of
10 cm; 1 mL of slurries was collected at 0, 6, 12 and 24 h fermen-
tation for SCFA and microbial count analysis. All steps of fermen-
tation were conducted in an anaerobic chamber (Bactron, Shel Lab,
USA) with anaerobic environment (5% CO2, 5% H2, and 90% N2).

2.11. Statistical analysis

The assay datawere analyzed using SPSS 20.0 software (SAS Inc.,
Chicago, IL). One-way ANOVA and Duncan's test were used to
determine the difference between groups. The differences were
considered significant at P < 0.05, and 0.05 < P < 0.10 was deemed
as a tendency. GraphPad Prism 8 (San Diego, CA, USA) was used to
generate bar plots.

3. Results

3.1. Growth performance and nutrient digestibility

The growth performance of finishing pigs is presented in
Table 2. The diet supplemented with FR significantly increased ADG
and G:F (P < 0.05) compared to the UFR group. Furthermore, FR
supplementation tended to increase ADFI compared with the Ctrl
and UFR group (P ¼ 0.095). The diet supplemented with 10% UFR
tended to decrease ADFI, ADG and G:F compared to the basal diet.

The ATTD of nutrients is shown in Table 3. Compared with the
Ctrl group, a significant downward trend in DM, 3 essential amino
acids (Ile, Leu and Met), 2 dispensable AAs (Gly and Tyr) (P < 0.05)
and the increase in EE, IDF and Ca (P < 0.05) were observed in the
UFR group. The digestibility of DM, CP, SDF, IDF and Ca in FR was
notably improved compared with the other 2 groups (P < 0.05).
Moreover, the ATTD of 8 AAs, including 5 essential AAs (Ile, Leu, Lys,
Met and Thr) and 3 dispensable AAs (Ala, Gly and Tyr) was signif-
icantly enhanced compared with the UFR group (P < 0.05). In
addition, serum urea N in the FR group was significantly decreased
compared with the other 2 groups (P < 0.05). The content of serum
TP and GLB was upregulated by both UFR and FR (P < 0.05).

3.2. Fecal SCFA, sIgA, serum diamine oxidase and D-lactate

Based upon the increased ATTD of SDF and IDF in the FR group
finishing pigs, we further measured fecal pH and SCFA content
(Fig. 1A and B). No noteworthy change in pH was observed between
the 3 groups (P > 0.05). However, the fecal acetate content and total
SCFA were greatly improved in the UFR and FR group (P < 0.05).
Additionally, fecal butyrate content in the FR group was



Table 3
Apparent total tract digestibility of nutrients and serum indices of finishing pigs.1

Item Ctrl UFR FR SEM P-value

ATTD, %
DM 81.14b 79.36c 82.39a 0.32 <0.001
CP 77.32b 76.1b 78.79a 0.34 0.001
EE 78.89b 82.98a 85.08a 0.79 0.001
SDF 36.71b 49.75b 59.79a 2.48 <0.001
IDF 6.46c 13.5b 21.55a 1.60 <0.001
Ca 31.37c 36.57b 38.14a 1.09 0.002
P 31.71 37.35 37.94 1.99 0.426
Indispensable AA, %
Arg 95.4 94.57 95.66 0.24 0.154
His 87.63 86.64 89.64 0.71 0.228
Ile 82.37a 79.08b 81.64a 0.45 0.001
Leu 86.34a 84.54b 86.39a 0.29 0.005
Lys 84.78ab 83.14b 85.32a 0.30 0.003
Met 96.94b 94.67c 98.52a 0.42 <0.001
Phe 84.59 83.08 84.37 0.48 0.401
Thr 81.81b 80.51b 83.62a 0.40 0.002
Val 81.05 77.8 80.18 0.67 0.122
Dispensable AA, %
Ala 78.24ab 76.82b 80.39a 0.76 0.041
Asp 81.04 79.10 80.95 0.67 0.433
Cys 95.75 94.77 96.2 0.29 0.111
Glu 88.50 86.83 88.39 0.42 0.207
Gly 76.55a 74.32b 77.38a 0.38 0.001
Pro 85.83 83.81 84.43 0.46 0.19
Ser 84.65 83.36 85.29 0.78 0.616
Tyr 81.10a 75.99b 81.59a 0.77 0.041
Serum indices, mmol/L
Urea N 5.63a 5.37a 3.88b 0.12 <0.001
Ca 2.60 2.73 2.67 0.17 0.563
P 3.09 3.54 2.93 0.75 0.537

UFR ¼ unfermented substrate (80% DFRB and 20% soybean hull); FR ¼ fermented
substrate (80% DFRB and 20% soybean hull); SEM ¼ standard error of the mean;
ATTD ¼ apparent total tract digestibility; DM ¼ dry matter; EE ¼ ether extract;
CP ¼ crude protein; SDF ¼ soluble dietary fiber; IDF ¼ insoluble dietary fiber.

1 Ctrl: basal diet; UFR: basal diet with 10% UFR; FR: basal diet supplemented with
10% FR. The data are the means of 6 replicates per treatment. Means without a
common letter significantly differ (P < 0.05).

Table 2
The growth performance of finishing pigs supplied with Ctrl, UFR and FR.1

Item Ctrl UFR FR SEM P-value

Initial body weight, kg 85.25 84.36 86.29 1.55 0.880
Final body weight, kg 113.75 110.15 116.24 1.44 0.297
ADFI, kg/d 2.75 2.71 2.84 0.02 0.095
ADG, kg/d 0.95ab 0.86b 1.00a 0.01 0.001
G:F 0.34ab 0.32b 0.35a 0.00 0.025

UFR ¼ unfermented substrate (80% DFRB and 20% soybean hull); FR ¼ fermented
substrate (80% DFRB and 20% soybean hull); SEM ¼ standard error of the mean;
ADFI¼ average daily feed intake; ADG¼ average daily gain; G:F¼ gain to feed ratio.

1 Ctrl: basal diet; UFR: basal diet with 10% UFR; FR: basal diet supplemented with
10% FR. The data are the means of 6 replicates per treatment. Means without a
common letter significantly differ (P < 0.05).
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significantly increased compared with the Ctrl and UFR groups
(P < 0.05). Compared to the basic diet, FR obviously improved the
fecal sIgA content (P < 0.05) (Fig. 1C). Furthermore, finishing pigs
fed FR showed lower serum level of DLA and DAO when compared
with those fed Ctrl and UFR diets (P < 0.05) (Fig. 1D and E).

3.3. Serum immunity and antioxidant ability parameters

Serum immunity parameters of finishing pigs are presented in
Fig. 2A. FR significantly promoted the level of serum IgG compared
with the Ctrl group (P < 0.05). No significant differences were found
in IgA content among the 3 groups (P > 0.05). For serum cytokines,
FR supplementation remarkably reduced serum TNF-a, IL-1b and
INF-g and improved the level of IL-22 and IL-23 comparedwith that
of the Ctrl group (P < 0.05). Furthermore, finishing pigs fed FR also
showed lower (P < 0.05) serum IL-1b when compared with UFR.
Fig. 2B shows the serum antioxidant ability of finishing pigs. It was
found that FR notably enhanced serum TAC, CAT activity, SOD ac-
tivity and decreased MDA content compared with the Ctrl group
(P < 0.05). Moreover, compared to UFR, FR also significantly
increased SOD activity and decreased MDA content (P < 0.05).
Additionally, UFR also enhanced serum CAT activity and decreased
MDA content compared to the Ctrl group (P < 0.05).

3.4. Gut microbiota

The bacterial diversity is presented in Table 4. The number of
recovered reads ranged from 51,173 to 55,272 with Good's
coverage of all samples approximately 0.99, indicating that the
depth of sequencing was adequate for reliable analysis. Chao1 was
a richness index of the bacterial community and showed a sig-
nificant upward trend in the UFR and FR groups (P < 0.05). Venn
analysis (Fig. 3A) revealed that there were obvious overlaps (1,481
OTUs) between the 3 groups, and 76, 90 and 86 specific OTUs were
observed in Ctrl, UFR and FR, respectively. Fig. 3B shows the
principal coordinate analysis (PCoA), and the result suggested that
gut microbiota in FR were obviously separated from that in Ctrl
and UFR.

At the phylum level, Firmicutes, Bacteroidetes and Spiro-
chaetes were the dominant bacteria in finishing pig's gut (Fig. 3C).
Fig. 3D showed that Firmicute significantly increased in FR in
contrast to the Ctrl (P < 0.05). Bacteroidetes showed a significant
stepwise decrease from the Ctrl to UFR and FR (P < 0.05). Of the
top 35 bacterial genera (Fig. 3E), the abundances of Alloprevotella
and Prevotellaceae clearly decreased in the UFR and FR groups
compared with the Ctrl group (P < 0.05). Streptococcus and
Methanosphaera in the FR group significantly decreased in
contrast to the Ctrl group (P < 0.05). Additionally, FR notably
increased Clostridiales, Ruminococcaceae, Phascolarctobacterium,
Romboutsia, Turicibacter and Marvinbryantia compared to UFR
(P < 0.05). LEfSe was further applied to analyze the degree of in-
fluence of significantly different species (LDA scores >3.0) on the
overall difference in the microbial community (Fig. 3F). We found
that C. butyricum, rumen bacterium NK4A214, Lactobacillus amy-
lovorus, Firmicutes bacterium CAG 194 44 15 were predominant in
the FR group. The abundance of Cupriavidus pauculus increased in
the UFR group. For the Ctrl group, Streptococcus, Paraprevotella
clara, Prevotella brevis and Bacteroides sp Marseille P3166 were the
dominant species.

3.5. Gut microbiota metabolic function predictions

Metabolic function of the gut microbiota was predicted using
Tax4Fun with the KEGG pathway database. The result of principal
component analysis (PCA) of predicted functions (Fig. 4A) was
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consistent with the PCoA of gut microbial community. The main
predicted functional genes of gut microbiota at KEGG level 1
were assigned into metabolism, genetic information processing
and environmental information processing pathways, respec-
tively (Fig. 4B). FR significantly decreased bacterial Metabolism
and Genetic information processing and improved Environ-
mental information processing compared with Ctrl and UFR
(P < 0.05). At level 2 and 3 (Fig. 4C and D), we found that the
predicted functions of gut microbiota in the FR group were
enriched in Amino acid metabolism, Carbohydrate metabolism
(Butanoate metabolism and Pyruvate metabolism), Membrane
transport (Secretion system, ABC transporters and Transporters)
and Signal transduction. Furthermore, Glycan biosynthesis and



Fig. 1. The fecal pH, short chain fatty acids (SCFA), sIgA and intestinal permeability of finishing pigs. (A) Fecal pH. (B) Fecal SCFA content. (C) Fecal sIgA content. (D) Serum DAO
activity. (E) Serum DLA level. UFR ¼ unfermented substrate (80% DFRB and 20% soybean hull); FR ¼ fermented substrate (80% DFRB and 20% soybean hull); DAO ¼ diamine oxidase;
DLA ¼ D-lactate. Ctrl: basal diet; UFR: basal diet with 10% UFR; FR: basal diet supplemented with 10% FR. *P < 0.05 and **P < 0.01 compared with the Ctrl. #P < 0.05 and ##P < 0.01
for UFR vs. FR.
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metabolism and Immune system (IL-17 signaling pathway and
Th17 cell differentiation) were downregulated in the FR group.
Specifically, FR notably increased Butanoate metabolism, Secre-
tion system and AMPK signaling pathway, HIF-1 signaling
pathway and downregulated Lipopolysaccharide biosynthesis
compared with the Ctrl and UFR groups (P < 0.05) (Fig. 4E).
Fig. 2. Serum immunity parameters and antioxidant ability of finishing pigs. (A) Serum imm
Serum antioxidant ability including TAC, SOD, CAT and MDA. UFR ¼ unfermented substrate (8
hull); TAC ¼ total antioxidant capacity; SOD ¼ the activity of superoxide dismutase; CAT ¼ th
UFR; FR: basal diet supplemented with 10% FR. *P < 0.05 and **P < 0.01 compared with th
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3.6. Correlation analysis of dietary fiber composition, serum
parameters, fecal SCFA, gut microbiota and metabolic functions

Spearman correlation analysis was further conducted to
investigate the relationship among dietary fiber composition,
serum parameters, fecal SCFA, gut microbiota and metabolic
functions (Fig. 5A). We found that the number of significant
unity parameters including IgA, IgG, TNF-a, IL-b, IFN-g, IL-6, IL-10, IL-22 and IL-23. (B)
0% DFRB and 20% soybean hull); FR ¼ fermented substrate (80% DFRB and 20% soybean
e activity of catalase; MDA ¼ malonaldehyde. Ctrl: basal diet; UFR: basal diet with 10%
e Ctrl. #P < 0.05 and ##P < 0.01 for UFR vs. FR.



Table 4
Alpha diversity of gut microbiota.1

Alpha diversity Ctrl UFR FR

Reads 51,173 ± 5,619 55,272 ± 4,925 54,395 ± 5,842
Good's coverage 0.99 ± 0.00 0.99 ± 0.00 0.99 ± 0.00
OTUs 1026 ± 64 1103 ± 97 1084 ± 52
Chao1 1144.22 ± 60.87b 1263.73 ± 108.89a 1216.25 ± 73.15a

Shannon 6.05 ± 0.39 5.82 ± 0.80 6.00 ± 0.54
Simpson 0.94 ± 0.02 0.92 ± 0.07 0.94 ± 0.03

UFR ¼ unfermented substrate (80% DFRB and 20% soybean hull); FR ¼ fermented
substrate (80% DFRB and 20% soybean hull); OTUs ¼ operational taxonomic units.

1 Ctrl: basal diet; UFR: basal diet with 10% UFR; FR: basal diet supplemented with
10% FR. Values were mean ± SD, n ¼ 6. Means followed with different superscript
letter within each line are significantly different (P < 0.05).
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correlations between C. butyricum and other indicators was the
most among all differential gut microbiota (the node size in-
dicates the number of significant correlations). To show the
network plots clearly, the indicators related to C. butyricum were
selected and presented in Fig. 5B. The results showed that
C. butyricum enriched in the FR group was positively correlated
with the gut microbiota Secretion system, Butanoate metabolism
and fecal butyrate (P < 0.05). Interestingly, C. butyricum and fecal
butyrate both positively correlated with serum IL-22, IL-23, IgG,
fecal sIgA, bacterial HIF-1 signaling pathway and negatively with
serum TNF-a, IL-1b, INF-g, DLA and DAO (P < 0.05). Furthermore,
fecal butyrate was positively correlated with SDF, IDF and dietary
fiber (P < 0.05). In addition, C. butyricumwas positively associated
with the bacterial AMPK signaling pathway, Firmicutes bacterium
CAG 194 44 15 and negatively with bacterial Lipopolysaccharide
biosynthesis and the differential gut microbiota enriched in the
Ctrl group.
3.7. In vitro fermentation

After 24 h of in vitro fermentation, the pH of FR was significantly
lower than UFR regardless of whether it was fermented with fecal
microbiota from finishing pigs of the Ctrl (Ctrl FM), UFR (UFR FM)
and FR (FR FM) groups (P < 0.05) (Fig. 6A). The SCFA production in
response to UFR and FR are presented in Fig. 6B. Ctrl FM, UFR FM
and FR FM fermented FR in vitro produced more butyrate than that
of UFR (P < 0.05). Simultaneously, UFR FM and FR FM fermented FR
in vitro produced more acetate and total SCFA than that of UFR
(P < 0.05). Additionally, fecal microbiota from finishing pigs of the
FR group showed stronger production capacity of SCFA (including
acetate, propionate and butyrate) compared with those from the
Ctrl and UFR groups during the in vitro fermentation of UFR and FR.
Moreover, we found that the microbiological counts of C. butyricum
CD during in vitro fermentation of pre-digested FR were notably
higher than that of UFR at 12 h and 24 h (P < 0.05) (Fig. 6C).
Correspondingly, the pH of FR was lower than that of UFR after 12 h
of fermentation. The content of butyrate in FR was significantly
higher than that of UFR after 24 h of in vitro fermentation (P< 0.05).
4. Discussion

Solid-state fermentation is an effective, economically viable
technique to improve the nutrient quality and functional properties
of agricultural byproducts, and is widely used in husbandry to
promote growth performance and health status of animals. Based
on preparation of co-fermented DFRB using B. subtilis, S. cerevisiae,
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L. plantarum and phytase, our previous study found that co-
fermentation effectively increased the CP, trichloroacetic acid sol-
uble protein (TCA-SP), SDF and lactic acid content, and degraded
ANF (TI and phytic acid) and IDF (Su et al., 2022). TCA-SP consists of
small peptides and free amino acids, most of which can be directly
absorbed by the gastrointestinal tract and elicit antioxidant and
immune regulation functions (Gilbert et al., 2008). Additionally, the
degradation of phytic acid and TI suggested an improvement of
bioavailability of essential mineral elements and proteins (Silva and
Bracarense, 2016). Similarly, Ranjan (Ranjan et al., 2019) reported
that SSF using Rhizopus oryzae significantly reduced phytic acid and
TI activity of DFRB. Higher levels of SDF suggested that co-
fermented DFRB may provide more available fiber for gut micro-
biota (Navarro et al., 2019). Further more, our previous study found
that co-fermented DFRB also contained a large amount of lactic acid
and live probiotics (B. subtilis, S. cerevisiae and L. plantarum) (Su et
al., 2022). These probiotics and their beneficial metabolites sup-
plied to pigs may have a positive effect on growth performance and
health status.

Our findings combined with previous studies highlight im-
provements in nutrient quality and functional properties of DFRB
by SSF. Many studies have investigated the effects of DFRB on fin-
ishing pigs (Casas et al., 2018; Fan et al., 2020; Wang et al., 2019a),
however, no previous experiments have evaluated the effect of
fermented DFRB on finishing pigs. In the present study, diets sup-
plemented with 10% FR increased ADG and G:F of finishing pigs
compared to UFR supplementation. 10% UFR tended to have a
negative effect on growth performance, which is in agreement with
the results of Casas et al. (2018). SSF of the agricultural byproducts
improved animal growth performance, which was mainly due to
the increase in small molecules and the degradation of ANF to
promote nutrient digestion and absorption. Our results suggested
that FR notably improved the digestibility of DM, CP, SDF, IDF, Ca
and AAs compared with UFR. In the process of co-fermentation, the
macromolecular proteins in DFRB degraded to small peptides and
free AAs, which partly explained the high digestibility of CP and AAs
in the FR group. Additionally, the change of dietary fiber compo-
sition in DFRB during fermentation may provide more available
fiber for gut microbiota to improve their digestibility. The increased
digestibility of Ca may be attributed to phytase inoculated in DFRB
(Dersjant-Li and Dusel, 2019). Simultaneously, the significant
decrease of serum urea N and increase of serum TP in the FR group
further demonstrated that co-fermented DFRB can promote the
body's nitrogen deposition and hence growth performance of fin-
ishing pigs (Fabian et al., 2004).

Our previous study also found that co-fermentation enhenced
the total phenol and 1,1-diphenyl-2-picrylhydrazyl (DPHH) radical
scavenging activity of DFRB (Su et al., 2022). Phenolic compounds
in DFRB are positively correlated with antioxidant capacity (Shin
et al., 2019b). Enhanced total phenol, small peptides and DPPH
radical scavenging activity indicated that co-fermented DFRB had
higher antioxidant capacity. During the breeding process of fin-
ishing pigs, feed pollution, high temperature and high metabolic
burden often cause excessive free radicals, which can combine with
tissues, blood or cells, causing oxidative damage (Wang et al.,
2006). It is widely recognized that CAT and SOD, two important
endogenous antioxidant enzymes, play crucial roles in preventing
oxidative damage (Sun et al., 2020). Additionally, the content of
MDA in serum reflects the level of lipid peroxidation in animals (Xi
et al., 2017). In this study, the increased serum TAC, CAT and SOD
activities and decreased MDA content were indicative of improve-
ments in the antioxidative status of the finishing pigs fed with co-



Fig. 3. Gut microbial diversity. (A) The Venn analysis of operational taxonomic units (OTUs). (B) Principal coordinate analysis (PCoA) plot of the bacterial community based on
unweighted UniFrac distances. (C) Bar plots at phylum level. (D) Heatmap of significantly different phylum based on MetaStat analysis. (E) Heatmap of significantly different genera
based on MetaStat analysis. (F) LEfSe histogram showing the LDA scores (>3.0) computed for features at the OTU level. UFR ¼ unfermented substrate (80% DFRB and 20% soybean
hull); FR ¼ fermented substrate (80% DFRB and 20% soybean hull). Ctrl: basal diet; UFR: basal diet with 10% UFR; FR: basal diet supplemented with 10% FR. Letters indicate the
taxonomy of the bacteria: p, phylum; c, class; o, order; f, family; g, genus; s, species.
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fermented DFRB, which can be partially attributed to its
antioxidant-enhancing properties.

Additionally, the increased digestibility of dietary fiber in the FR
group suggested that more dietary fiber may be utilized by gut
microbiota for SCFA production (Mudgil and Barak, 2013). Interest-
ingly, our study found that the fecal acetate and total SCFA contents
419
were elevated in the UFR and FR groups. FR also notably increased
butyrate content, whichmight be due to the increased SDF content in
co-fermented DFRB. Chen et al. (2019) also reported that SDF-fed
piglets had a higher concentration of butyrate in feces compared to
IDF-fed piglets. SCFA was reported to enhance gut barrier function
and modulate gut immune response (D'Souza et al., 2017). The gut



Fig. 4. Metagenomic functional predications of gut microbiota analyzed by Tax4Fun. (A) Principal component analysis (PCA) plot of bacteria metabolic functions. (B) The metabolic
pathways. (C) KEGG ortholog functional predictions. (D) KEGG ortholog functional predictions. (E) The significantly different microbial functions at level 3. UFR ¼ unfermented
substrate (80% DFRB and 20% soybean hull); FR ¼ fermented substrate (80% DFRB and 20% soybean hull). Ctrl: basal diet; UFR: basal diet with 10% UFR; FR: basal diet supplemented
with 10% FR. *P < 0.05 and **P < 0.01 compared with the Ctrl. #P < 0.05 and ##P < 0.01 for UFR vs. FR.
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barrier function is influenced by many factors, including serum DLA
and DAO concentration, which increase along with intestinal
permeability or injury to intestinal barrier integrity (Zhao et al., 2011).
In the present study, lower serum levels of DLA and DAO in the FR
group indicated that co-fermented DFRB effectively improved intes-
tinal permeability and barrier integrity. On the contrary, DFRB tended
to increase intestinal permeability. Similar results were reported by
Wang et al. (2019a), who found that the DLA and DAO concentration
420
in serum of finishing pigs both increasedwith the dietary DFRB level.
sIgA is the most abundant colonic antibody antigen known as “im-
mune exclusion” (Palm et al., 2014). We found co-fermented DFRB
increased the fecal sIgA concentration. Lu et al. (2020) also reported
that fermented cornesoybean meal could promote intestinal sIgA in
growingefinishing pigs through intestinal microbiota.

Serum immunoglobulins are important immunologically
active molecules in the humoral immune response (Kong et al.,



Fig. 6. In vitro fermentation with fecal microbiota and C. butyricum. (A) The pH of UFR and FR during in vitro fermentation with fecal microbiota from finishing pigs of Ctrl (Ctrl FM),
UFR (UFR FM) and FR (FR FM) groups. (B) The short chain fatty acids (SCFA) content of UFR and FR during in vitro fermentation with fecal microbiota from finishing pigs of Ctrl, UFR,
FR groups. (C) The microbiological counts, pH and SCFA content of UFR and FR during in vitro fermentation with C. butyricum CD. UFR ¼ pre-digested unfermented substrate (80%
DFRB and 20% soybean hull); FR ¼ pre-digested fermented substrate (80% DFRB and 20% soybean hull); Ctrl FM ¼ fecal microbiota from finishing pigs of Ctrl group; UFR FM ¼ fecal
microbiota from finishing pigs of UFR group; FR FM ¼ fecal microbiota from finishing pigs of FR group. *P < 0.05 and **P < 0.01 compared with the Ctrl FM. #P < 0.05 and ##P < 0.01
for UFR FM vs. FR FM.

Fig. 5. Spearman correlation analysis. (A) Spearman correlation analysis of dietary fiber composition, serum parameters, fecal short chain fatty acids (SCFA) , differential gut
microbiota and microbial metabolic functions. (B) The indicators related to C. butyricum. The red lines represent positive relationships (jrj > 0.45, P < 0.05), and the gray lines
indicate negative relationships (jrj > 0.45, P < 0.05). The thickness of the line represents the correlation strength of the interaction. The orange nodes represent bacteria species. The
green nodes represent feed fiber, serum parameters and fecal SCFA. The purple nodes represent bacteria metabolic functions. The node size indicates number of significant cor-
relations. DAO ¼ diamine oxidase; DLA ¼ D-lactate; SDF ¼ soluble dietary fiber; IDF ¼ insoluble dietary fiber; DF ¼ dietary fiber.
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2007). In this study, the serum GLB and IgG content in the FR
group significantly increased compared with the Ctrl group. This
result was similar to those of Lu et al. (2019), who reported that
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finishing pigs fed fermented cornesoybean meal had higher
serum concentration of IgG. For serum cytokines, FR reduced the
serum level of TNF-a, IL-1b and INF-g and improved the level of IL-
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22 and IL-23 compared with Ctrl. TNF-a, IL-1b and INF-g are in-
dicators of pro-inflammatory reactions, whereas IL-22 and IL-23
exert an anti-inflammatory effect (Mizoguchi et al., 2018; Zhou
et al., 2019; Zong et al., 2021a). Thus, the presence of serum
cytokines indicated that FR protected finishing pigs from
potential inflammatory reactions. Interestingly, UFR also tended
to decrease these pro-inflammatory cytokines and enhance anti-
inflammatory cytokines. Similar results were reported by Casas
and Stein, who found that serum TNF-a tended to decrease with
the inclusion of full fat rice bran in the weanling pig diet. One
possible reason is that the increased dietary fiber content in UFR
and FR diets participates in the regulation of gut microbiota and
their metabolites, especially SCFA.

Many studies have reported that gut microbiota interact with
gut barrier function and inflammation (Yang et al., 2018; Zong et al.,
2020). Changing the content of the dietary fiber, as the main energy
source for gut microbiota, is an effective way of adjusting gut
bacteria. In this study, UFR and FR effectively enhanced the richness
of the gut microbiota of finishing pigs. The results were similar to
those of Pu et al. (2020), who reported that finishing pigs fed with
DFRB increased gut microbial richness. Noteworthily, gut micro-
biota in FR were clearly different from those in Ctrl and UFR, which
indicated that co-fermentation may play an important role in the
regulation of gut microbiota of finishing pigs. Firmicutes has been
proven to comprise a range of cellulolytic microbiota, which are
advantageous to cellulose degradation and SCFA production (Zhu
et al., 2015). Finishing pigs supplemented with FR increased the
abundance of Firmicutes, which suggested that FRmay enhance the
ability to digest fiber in the hindgut. Clostridiales and Rumino-
coccaceae also showed a great boost in cellulose decomposition
(Bensoussan et al., 2017; Hu et al., 2016). Our investigation found
that C. butyricum, rumen bacterium NK4A214 and L. amylovorus
were the dominant species in the FR group. C. butyricum is a pivotal
mediator for fiber fermentation, butyrate production, gut immunity
and barrier function (Zhang et al., 2018). Simultaneously,
C. butyricum was reported to promote rumen bacterium NK4A214
(Liang et al., 2021). L. amylovorus has been associated with diets
including fermentable dietary fiber and oligosaccharides, which in
turn favored a more diverse gut microbiome and prevented
pathogen-induced damage to the porcine intestinal barrier (Trevisi
et al., 2018). In summary, FR increased the richness of finishing pigs’
gut microbiota and increased fiber-utilizing bacteria.

Changes in gut microbiota caused by the supplementation of co-
fermented DFRB lead to the alteration of microbial metabolic
function. The increase of Amino acid metabolism and Carbohydrate
metabolism of gut microbiota in the FR group demonstrated
improved digestibility of protein and dietary fiber in finishing pigs.
In particular, the increase in Butanoate metabolism and Pyruvate
metabolism in the FR group suggested that FR provided more
butyrate to participate in energy supply for intestinal epithelial
cells (Cao et al., 2019). Additionally, enhanced Membrane transport
suggested that the synthesis and secretion of metabolites (such as
SCFA) and enzymes (such as cellulase) that gut microbiota in the FR
group participated in were improved (Cerisy et al., 2019). Previous
studies reported that microbiota-derived butyrate augmented the
distal gut barrier function via the HIF-1 and AMPK signaling
pathway (Kelly et al., 2015; Peng et al., 2009). The increase in the
two signaling pathways in the FR group indicated an improvement
in gut barrier function of finishing pigs. Moreover, Lipopolysac-
charide biosynthesis and the IL-17 signaling pathway, both pro-
inflammatory effects, were downregulated in the FR group
(Amatya et al., 2017; Wang et al., 2019b; Zong et al., 2021b), which
suggested that gut microbiota in FR mitigated potential inflam-
matory reactions.
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Spearman correlation analysis further revealed that
C. butyricum played an important role in regulating the immune
and gut barrier function of finishing pigs. Specifically, dietary fiber
in FR may improve the immune and gut barrier function by
regulating the secretion of butyrate by C. butyricum and Butanoate
metabolism. Concurrently, the HIF-1 signaling pathway may be
involved in the process. Studies have reported that butyrate pro-
duced by C. butyricum of the distal gut reduced gut permeability
by activating the HIF-1 signaling pathway to upregulate the
expression of gut tight-junction proteins (Fachi et al., 2019; Shin
et al., 2019a). Additionally, Liu et al. (2021) reported that dietary
fiber reduced the secretion of pro-inflammatory cytokines and
increased anti-inflammatory cytokines by regulating the secretion
of butyrate to improve the immune function of sows. Butyrate was
also reported to upregulate IL-22 production by promoting HIF-1a
expression in the gut of mice (Yang et al., 2020). However, the
potential mechanism in finishing pigs needs to be further
investigated.

In vitro fermentation results demonstrated that co-fermented
DFRB, compared with DFRB, was more conducive to the prolifera-
tion of distal gut bacteria of finishing pigs to produce SCFA, espe-
cially acetate and butyrate. Additionally, fecal microbiota from the
FR group can more efficiently utilize DFRB and co-fermented DFRB
to produce SCFA than from the Ctrl and UFR groups. Furthermore,
co-fermented DFRB was more effective in promoting the prolifera-
tion of C. butyricum isolated from pigs to produce butyrate. The
physicochemical structure of dietary fiber is a critical factor that
determines fermentation rate, SCFA profiles and growth of different
bacterial groups (Wang et al., 2019c). Co-fermentation may change
the physicochemical structure of fiber in DFRB, such as increasing
the proportion SDF, thereby modulating hindgut microbiota, for
example increasing C. butyricum, to improve the digestibility of fiber
and the production of butyrate. Similarly, Chen et al. (2019) re-
ported that SDF-fed piglets had a higher concentration of fecal
butyrate compared to IDF-fed piglets. In general, in vitro fermen-
tation further verified that the physicochemical structure of fiber in
co-fermented DFRB enhanced the abundance of C. butyricum and
butyrate secretion in the hindgut of finishing pigs.
5. Conclusions

In conclusion, our findings demonstrated that diets supple-
mented with co-fermented DFRB improved growth performance,
antioxidant activity, immune status and intestinal permeability of
finishing pigs. Co-fermented DFRB also increased gut microbial
richness and regulated microbiota with increasing fiber-degrading
bacteria, such as C. butyricum and L. amylovorus. Furthermore,
correlation analyses indicated that dietary fiber in co-fermented
DFRB might improve the immune and gut barrier function of fin-
ishing pigs by regulating the secretion of butyrate of C. butyricum.
In vitro fermentation further verified the fiber in co-fermented
DFRB enhanced C. butyricum and butyrate secretion. These find-
ings provided an experimental and theoretical basis for the appli-
cation of co-fermented DFRB in finishing pigs.
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