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Introduction

Wheat bran fermented by mixed fungal strains
improves the digestibility of crude fiber and may
benefit the gut health without impacting the
growth performance in weaned pigs+t

Yuheng Luo, @ *$? Jun He,$® Hua Li,* Cong Lan,? Jingyi Cai,® Hong Chen,?

Gang Tian,? Huifen Wang,? Quyuan Wang,? Jun He, €22 Daiwen Chen,? Bing Yu, & @
Zhiging Huang,® Ping Zheng,® Xiangbing Mao, {22 Jie Yu,® Jungiu Luo,® Aimin Wu?
and Hui Yan?®

This study was conducted to compare the effect of raw (WB) or mixed fungi-fermented wheat bran (FWB)
on the growth, nutrient digestibility and intestinal health in weaned piglets. After the preparation of FWB,
twenty-one cross-bred weaned piglets (7.20 + 0.5 kg) were separated into three groups for a 40-day trial.
The pigs in the control group were fed a basal corn-soybean meal diet. For the other two groups, 8% of
expanded corn in the basal diet was replaced by equivalent WB or FWB. Results showed that the content
of main nutrients and the composition of dietary fiber in FWB improved compared to that for WB. The
digestibility of fiber in pigs fed FWB improved (P < 0.05) compared to the control and/or WB without
affecting their growth performance. Both WB and FWB decreased the conditional pathogen
(Streptococcus) or/and E. coli virulence factor (STb) in the colon compared to control (P < 0.05), and the
ratio of villus height to crypt depth (VCR) in jejunum increased (P < 0.05). The number of goblet cells, the
expression of MUC-1 and pBD1 in jejunal mucosa, and the proportion of blood CD4* T lymphocyte
subset improved (P < 0.05) by FWB rather than WB. Furthermore, although only WB elevated (P < 0.05)
the concentration of butyrate in the colon, both WB and FWB increased the number of butyrate-produ-
cing bacteria (P < 0.05) compared to the control. Thus, the main advantage of FWB over WB in weaned
pigs is its improvement in fiber digestibility.

NSP contains a large number of beta-1,4 glycosidic bonds,
which cannot be directly utilized by mono-gastric animals due

Wheat bran (WB) is an important cereal by-product in China
with an annual output of approximately 3 million tons."
Despite its limited applications in food processing, WB is used
as an energy feedstuff, which is also considered to be a source
of dietary fibers (DF) or non-starch polysaccharides (NSP).>
Thus far, WB is mostly added to swine feed in its natural form
in China.
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to the lack of carbohydrate active enzymes (CAZys).*
Conversely, nutrients can be easily wrapped by the high-vis-
cosity NSP, which blocks the enzymatic reaction and leads to a
decrease in digestibility.” Thus, the high content of NSP in WB
limits its use in the feed of piglets, which often suffer stress-
induced diarrhea due to the inadequate development of their
intestine and microbiota.” Fermentation is considered to be
an effective way to reduce the content of NSP. It has been
reported that the content of cellulose and neutral detergent
fiber (NDF) in wheat bran can be decreased by fermentation
with rumen liquid,® and the content of soluble dietary fibers
(SDF) can be increased by sourdough-like fermentation. SDF is
well-known to be largely degraded by the microbes in the
hindgut of pigs, and thus is beneficial for intestinal homeosta-
sis.” At present, there are few studies on the fermentation of
WB, and most microbial strains used in the existing studies
are limited to a certain species of probiotics, such as
Lactobacillus spp. and Bacillus subtilis.>° Distinguished from
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bacteria, filamentous fungi produce more abundant carbo-
hydrate active enzymes (CAZys) with high activity,'® which have
greater potential to decompose plant cell-wall polysaccharides.
As reported, the cooperation of some fungi-derived CAZys,
such as endoglucanase, cellobiose hydrolase and
B-glucosidase, forms an efficient system called “cocktails”,
which shows higher activity than the sum of single enzyme.""
Therefore, we believe that the content and composition of CF
in WB may be better improved by fermentation with mixed
fungal strains rather than a single strain. However, there are
few related studies.'” Piglets have limited tolerance to crude
fiber (CF). Although the average daily gain (ADG) and average
daily feed intake (ADFI) of piglets have been found to be
improved by feeding 3% WB-containing diet (28.0 g kg™ CF
and 151.0 g kg™' NDF) compared to a basal diet (25.0 g kg™*
CF and 124.0 g kg™' NDF)," the growth performance can be
reduced in the case of feeding a diet with 150 g kg™' WB
(42.5 g kg~ " CF).™ Accordingly, if the content and composition
of CF in WB are substantially improved by fermentation, the
utilization of WB can be less restricted in the feed of piglets.

Briefly, we hypothesize that the nutritional value of WB,
especially the content and composition of CF, can be improved
by fermentation with mixed fungal strains. Consequently, the
growth performance of pigs may not be affected, even in the
case of adding a comparatively high concentration of fermen-
ted WB (FWB). If the content of SDF in FWB is improved by
the fermentation as expected, the intestinal health of the pigs
may also be benefited. Therefore, in the current study, raw WB
was first fermented by mixed fungal strains (Aspergillus niger,
Neurospora crassa, Trichoderma viride and Candida tropicalis) in
the solid state and then supplemented in the diet of weaned
piglets with a relatively high concentration (8%). The growth
performance, digestibility of main nutrients and intestinal
health-related parameters of these animals were investigated
to assess the potential of using FWB in piglets. Thus, the
results of the current study provide a reference for the rational
utilization of WB.

Materials and methods
Fermentation, animals and diets

The procedures for the fermentation of WB are shown in ESIf
(1.1). After pilot fermentation, a total of 21 cross-bred (Duroc x
Landrace x Yorkshire) weaned piglets with an average initial
body weight (IW) of 7.20 + 0.50 kg were randomly allocated to
three groups with 7 replicates per group and 1 piglet per repli-
cate. The piglets in the control group (C) were fed a basal corn-
soybean meal diet. For the diets of the WB and FWB groups,
8% of expanded corn in the basal diet was replaced by equi-
valent WB or FWB, respectively. The diets were formulated to
meet the nutrient recommendations of the National Research
Council (NRC, 2012)"* and no antibiotics were supplemented
(Table 1). Each piglet was raised individually in a metabolism
cage (1.5 m x 0.7 m x 1.0 m) and the trial lasted for 40 days.
The experimental diets and water were available ad libitum
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Table 1 Ingredients and nutrient composition of the diets (air-dried
basis)?
Item C WB FWB
Ingredients (%)
Extruded corn, CP 7.8% 37.19 29.99 29.99
Dehulled soyabean meal, CP 47.9% 20.55 20.55 20.55
Maize starch 18.00 18.00 18.00
Fishmeal, CP 60.2% 4.50 4.50 4.50
Soya protein concentrate, CP 62.9% 4.30 3.00 2.00
Whey powder 5.50 5.50 5.50
Sucrose 4.00 4.00 4.00
Glucose 3.00 3.50 4.50
Soybean oil 0.20 0.20 0.20
WB — 8.00 —
FWB — — 8.00
NaCl 0.30 0.30 0.30
1-Lys-HCI, 78.0% 0.40 0.40 0.40
pL-Met 0.15 0.15 0.15
Thr, 98.5% 0.14 0.14 0.14
Trp, 98.0% 0.03 0.03 0.03
Limestone 0.60 0.60 0.60
Dicalcium phosphate 0.80 0.80 0.80
Chloride choline 0.10 0.10 0.10
Vitamin premix” 0.04 0.04 0.04
Mineral premix® 0.20 0.20 0.20
Total 100.00 100.00 100.00
Nutrients level”
DE (Mcal kg™) 3.53 3.58 3.58
DM (%) 97.28 96.44 96.47
CP (%) 17.45 17.37 16.30
EE (%) 2.10 2.32 1.99
Crud ash (%) 5.07 5.10 5.33
CF (%) 1.92 4.18 4.11
NDF (%) 12.12 15.22 14.12
ADF (%) 10.61 13.95 12.17
SDF (%) 2.10 2.21 3.96
IDF (%) 7.83 9.42 8.47
p-Lys (%) 1.44 1.26 1.31
p-Met (%) 0.45 0.58 0.42
p-Met + p-Cys (%) 0.66 0.77 0.66
o-Thr (%) 0.86 0.79 0.79
p-Trp (%) 0.28 0.29 0.20
Ca (%) 1.00 0.99 0.79
TP (%) 0.63 0.60 0.55
AP (%) 0.43 0.42 0.40

“C, control; WB, wheat bran; FWB, fermented wheat bran; CP, crude
protein; DE, digestible energy; EE, ether extract; CF, crude fiber; NDF,
neutral-detergent fiber; ADF, acid-detergent fiber; SDF, soluble dietary
fiber; IDF, Insoluble dietary fiber; Ca, calcium; TP, total phosphorus;
and AP, available phosphorus. ? The vitamin premix provided: Vitamin
A 30000000 IU; Vitamin D3 10000000 IU; Vitamin E 80000 IU;
Vitamin K3 10 000 mg; Vitamin B; 10 000 mg; Vitamin B, 25000 mg;
Vitamin Bg 12000 mg; Vitamin B;, 120 mg; p-pantothenic acid
50 000 mg; folic acid 5000 mg; and biotin 500 mg per kg of diet. “ The
mineral premix (7-25 kg) provided: 350.00 mg Fe (FeSO,-H,0);
41.67 mg Cu (CuSO,4-5H,0); 292.78 mg Zn (ZnSO,-7H,0); 66.20 mg Mn
(MnSO,-H,0); 8.31 mg I (KI); 30.61 mg Se (Na,SeO3); 1209.55 mg
CaCOj; per kg of diets. 4The level of DE, CP, EE, CF, NDF, ADF, SDF,
IDF and crude ash was the measured value, while the content of Ca,
AP, TP, p-Lys, p-Met, p-Met + p-Cys, o-Thr and p-Trp was the calculated
value.

during the entire experimental period. The feed intake and
general health of each piglet were recorded daily. The ADG,
ADFI and feed gain ratio (F/G) for each pig were then calcu-
lated at the end of the experiment. The fecal sample from each
piglet was scored as follows: 0, normal; 1, pasty; 2, semi-liquid;
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and 3, liquid. Piglets with a daily fecal score of >2 were con-
sidered as suffering from diarrhea. The diarrhea rate was cal-
culated as follows:

Diarrhearate(%) = (Total number of pigs per pen with diarrhea)/
(Number of pigs per pen x 1)/100

where 7 represents the experimental duration in days.

Sample collection

The feces from all piglets were collected continuously for 12 h
from 08:00 h to 20:00 h on day 37 to 40 during the trial for the
determination of nutrient digestibility. For each collected fecal
and diet sample, 10% hydrochloric acid was added for the fix-
ation of excreta nitrogen. Then all samples were dried and
finely ground to analyze the dry matter (DM), gross energy
(GE), crude protein (CP), crude fiber (CF), neutral-detergent
fiber (NDF), acid-detergent fiber (ADF), soluble dietary fiber
(SDF), insoluble dietary fiber (IDF) and acid insoluble ash
(AIA). At the end of the trial, all the piglets were weighed and
10 mL jugular blood was collected from each pig for the deter-
mination of T lymphocyte subsets (8 mL with 2 mL heparin
sodium solution) and biochemical analysis (2 mL).
Subsequently, each piglet was anaesthetised by a lethal injec-
tion of sodium pentobarbital (200 mg per kg body weight) and
its abdomen was immediately opened. The middle section
(approximate 2 cm) of the duodenum, jejunum, ileum and
colon of each pig was collected and fixed in 100 mL of 10%
formaldehyde solution for the following histology analysis.
The mucosa of each intestinal segment from each pig was
scraped using a sterilized slide and immediately put in liquid
nitrogen for the following RNA extraction. Another 10 g of the
colonic digesta from each piglet was collected and kept in
liquid nitrogen for the quantification of microbial species and
the measurement of short chain fatty acids (SCFAs).
Approximately 5 g of spleen was also collected for the determi-
nation of T lymphocyte subsets.

Determination of apparent total-tract nutrient digestibility

The apparent total-tract digestibility of the main nutrients was
measured using a method with acid-insoluble ash (AIA) as an
indicator. The AIA in the diet and fecal samples was deter-
mined using the method described by Chinese National
Standard (GB/T23742). The determination of DM, GE, CP, CF,
NDF, ADF, SDF and IDF is described in detail in the ESL.¥ The
apparent total-tract digestibility of the nutrients was calculated
according to the described method."®

The histological analysis of the intestine, and the
determination of serum biochemical parameters and T
lymphocyte subsets in the blood and spleen

Each collected intestinal segment saved in formaldehyde solu-
tion was prepared using a standard paraffin-embedding
method.”” About 5 mm-thick cross-sections of each sample
were stained with hematoxylin and eosin, and then investi-
gated under a 100x magnified view with an Olympus CKX
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53 microscope (Japan). To measure the height of villous (HV)
and the depth of crypt (DC), the prepared slices were observed
and photographed. For each image (one slice), a total of 5 non-
destructive fields were selected, and the HV and CD of each
field were recorded. The average value of the 5 fields was calcu-
lated as the final data. The ratio of HV/DC was calculated as
VCR. For each sample, the number of positively stained goblet
cells on five randomly selected villi was counted using the
Image-Pro Plus software (version 6.0, Media Cybernetics) and
the average number was calculated. The concentration of
p-lactate and lipopolysaccharide (LPS) in the serum of each
piglet was assayed using a porcine p-lactate and porcine lipo-
polysaccharide ELISA kit purchased from Wuhan Meimian
Biological Technology Co., Ltd (Hubei, China), respectively.
The determination of T lymphocyte subsets in the jugular
blood and spleen is described in detail in the ESI} (1.2).

RNA extraction and real-time PCR analysis

The total RNA from approximately 0.1 g mucosal sample from
each piglet was extracted using Trizol (TAKARA, Japan), and
then reversely transcribed into cDNA using the PrimeScriptTM
RT reagent kit (TAKARA, Japan). The 10 pL real-time PCR reac-
tion mixture included a 1.0 pL cDNA template, 5 pL SYBR
Green mix, 0.4 pL each of the forward and reverse primers,
0.2 pL correction fluid ROX (TAKARA, Japan) and 3 pL double
distilled water. The PCR reaction (ABI 7900, USA) for each gene
was conducted as follows: an initial step at 95 °C for 30 s, fol-
lowed by 40 cycles of denaturation at 95 °C for 5 s, annealing
at 60 °C for 34 s, and extension at 72 °C for 15 s. Three house-
keeping genes, f-actin, 18s rRNA and GAPDH, were selected as
internal references, and the relative expression of each target
gene was calculated using the 2744 method."® The sequences
of primers, the length of the PCR products and the corres-
ponding references are shown in ESI Table S1.7

DNA extraction, quantification of bacteria and measurement
of SCFAs in the colonic digesta samples

The methods for the extraction of genomic DNA and the
measurement of SCFAs (acetate, propionate, butyrate, isobuty-
rate, valerate, and isovalerate) in the digesta samples were
described in our previous study.” The copy numbers of total
bacteria, Bifidobacterium, Lactobacillus, Clostridium cluster 1V,
Clostridium  cluster XIVa, butyrate-producing bacteria
(Fecalibacterium prausnitzii, Eubacterium rectale, Clostridium
butyricum and Anaerostipes caccae), E. coli, Salmonella spp.,
Enterobacteriaceae family, Streptococcus and the three genes
encoding the virulence factors of enterotoxic E. coli, Heat-
stable toxin 1 (STa), Heat-stable toxin 11 (STh) and Aerobactin
enteroaggregative toxin (astA), in each sample were quantified
by real-time PCR on a Bio-RadCFX96 real-time system (Bio-
Rad, USA) using SYBR Green as the fluorescent dye. The infor-
mation for the primers is shown in ESI Table S1.f

Statistical analysis

All data was firstly checked for normal distribution using the
descriptive statistic (Explore) module of the SPSS 22.0 software.

This journal is © The Royal Society of Chemistry 2021
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For the data with a normal distribution, one-way ANOVA was
used to analyze the difference among the groups, and the
homogeneity of variance among the groups was tested using
Duncan’s multiple-range tests. The data is presented as the
mean with the pooled standard error (SE). In the case of the
skewed data, Kruskal-Wallis nonparametric test was used to
analyze the difference among groups, and the values represent
media with the quantification of bacteria (IQR). Differences
were considered to be significant when P < 0.05 and insignifi-
cant when P > 0.05. The correlation between the butyrate con-
centration and bacterial species was calculated using
Pearson’s correlational analysis and the results were visualized
using the vegan, ggcor and dplyr packages in R 4.0.1.

Results

Comparison of nutrients and microstructure in WB and FWB

Compared with WB, the level of DM, GE, EE, CP and SDF in
FWB increased, while the level of CF, NDF and ADF decreased
(Table S2t). According to the scanning electron microscopy
(SEM) images, the surface of the WB particle exhibited a com-
plete and regular morphology (Fig. 1A), whereas the outer layer
of the FWB particle was partially fractured with a slightly
inhomogeneous pore structure inside (Fig. 1B).

Effect of WB and FWB on the growth performance and
nutrient digestibility in weaned piglets

Compared with the control, the ADG of WB and FWB pigs
increased by 8.78 and 6.36 g d™' (P > 0.05), respectively (ESI
Table S31). The digestibility of CP and EE in the WB pigs, and
the digestibility of EE and CF in the FWB pigs increased (P <
0.05) compared to the control (Table 2), while the digestibility
of NDF and ADF in the WB pigs decreased (P < 0.05). In
addition, the digestibility of NDF and ADF in the FWB pigs
was increased compared to the WB pigs (P < 0.05).
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Paper

Effect of WB and FWB on the diarrhea rate and intestinal
morphology in weaned piglets

The diarrhea rate of the WB pigs during 5-10 d, 20-25 d and
30-35 d, together with that of FWB pigs during 20-25 d and
30-35 d decreased compared to the control (P < 0.05, ESI
Fig. S17). According to the results of the histological analysis,
no difference was found in the HV, CD, VCR and number of
goblet cells in the duodenum and ileum of the pigs among the
groups (P > 0.05, Fig. 2A and C). However, the CD of the
jejunum in the FWB pigs was lower than control (P < 0.05,
Fig. 2B), but the VCR of the jejunum in the WB and FWB
piglets increased (P < 0.01). In addition, the number of goblet
cells in the jejunum of the FWB pigs increased compared to
was WB pigs (P < 0.05, Fig. 2B).

Effect of WB and FWB on the serum biochemical indices and
T lymphocyte subsets in the spleen and blood of weaned
piglets

The level of serum p-lactate and LPS was measured to show the
intestinal permeability of the piglets (ESI Fig. S27), and no stat-
istical significance was found in both two parameters among
the groups (P > 0.05).

According to the results of the flow cytometric analysis (ESI
Table S47), the percentage of CD3" T lymphocytes in the
spleen of the WB piglets decreased compared to the FWB and
control pigs (P < 0.01), while it was higher in the blood of the
FWB piglets than that of the WB and control pigs (P < 0.01).
Additionally, the percentage of CD4" T lymphocytes in the
blood of the FWB piglets was also higher than that of the WB
piglets (P < 0.05).

Effect of WB and FWB on the expression of intestinal barrier
and inflammatory response-related genes in the weaned
piglets

Compared with the control, the mRNA level of MUC1 and
pBD1 in the jejunal mucosa of the FWB piglets (P < 0.05,
Fig. 3A), pBD1 in the colonic mucosa of the WB and FWB

Fig. 1 SEM images of WB (wheat bran) and FWB (fermented wheat bran). (A) WB and (B) FWB.

This journal is © The Royal Society of Chemistry 2021
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Table 2 The digestibility of nutrients (%) in piglets®?
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Group P-value

Item C WB FWB Pooled SE Group Cvs. WB Cvs. FWB WB vs. FWB
Energy 86.13 88.78 88.1 0.68 0.12 0.05 NS NS

DM 86.34 88.87 87.99 0.55 0.15 0.06 NS NS

CP 74.84° 81.08% 79.922P 1.23 0.07 0.03 0.09 NS

EE 39.87% 58.70° 52.85° 2.46 <0.01 0.00 0.01 NS

CF 58.28% 62.58%° 67.13° 1.58 0.07 NS 0.02 NS

NDF 72.30% 64.65° 73.68% 2.29 <0.01 NS 0.01 <0.01

ADF 80.29° 72.29P 82.32° 1.87 <0.01 NS <0.01 <0.01

“Normally distributed data is presented as mean, while non-normally distributed data is presented as median (n = 7). SE, standard error of
mean; NS, not significant; C, control; WB, wheat bran; and FWB, fermented wheat bran. The variant alphabetical superscript in the same row
indicates significant difference (P < 0.05, n = 7). Among the data, the digestibility of NDF and ADF is non-normally distributed. > DM, dry matter;
CP, crude protein; EE, ether extract; CF, crude fiber; NDF, neutral detergent fiber; and ADF, acid detergent fiber.

B

Duodenum

Fig. 2 Morphology of intestinal villi (HE; x100) and number of goblet cells (PAS; x100) in different intestinal segments of piglets. (A) Villous height,
crypt depth, VCR and number of goblet cells in the duodenum of piglets in different groups. (B) Villous height, crypt depth, VCR and number of
goblet cells in the jejunum of piglets in the different groups. (C) Villous height, crypt depth, VCR and number of goblet cells in the ileum of piglets in
the different groups. VCR height villous/depth crypt ration. C, control; WB, wheat bran; and FWB, fermented wheat bran.

piglets (P < 0.05, Fig. 3B), and IL-10 in the jejunal mucosa of
the WB piglets (P < 0.05, Fig. 3C) increased.

Effect of WB and FWB on the quantity of bacterial groups and
the concentration of SCFAs in the colonic digesta of weaned
piglets

The results of real-time PCR showed that the copies of total
bacteria, Clostridium cluster 1V, Fecalibacterium prausnitzii,
Clostridium butyricum and Anaerostipes caccae, in the colonic
digesta of the WB piglets, and the copies of Eubacterium rectale
in the WB and FWB piglets increased compared to the control

2966 | Food Funct, 2021,12, 2962-2971

(P < 0.05, Fig. 4A). Meanwhile, the copies of Streptococcus in
WB and FWB, and STbh, one of the virulence factors of E. coli,
in the FWB pigs decreased compared to the control (P < 0.05,
Fig. 4B).

According to the results of gas chromatography (Fig. 4C),
the concentration of butyrate in the colonic digesta of WB and
FWB piglets, as well as the concentration of total SCFAs in WB
piglets showed higher than pigs in control group (P < 0.05).

Furthermore, Pearson’s correlation analysis (Fig. 4D)
showed positive correlations (P < 0.01 or 0.05) between the
copies of certain bacterial groups and the concentration of

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Relative mRNA level of genes related to intestinal barrier and inflammatory cytokines in the jejunal and colonic mucosa of piglets in the
different groups (n = 7). Superscripts of lowercase letters represent significant differences (P < 0.05). (A) Relative expression of genes related to
mucosal barrier in the jejunal mucosa of piglets. (B) Relative expression of genes related to mucosal barrier in the colonic mucosa of piglets. (C)
Relative expression of genes related to inflammatory cytokines in the jejunal mucosa of piglets. (D) Relative expression of genes related to inflamma-
tory cytokines in the colonic mucosa of piglets. C, control; WB, wheat bran; and FWB, fermented wheat bran.

SCFAs. In particular, the number of Lactobacillus,
Bifidobacterium, Clostridium XIVa, Fecalibacterium prausnitzii,
Eubacterium rectale, Clostridium butyricum and Anaerostipes
caccae was positively (P < 0.01 or 0.05) correlated with the con-

centration of butyrate in the colonic digesta of the piglets.

Discussion

It has been found that the supplement of wheat bran in the
diet can effectively alleviate diarrhea and promote the intesti-
nal health of weaned piglets,'® which can probably be attribu-
ted to the special physiological function of DF in WB.*°
However, the high level of NSP in WB also increases the feed
conversion rate and reduces the growth performance of pigs,’
especially when supplemented with a relatively high concen-
tration in the feed. Furthermore, the nutritional and physio-
logical effects of WB largely depend on the composition of DF,

This journal is © The Royal Society of Chemistry 2021

such as the content of SDF or IDF. For instance, the prolifer-
ation of pathogens can be inhibited by IDF by decreasing the
transit time of digesta in the gut,” while SDF is regarded as
one of the preferable substrates for gut microbes to produce
SCFAs, which play an important role in the glycolipid metab-
olism and gut health of the host.>*”>* Although fermentation
is considered to be an effective strategy to reduce the content
of CF in plant-derived feedstuffs, few studies have focused on
the comparison of the effects of high-level WB and FWB in
weaned piglets, which was particularly discussed in the
current study.

The improvement of nutritional values in fermented feed-
stuffs largely depends on the microbial strains. NDF in WB
has been proven to be decreased by 5.6% with the fermenta-
tion of fungi such as Trichoderma, with a 1.5% decrease in
ADF and a 3.4% increase in CP.>® In this study, the content of
DM, CP (+7.7%), EE and SDF (+62.9%) in WB increased by the
fermentation of mixed fungal strains, and the content of CF

Food Funct., 2021,12, 2962-2971 | 2967
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Fig. 4 Quantity of bacterial groups, concentrations of SCFAs, and correlation between the number of bacteria and SCFA concentration in the
colonic digesta of the weaned pigs. (A) Copies of total bacteria, beneficial bacterial groups and main butyrate-producing bacteria. (B) Copies of con-
ditioned pathogens and virulence factors. (C) Concentrations of SCFAs. (D) Pearson'’s correlation between the concentration of SCFAs and bacterial
groups. “**", P < 0.01; "*", P < 0.05. n = 7. STa Heat-stable toxin I; STb Heat-stable toxin Il; astA Aerobactin enteroaggregative toxin. C, control; WB,

wheat bran; FWB, and fermented wheat bran.

(—24.5%), NDF (—12.2%), ADF (—23.6%) and IDF (—7.8%) was
reduced as expected. This significant improvement in CF than
the previous study highlights the advantages of mixed filamen-
tous fungi over a single strain. Interesting results were found
when FWB was applied to weaned piglets in a high (8%) con-
centration. Although the measured concentration of CF in the
WB (4.18%) and FWB (4.11%) diets were higher than the basal
diet (1.92%), only the digestibility of CF in the piglets fed FWB
was remarkably improved. An improvement in the digestibility
of DM, CF and EE was also observed in the growing pigs fed
20% FWB.”® These findings suggest the potential of FWB in
improving the nutrient digestibility, especially CF, in weaned
pigs even with a higher concentration in the feed.
Stress-induced diarrhea is a major risk factor for the gut
health of weaned piglets. The supplement of WB has been
reported to relieve the diarrhea of post-weaning pigs due to a
reduction in pathogenic E. coli.’” In this study, we did not
investigate the significant decrease in the whole-stage diarrhea
rate in pigs fed WB and FWB compared to the control.

2968 | Food Funct, 2021,12, 2962-2971

However, the copies of Streptococcus and/or E. coli enterotoxin
(STh) decreased in these animals with a decline in the phased
diarrhea rate. This may be due to the “broom-like” character-
istic of DF, which has been found to be critical for the cleaning
of pathogens and promoting the development of intestinal
villi.*” Indeed, the VCR of the jejunum in the pigs fed WB and
FWB was found to be improved. Our previous study also
showed that the morphology of the ileum in finishing pigs can
be improved by WB ranging from 100 to 300 g kg~*.>®
Intestinal epithelial cells (IECs), endocrine cells, goblet
cells and Paneth cells existing in the intestinal villi constitute
to the main part of the epithelial barrier.>® Tight junctions
(TJs) between IECs, mucin secreted by goblet cells and anti-
microbial peptides (AMPs) are the three important factors
involved in the barrier function.>® In the current study, both
the expression of MUC1 and pBD1 in the jejunal mucosa of
pigs fed FWB was markedly increased compared to the
control, and the number of goblet cells in these pigs was
higher than that in the pigs fed WB. This may be attributed to

This journal is © The Royal Society of Chemistry 2021
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the higher content of SDF in FWB. High-viscosity SDF has
been reported to increase the number of goblet cells and up-
regulate the expression of MUCI in the small intestine of
rats.>® A diet with 23% beet residue enriched in SDF was also
proven to increase the number of goblet cells in the jejunum
of weaned piglets.>' In pigs, pBD1 secreted by Paneth cells is
one of the natural AMPs to prevent the adhesion of pathogenic
microbes to mucosa.**?* A large number of studies present
the regulation of SCFAs, particularly butyrate, in the expression
of pBD. In vitro, sodium butyrate enhances the expression of
pBD2 and pBD3 in IECs, macrophage and monocytes.** In vivo,
butyrate relieves the intestinal inflammation in E. coli-infected
piglets via the regulation of pBD expression, and the further
inhibition of histone deacetylase.®® In the current study, the
concentration of butyrate in the colon of pigs fed WB truly
increased compared to the control, which can be reasonably
inferred to be associated with the increased expression of pBD.
In addition, butyrate is the most important energy source of
IECs, which plays a key role in promoting cell differentiation
and maturation and maintaining the intestinal homeostasis.*>
It is also the main metabolite of butyrate-producing bacteria
using complex carbohydrates such as SDF.*® The Pearson’s cor-
relation analysis proved that the elevated butyrate in the colon
of the WB pigs is attributed to the increase in the number of
butyrate-producing  bacteria such as  Fecalibacterium,
Clostridium and Anaerostipes. Interestingly, although the
content of SDF in FWB was higher than that in WB, the buty-
rate concentration in the colon of the FWB pigs was lower than
that in the WB pigs. However, we indeed observed a marked
increase in Eubacterium rectale, a well-known butyrate-produ-
cing bacterium, in the colon of the FWB pigs compared to
control. This is probably due to the larger differences between
the individuals in the FWB group.

The proportion of different T lymphocyte subsets can be
used to reflect the systemic immunity of animals.>” CD3 is a
class of receptors that can be widely found in all T lympho-
cytes for the recognition of antigens.*® CD4 induces T helper
cells to enhance the humoral immune response and secrete
inflammation-associated cytokines such as IL-4, IL-6 and
1L-10 ***° mediated by signal pathways related to pattern reco-
gnition receptors such as TLR4/MyD88/NF-kB.*" We observed
an increase in CD3" (vs. WB and control) and CD4" (vs. WB) T
lymphocytes in the blood of the pigs fed FWB, which is con-
sistent with the increased expression of IL-10 in the jejunal
mucosa. However, there was no remarkable change in the
expression of TLR4, MyD88 and NF-kB, indicating that this
increased expression of IL-10 may not be mediated by the
TLR4/MyD88/NF-kB pathway.

Conclusion

In summary, herein, we developed a mixed fungi-fermented
WB with a comparatively higher content of DM, CP and SDF,
and a lower content of CF, NDF, ADF and IDF, which increased
the digestibility of NDF and ADF in weaned pigs compared to

This journal is © The Royal Society of Chemistry 2021
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WB, even with a high concentration (8%) in the feed. Both the
dietary supplement of WB and FWB decreased the number of
conditional pathogens such as Streptococcus or/and E. coli viru-
lence factor (STb). FWB was better than WB in improving the
number of abundant goblet cells, the expression of MUC1 and
anti-inflammatory cytokine (IL-10) in the jejunal mucosa, and
the proportion of blood CD4" T lymphocyte subset. The con-
centration of butyrate in the colon of the weaned pigs was pro-
moted by the supplement of WB rather than FWB, but both
the supplement WB and FWB increased the number of buty-
rate-producing bacteria. Overall, both the supplement of 8%
WB and FWB did not affect the growth performance of the
weaned pigs. Thus, compared with WB, our newly developed
FWB showed an obvious advantage in improving the digesti-
bility of fiber in weaned pigs.
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