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This study examined the impacts of different fiber sources on growth, immune status and gut health in
weaned piglets fed antibiotic-free diets. Sixty piglets (BW ¼ 8.18 ± 1.35 kg) were assigned to 3 dietary
treatments based on BW and gender in a randomized complete block design (5 replicates/treatment and
4 piglets [2 barrows and 2 gilts]/replicate): (1) an antibiotic-free diet (control, CON); (2) CON þ 6% wheat
bran (WB); (3) CON þ 4% sugar beet pulp (SBP). Dietary WB supplementation tended to increase ADG
compared with CON from d 1 to 14 (P ¼ 0.051) and from d 1 to 28 (P ¼ 0.099). Supplementation of WB
increased (P < 0.05) G:F compared with CON and SBP from d 1 to 14 and from d 1 to 28. Compared with
CON, the addition of WB reduced (P < 0.05) diarrhea rate from d 1 to 14 and tended (P ¼ 0.054) to reduce
diarrhea rate from d 1 to 28. The addition of WB decreased (P < 0.05) serum diamine oxidase activity on
d 14, and up-regulated (P < 0.05) ileal mRNA levels of occludin on d 28 when compared with CON. Piglets
fed WB showed decreased (P < 0.05) serum interleukin-6 levels compared to those fed SBP and
decreased (P < 0.05) ileal interleukin-8 levels compared to those fed CON and SBP on d 28. Supple-
mentation of WB increased (P < 0.05) serum levels of immunoglobulin A (IgA), IgG and IgM compared
with SBP on d 14, and increased (P < 0.05) the levels of serum IgA and ileal sIgA compared with CON and
SBP on d 28. Piglets fed WB showed an enhanced (P < 0.05) a-diversity of cecal microbiota than those fed
SBP, while piglets fed SBP showed reduced (P < 0.05) a-diversity of cecal microbiota than those fed CON.
Compared with CON, the addition of WB elevated (P < 0.05) the abundance of Lachnospira and cecal
butyric acid level. Piglets fed WB also showed increased (P < 0.05) abundances of Lachnospira and
unclassified_f_Lachnospiraceae compared with those fed SBP. Collectively, the supplementation of WB to
antibiotic-free diets improved performance, immune responses, gut barrier function and microbiota
compared with the CON and SBP fed piglets. Therefore, supplementing weaned piglets with WB was
more effective than SBP.

© 2021 Chinese Association of Animal Science and Veterinary Medicine. 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/).
1. Introduction

The period around weaning is generally characterized by in-
testinal dysfunction with diarrhea and growth lag in weaned pig-
lets (Pluske et al., 1997; O'Doherty et al., 2017). Supplementing
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subtherapeutic levels of antibiotics is a common practice to prevent
diarrhea and promote growth (Cromwell, 2002). However, early-
life exposure to antibiotics has adverse impacts on the develop-
ment of immune system and gut microbiota, which eventually
leads to elevated disease susceptibility during the growing and
finishing phases (Schokker et al., 2015). Furthermore, antibiotic
drug resistance due to the over use of antibiotics has become a
public health concern (Phillips et al., 2004). Consequently, it is ur-
gent that safer approaches are explored to improve growth and
health in weaned piglets.

Dietary fiber is indigestible to mammalian endogenous en-
zymes, but can be degraded by bacteria in the hindgut, which
generates short chain fatty acids (SCFA) that are beneficial to in-
testinal health (Grilli et al., 2016; Koh et al., 2016). According to its
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Table 2
Composition of the experimental diets (g/kg, as-fed basis).

Item Phase 1 (d 1 to 14) Phase 2 (d 15 to 28)

CON WB SBP CON WB SBP

Corn 568.6 514.5 525.2 636.4 583.0 594.0
Soybean meal 160.0 145.0 160.0 160.0 145.0 160.0
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solubility, dietary fiber can be divided into soluble dietary fiber
(SDF) and insoluble dietary fiber (IDF). SDF is rapidly fermented by
bacteria into SCFA which contribute to gut microbiota, but it also
increases digesta viscosity and reduces nutrient utilization (Wang
et al., 2016; Dong et al., 2019). In contrast, IDF is slowly fer-
mented and increases passage rate and fecal bulking (Molist et al.,
2014). It has been shown that the effects of dietary fiber depend on
its sources and physiochemical properties (Molist et al., 2014). To
date, limited information is available concerning the comparative
impacts of fiber sources on the performance of newly weaned
piglets in the absence of antibiotics. The present experiment
examined the influences of supplementing wheat bran (WB, IDF)
and sugar beet pulp (SBP, SDF) to antibiotic-free diets on growth,
immune responses, gut integrity and microbiota in weaned piglets.

2. Materials and methods

All animal procedures were approved by the Institutional Ani-
mal Care and Use Committee of China Agricultural University
(Beijing, China).

2.1. Animals, diets and management

Sixty weaned piglets (weaned at 28 d, Duroc � Landrace �
Yorkshire, BW ¼ 8.18 ± 1.35 kg) were allocated to 3 dietary treat-
ments based on BW and gender in a randomized complete block
design (5 replicates/treatment and 4 piglets [2 barrows and 2 gilts]/
replicate): (1) an antibiotic-free basal diet (control, CON); (2) basal
diet þ 6% WB; (3) basal diet þ 4% SBP. Total dietary fiber (TDF, the
sum of the dietary carbohydrates that are resistant to digestion by
mammalian enzymes) content was equalized between the 2 fiber
diets. The details of the nutrient composition of WB and SBP are
presented in Table 1. Diets were formulated to meet or exceed the
nutrient requirements for weaned piglets according to the NRC
(2012) recommendations (Table 2).
Table 1
Analyzed composition of wheat bran and sugar beet pulp (g/kg, as fed basis).

Item Wheat bran Sugar beet pulp

Dry matter 893.7 914.2
Organic matter 835.5 846.3
Crude protein 171.2 102.9
Gross energy, MJ/kg 17.01 15.62
Neutral detergent fiber 373.6 382.5
Acid detergent fiber 115.5 234.8
Total dietary fiber 445.7 616.9
Soluble dietary fiber 38.9 171.2
Insoluble dietary fiber 406.8 445.7

Indispensable amino acids
Arginine 10.2 6.0
Histidine 6.0 3.7
Isoleucine 6.1 4.3
Leucine 10.8 8.0
Lysine 8.8 8.3
Methionine 2.8 1.8
Phenylalanine 6.5 4.9
Threonine 7.1 5.4
Tryptophan 2.4 1.5
Valine 10.1 6.7

Dispensable amino acids
Alanine 11.0 6.1
Aspartic acid 15.2 8.7
Cystine 5.6 0.8
Glutamic acid 36.4 12.0
Glycine 10.9 4.9
Proline 4.5 3.8
Serine 9.1 5.9
Tyrosine 5.7 5.3
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Piglets were raised in fully slatted floor pens (2 m � 1.2 m)
equipped with a stainless feeder and a nipple drinker in a
temperature-controlled nursery room. The experiment was carried
out in 2 phases (phase 1: d 1 to 14 and phase 2: d 15 to 28). Feed and
water were given ad libitum during the whole period.

2.2. Growth performance and diarrhea rate

Individual pig weight and feed disappearance were recorded to
determine the average daily gain (ADG), average daily feed intake
(ADFI) and gain to feed ratio (G:F) on d 1, 14 and 28. Fecal score was
evaluated daily at 08:00 by trained observers using the system
described by Ma et al. (2019). Briefly, fresh excreta were graded as
follows: 1 ¼ hard feces; 2 ¼ slightly soft feces; 3 ¼ soft, partially
formed feces; 4 ¼ loose, semiliquid feces; and 5 ¼watery, mucous-
like feces. The occurrence of diarrhea was defined as maintaining
fecal scores of 4 or 5 for 2 consecutive days.

Diarrhea rate (%) ¼ (Number of diarrheic piglets � Diarrhea days)/
(Total number of piglets � Total observational days) � 100.

2.3. Sample collection

At the end of each phase, one pig from each pen (medium BWof
the pen) was chosen for blood sample collection after overnight
fasting. Blood samples (5 mL) were harvested from anterior vena
cava into 10 mL vacutainer tubes (Becton Dickinson Vacutainer
Extruded soybean 140.0 140.0 140.0 100.0 100.0 100.0
Whey powder 40.0 40.0 40.0 30.0 30.0 30.0
Fish meal 40.0 40.0 40.0 30.0 30.0 30.0
Wheat bran e 60.0 e e 60.0 e

Sugar beet pulp e e 40.0 e e 40.0
Soybean oil 15.5 24.5 19.5 9.7 18.4 13.3
Dicalcium phosphate 10.0 8.8 10.4 7.6 6.3 7.6
Limestone 8.2 9.0 7.2 8.6 9.2 7.5
Salt 3.0 3.0 3.0 3.0 3.0 3.0
L-lysine HCl, 78% 4.5 4.8 4.5 4.5 4.8 4.4
DL-methionine, 98% 0.9 1.0 0.9 0.9 0.9 0.9
L-threonine, 98% 1.5 1.6 1.5 1.5 1.6 1.5
L-tryptophan, 98% 0.3 0.3 0.3 0.3 0.3 0.3
Premix1 5.0 5.0 5.0 5.0 5.0 5.0
Chromium oxide 2.5 2.5 2.5 2.5 2.5 2.5
Calculated composition
DE, Kcal/kg 3542 3542 3542 3490 3490 3490
NE, Kal/kg 2657 2655 2650 2636 2634 2629
Calcium 8.0 8.0 8.0 7.0 7.0 7.0
Available phosphorus 4.0 4.0 4.0 3.3 3.3 3.3
SID lysine 13.5 13.5 13.5 12.3 12.3 12.3
SID methionine 3.9 3.9 3.9 3.6 3.6 3.6
SID threonine 7.9 7.9 7.9 7.3 7.3 7.3
SID tryptophan 2.2 2.2 2.2 2.0 2.0 2.0

Analyzed composition
Crude protein 196.4 196.0 196.7 180.6 180.2 180.9
Total dietary fiber 85.8 105.9 105.8 97.1 117.3 117.2
Soluble dietary fiber 10.4 11.5 15.6 11.2 12.3 16.4
Insoluble dietary fiber 75.4 94.4 90.2 85.9 105.0 100.8

CON ¼ control; WB ¼ wheat bran; SBP ¼ sugar beet pulp; DE ¼ digestible energy;
NE ¼ net energy; SID ¼ standardized ileal digestible.

1 Premix provided the following per kilogram of diet: 12,000 IU vitamin A, 2,500
IU vitamin D3, 30 IU vitamin E, 12 mg vitamin B12, 3 mg vitamin K, 15 mg D-pan-
tothenic acid, 40 mg nicotinic acid, 400 mg choline, 30 mg manganese, 80 mg zinc,
90 mg iron, 10 mg copper, 0.35 mg iodine, and 0.3 mg selenium.



Table 3
Primer sequences for real-time polymerase chain reaction.

Gene Primer sequence (50 to 30) Size, bp

ZO-1 F: TCAAGGTCTGCCGAGACAAC 140
R: ATCACAGTGTGGTAAGCGCA

Claudin-1 F: ACAGGAGGGAAGCCATTTTCA 82
R: TTTAAGGACCGCCCTCTCCC

Occludin F: CAGGTGCACCCTCCAGATTG 111
R: TGGACTTTCAAGAGGCCTGG

GAPDH F: GAAGGTCGGAGTGAACGGAT 149
R: CATGGGTAGAATCATACTGGAACA

ZO-1 ¼ Zonula occludens-1; GAPDH ¼ glyceraldehyde-3-phosphate dehydrogenase.
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Systems, Franklin Lakes, NJ, USA), and centrifuged at 3,000 � g and
4 �C for 10 min to obtain serum. Then serum samples were frozen
at �80 �C until analysis.

On d 28 after blood sampling andmorning feeding, the same pig
per pen was euthanized. Segments (2 cm) of the ileum were taken
and fixed in 4% paraformaldehyde for further analysis. Ileal mucosa
was scraped with a sterile glass slide and cecal content was
collected into sterile tubes. Samples of ileal mucosa and cecal
content were snap-frozen in liquid nitrogen, and then stored
at �80 �C until analysis.

2.4. Chemical analysis

Ingredients and diets were ground through a 1-mm screen, and
then analyzed for dry matter (DM; AOAC, 2007; method 930.15),
crude protein (CP; AOAC, 2007; method 976.05) and ash (AOAC,
2007; method 942.15). Neutral detergent fiber (NDF) and acid
detergent fiber (ADF) were determined using a fiber analyzer
(Ankom Technology, Macedon, NY, USA) according to the method
described by Van Soest et al. (1991). The gross energy (GE) was
determined using an automatic adiabatic oxygen bomb calorimeter
(Parr 6300 Calorimeter, Moline, IL, USA). TDF and IDF were analyzed
using AOAC (2007)methods 985.29 and 991.43, respectively. SDFwas
calculated as the difference between TDF and IDF. Amino acids,
except methionine, tryptophan and cystine, were assayed using ion-
exchange chromatography with an automatic amino acid analyzer
(L-8900, Automatic Amino Acid Analyzer; Hitachi, Tokyo, Japan) after
hydrolyzing with 6 mol/L HCl at 110 �C for 24 h. Cystine was deter-
mined as cysteic acid and Met as methionine sulphone after perox-
idation with performic acid and pre-column derivation using
phenylisothiocyanate (L-8900, Automatic Amino Acid Analyzer;
Hitachi, Tokyo, Japan). Tryptophanwas determined after hydrolyzing
with 4 mol/L LiOH at 110 �C for 22 h using high performance liquid
chromatography (Agilent1200 Series; Aligent, Santa Clara, CA, USA).

2.5. Serum parameters analysis

Serum diamine oxidase (DAO) activity and endotoxin levels
were analyzed by assay kits as directed by the manufacturer
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Serum D-lactate levels were measured by an ELISA kit (Beijing
Luyuan Byrd Biological Technology Company, Beijing, China)
following the manufacturer's protocols.

Serum levels of interleukin-1b (IL-1b), IL-6, IL-8 and tumor ne-
crosis factor a (TNF-a) were measured by commercial ELISA kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China) as
recommended by the manufacturer. Serum levels of immuno-
globulin A (IgA), IgG and IgMwere analyzed using ELISA kits (Bethyl
Laboratories, Texas, USA).

2.6. Intestinal morphology analysis

Ileal samples were removed from 4% paraformaldehyde, dehy-
drated in graded alcohol series, and embedded in paraffinwax. Five-
mm thick sections were cut by a Leica RM 2155 microtome (Leica
Microsystems, Wetzlar, Germany) and placed on a slide. Then, they
were stained with hematoxylin and eosin and examined by a light
microscope (CK40, Olympus, Tokyo, Japan) with a computerized im-
age system. At least 10 intact villi and crypts of each sample were
determined. The villusheight to crypt depth ratiowas then calculated.

2.7. Quantitative RT-PCR

Total RNA was isolated from ileal mucosal samples using Trizol
reagent (Invitrogen, USA). The quantity and quality of RNA were
317
analyzed by a spectrophotometer (NanoDrop ND-1000; Thermo
Fisher Scientific, USA). The OD260:OD280 ratio ranging from 1.8 to
2.0 was considered acceptable. The integrity was analyzed by 1.0%
agarose gel electrophoresis. Total RNA was subsequently reverse
transcribed with a PrimeScript RT Reagent kit (TaKaRa, Dalian,
China) according to the manufacturer's instructions. Real-time PCR
was performed using a 2720 thermal cycler (Applied Biosystems,
Foster City, CA, USA) with a volume of 10 mL containing 1 mL cDNA
template, 5 mL SYBR Green mix, 0.2 mL ROX Reference Dye (50
times), and 0.2 mL each of forward and reverse primers. The thermal
cycling conditions were as follows: predenaturation (10 s at 95 �C);
40 cycles of amplification (5 s at 95 �C and 20 s at 60 �C); melting
curve construction (60 to 99 �C with heating rate of 0.1 �C/s and
fluorescence measurements). To ensure the absence of contami-
nations, each quantitative RT-PCR run included a negative (water)
control. glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
chosen as the reference gene. The primer sequences used are
shown in Table 3. The fold changes of the gene mRNA levels were
analyzed by the 2eDDCt method normalized to GAPDH (Livak and
Schmittgen, 2001).

2.8. Ileal cytokines and sIgA analysis

Ileal levels of cytokines (IL-1b, IL-6, IL-8 and TNF-a) and secre-
tory immunoglobulin A (sIgA) were determined by ELISA kits from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China) in
accordance with the manufacturer's instructions. The protein
concentration of ileal mucosal samples was measured by the
bicinchoninic acid assay (Beyotime Biotechnology, Shanghai,
China). Ileal mucosal levels of cytokines and sIgA were normalized
to the protein concentration of each sample.

2.9. Cecal microbiota analysis

Total genomic DNAwas extracted from cecal content samples by
a Stool DNA Kit (Omega Bio-TEK, Norcross, GA, USA) as directed by
the manufacturer. The sequencing process was conducted as pre-
viously described by Shang et al. (2019). Demultiplexing and
quality-filtering of raw sequences were performed by QIIME
(version 1.17). Then the remaining high-quality sequences were
clustered into operational taxonomic units (OTU) at 97% similarity
by UPARSE, and chimeric sequences were identified and removed
by UCHIME. Each 16S rRNA gene sequence was taxonomically
allocated on the basis of the silva (SSU128) 16S rRNA database by
RDP Classifier (http://rdp.cme.msu.edu/) with a confidence
threshold of 70%.

2.10. Cecal SCFA analysis

Cecal levels of SCFA were analyzed by a Dionex ICS-3000 Ion
Chromatography system (Dionex, USA) as previously described

http://rdp.cme.msu.edu/
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(Shang et al., 2019). Samples of approximately 0.5 g were sus-
pended in 8 mL ultrapure water, homogenized and centrifuged at
12,000 � g for 10 min to obtain the supernatant. The supernatant
was then diluted 50 times and analyzed by a Dionex ICS-3000 Ion
Chromatography system (Dionex, Sunnyvale, CA, USA). Cecal levels
of SCFA were presented as mg/g sample weight.

2.11. Statistical analysis

Statistical analysis was performed using SAS 9.2 software (SAS
Inst. Inc., Cary, NC, USA) with the pen or piglet as an experimental
unit. Before analysis, all data were tested for normality using the
ShapiroeWilk test. Data that showed a non-normal distribution
(Serum concentrations of TNF-a and IgA, ileal concentration of TNF-
a and relative abundance of cecal microbial community) were
analyzed by KruskaleWallis test. Other data that followed a normal
distribution were analyzed with GLM procedures followed by
Tukey's tests. Differences in diarrhea rate were tested by the c2

contingency test. P < 0.05 was deemed as significant, and
0.05 < P < 0.10 was deemed as a tendency.

3. Results

3.1. Chemical composition of WB and SBP

There were no differences in the concentrations of DM and OM
between WB and SBP (Table 1). However, the concentration of CP
was greater inWB than in SBP. The concentration of NDF inWBwas
similar to that in SBP, whereas SBP contained more ADF and TDF
than WB. The dietary fiber in WB was primarily composed of IDF,
which accounted for about 91 percent of TDF. The concentration of
SDF in SBP was about 4.4 times greater than that in WB, which
indicates that SBP is a good source of SDF relative to WB.

3.2. Growth performance and diarrhea rate

Dietary WB supplementation tended to increase ADG compared
with CON during phase 1 (P ¼ 0.051) and the whole experimental
period (P ¼ 0.099) (Fig. 1A). However, no significant differences
were detected in ADFI among treatments (Fig. 1B). Inclusion of WB
increased (P < 0.05) G:F compared with CON and SBP during phase
1 and the whole experimental period (Fig. 1C). In addition,
compared with CON, the WB supplementation reduced (P < 0.05)
the diarrhea rate during phase 1 and tended (P¼ 0.054) to decrease
the diarrhea rate during the whole experimental period (Fig. 1D).

3.3. Ileal morphology

Dietary WB supplementation tended to increase ileal villus
height (P ¼ 0.058) and villus height/crypt depth (P ¼ 0.077)
compared with CON (Fig. 2A and C). No difference in ileal crypt
depth was observed among the three dietary treatments (Fig. 2B).

3.4. Serum DAO, D-lactate and endotoxin

Piglets fed WB showed lower (P < 0.05) serum DAO levels when
comparedwith those fed CON on d 14 (Fig. 3A). No differences were
observed on d 28 (Fig. 3D). No significant differences were found in
serum levels of D-lactate and endotoxin on d 14 and d 28 (Fig. 3B, C,
E and F).

3.5. Ileal mRNA levels of tight junction proteins

Piglets fed WB had greater (P < 0.05) mRNA levels of occludin
than those fed CON (Fig. 4A). However, dietary treatments did not
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influence ileal mRNA levels of claudin-1 or zonula occludens-1 (ZO-
1; Fig. 4B and C).

3.6. Serum inflammatory cytokines

On d 14, dietary WB supplementation reduced (P < 0.05) the
serum IL-1b level comparedwith CON (Fig. 5A), but had no effect on
serum IL-6, IL-8 and TNF-a levels (Fig. 5BeD). On d 28, piglets fed
WB had a lower (P < 0.05) serum IL-6 level when compared with
those fed SBP (Fig. 5E). Dietary treatments did not affect serum IL-
1b, IL-8 and TNF-a levels on d 28 (Fig. 5FeH).

3.7. Ileal mucosal inflammatory cytokines and sIgA

Ileal levels of IL-1b and TNF-a were not altered by dietary
treatments (Fig. 6A and D). However, dietary WB supplementation
tended (P ¼ 0.058) to decrease IL-6 level compared with SBP
(Fig. 6B). Moreover, piglets fed WB had a lower (P < 0.05) ileal IL-8
level and a greater (P < 0.05) ileal sIgA level compared with those
fed the other 2 diets (Fig. 6C and E).

3.8. Serum immunoglobulins

Piglets fedWB had greater (P< 0.05) serum levels of IgA, IgG and
IgM compared with those fed SBP on d 14 (Fig. 7AeC). In addition,
inclusion of WB increased (P < 0.05) the serum IgA level compared
with the other 2 diets on d 28 (Fig. 7D). Moreover, there was a
tendency (P ¼ 0.086) for an increased serum IgG level in WB than
that in CON on d 28 (Fig. 7E). However, no difference was found in
the serum IgM level among treatments on d 28 (Fig. 7F).

3.9. Cecal microbiota

As shown in Fig. 8A, there were 481, 510 and 335 OTU generated
from piglets in CON, WB and SBP. The Venn analysis identified 284
shared OTU among the three treatments and 43, 62 and 7 unique
OTU in CON, WB and SBP, respectively. Piglets fed WB showed
enhanced (P < 0.05) a-diversity than those fed SBP, as indicated by
increased Chao and Shannon indexes (Fig. 8B and C). Moreover, the
inclusion of SBP reduced (P < 0.05) a-diversity compared with
those fed CON, as indicated by a decreased Shannon index (Fig. 8C).

At the phylum level, Firmicutes and Bacteroidetes were the 2
main phyla of bacteria in all groups, which accounted for more than
96% (Fig. 9A). At the genus level, Lactobacillus, Megasphaera, Allo-
prevotella, Prevotella_9, Anaerovibrio [Eubacterium]_rectale_group,
Prevotellacese_NK3B31_group, Faecalibacterium, Phascolarctobacte-
rium and Ruminococcacese_UCG_014 were predominant (Fig. 9B).

Differential analysis of cecal microbial community in weaned
piglets are shown in Fig. 10. At the phylum level, piglets in SBP
showed a lower (P < 0.05) abundance of Proteobacteria than those
in CON (Fig. 10A). At the genus level, the inclusion of WB signifi-
cantly increased (P < 0.05) the abundance of Lachnospira compared
with CON (Fig. 10B). Meanwhile, the abundances of Lactobacillus
were enriched (P < 0.05) by SBP supplementation compared with
CON. Piglets in WB had greater (P < 0.05) abundances of Lachno-
spira and unclassified_f_Lachnospiraceae, but a decreased (P < 0.05)
abundance of Lactobacillus compared to those fed SBP.

3.10. Cecal short chain fatty acids

Piglets in WB tended (P ¼ 0.054) to have greater cecal acetic
acid. They also had greater (P < 0.05) cecal butyric acid and total
SCFA than those in CON on d 28 (Fig. 11). There was no significant
difference in cecal propionic acid and valeric acid levels among
treatments.



Fig. 1. Effect of fiber sources on growth performance and diarrhea rate in weaned piglets: (A) Average daily gain (ADG), (B) Average daily feed intake (ADFI), (C) Gain:feed (G:F), (D)
Diarrhea rate. CON, an antibiotic-free diet; WB, CONþ6% wheat bran; SBP, CONþ4% sugar beet pulp. Data are presented as means ± SEM, n¼ 5. Statistical trend at 0.05 � P < 0.1 and
*P < 0.05.
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4. Discussion

In this study, the WB supplementation tended to increase ADG
during phase 1 and the whole experimental period compared with
CON, whereas the SBP supplementation did not. Furthermore, the
Fig. 2. Effect of fiber sources on ileal morphology in weaned piglets: (A) Ileal villus height
hematoxylin-eosin staining of ileummorphology (40� ). CON, an antibiotic-free diet; WB, CO
n ¼ 5. Statistical trend at 0.05 � P < 0.1.
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WB supplementation increased G:F during phase 1 and the whole
experimental period compared with CON and SBP. These results
indicated that the impact of dietary fiber depends on its source, and
WB seemed to be more effective than SBP in improving growth
performance. This is supported by Hedemann et al. (2006), who
on d 28, (B) Ileal crypt depth on d 28, (C) Ileal villus height/crypt depth on d 28, (D)
N þ6% wheat bran; SBP, CON þ4% sugar beet pulp. Data are presented as means ± SEM,



Fig. 3. Effect of fiber sources on serum levels of DAO, D-lactate and endotoxin in weaned piglets: (A to C) Serum levels of DAO, D-lactate and endotoxin on d 14, (D to F) Serum levels
of DAO, D-lactate and endotoxin on d 28. CON, an antibiotic-free diet; WB, CON þ6% wheat bran; SBP, CON þ4% sugar beet pulp. DAO ¼ diamine oxidase. Data are presented as
means ± SEM, n ¼ 5. *P < 0.05.
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demonstrated that piglets fed soluble fiber (pectin) showed lower
ADG and G:F compared with piglets fed insoluble fiber (barley
hulls). Our results were also consistent with previous studies
reporting that the inclusion of WB increased piglet ADG (Schedle
et al., 2008). In contrast, supplementation of SBP decreased piglet
ADG (Wang et al., 2016). The possible reason is that soluble fiber
(mainly pentin) from SBP could increase digesta viscosity and
reduce nutrient utilization, thereby impairing growth performance
(Flis et al., 2017). This study also found that although the WB
supplementation improved growth performance during the first
2 wk (d 1 to 14) after weaning, these significant effects were no
longer observed during the second 2 wk (d 15 to 28). This suggests
that the effects of dietary fiber depend not only on fiber source, but
also the physiological status of the pig (Jarrett and Ashworth, 2018).

Post-weaning diarrhea is considered to be the major reason for
reduced growth performance during the weaning period (Heo
et al., 2015). Our results showed that piglets fed WB had the
lowest diarrhea rate from d 1 to 14, which may explain the
Fig. 4. Effect of fiber sources on ileal mRNA levels of tight junction proteins in weaned pigle
Ileal ZO-1 mRNA levels on d 28. CON, an antibiotic-free diet; WB, CON þ6% wheat bran
means ± SEM, n ¼ 5. Statistical trend at 0.05 � P < 0.1 and *P < 0.05.
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improved growth performance. Similarly, Chen et al. (2020)
demonstrated that insoluble fiber (lignocellulose) decreased the
diarrhea rate during the first 2 weeks post-weaning, while soluble
fiber (pectin) did not. The lower diarrhea rate in piglets fedWBmay
be associated with the improved intestinal function due to WB
supplementation. Another possibility was that WB could block
Escherichia coli attachment to the intestinal mucosa (Gonz�alez-
Ortiz et al., 2014). Previous studies regarding the effects of dietary
fiber on diarrhea rate have been inconsistent. For example, Mateos
et al. (2006) reported that the inclusion of oat hulls decreased
diarrhea rate of piglets, while Weber et al. (2008) showed that
feeding DDGS increased the expression of proinflammatory cyto-
kines in intestinal tissue, which may induce diarrhea rate.
Berrocoso et al. (2015) observed that the inclusion of fiber (wheat
middlings, straw, soybean hulls or SBP) increased post-weaning
diarrhea in piglets reared under optimal hygienic conditions,
however, when the pigs were reared under poor hygienic condi-
tions, no negative effects of supplemental fiber on growth
ts: (A) Ileal occludin mRNA levels on d 28, (B) Ileal claudin-1 mRNA levels on d 28, (C)
; SBP, CON þ4% sugar beet pulp. ZO-1 ¼ Zonula occludens-1. Data are presented as



Fig. 5. Effect of fiber sources on serum inflammatory cytokines in weaned piglets: (A to D) Serum levels of IL-1b, IL-6, IL-8 and TNF-a on d 14, (E to H) Serum levels of IL-1b, IL-6, IL-8
and TNF-a on d 28. CON, an antibiotic-free diet; WB, CON þ6% wheat bran; SBP, CON þ4% sugar beet pulp. IL ¼ interleukin; TNF ¼ tumor necrosis factor. Data are presented as
means ± SEM, n ¼ 5. *P < 0.05.
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performance were detected. Discrepancies for the inconsistent re-
sults may be attributed to the sources and levels of additional fiber
and experimental conditions (Pascoal et al., 2012).

The changes in growth performance and diarrhea rate may be
associated with changes in the piglet's intestinal function. There-
fore, we further evaluated the effects of dietary fiber on intestinal
function to explore the underlying mechanisms.

Weaning stress generally induces marked changes in intestinal
structure, such as villus atrophy and crypt hyperplasia, and these
changes in turn result in diarrhea and growth lag in weaned piglets
(Pluske et al., 1997). In this study, dietary WB supplementation
tended to increase villus height and the villus height to crypt depth
Fig. 6. Effect of fiber sources on ileal inflammatory cytokines and sIgA in weaned piglets: (A
WB, CON þ6% wheat bran; SBP, CON þ4% sugar beet pulp. IL ¼ interleukin; TNF ¼ tumor ne
n ¼ 5. Statistical trend at 0.05 � P < 0.1; *P < 0.05.
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ratio in the ileum compared with CON, which was indicative of
better function and maturity of the intestine. The increased villus
height induced by WB supplementation could increase the surface
area for the absorption of nutrients, thereby increasing growth rate
in piglets. Similarly, Hedemann et al. (2006) demonstrated that
piglets offered high insoluble fiber diets showed improved intes-
tinal morphology than those offered pectin-containing diets. The
possible reason is that soluble fiber could increase digesta viscosity,
which in turn increases the rate of villus cell losses, leading to villus
atrophy (Montagne et al., 2003).

The intestinal epithelial barrier includes a lining of enterocytes
and intercellular multiprotein complexes (such as ZO-1, claudin and
to E) Ileal levels of IL-1b, IL-6, IL-8, TNF-a and sIgA on d 28. CON, an antibiotic-free diet;
crosis factor; sIgA ¼ secretory immunoglobulin A. Data are presented as means ± SEM,



Fig. 7. Effect of fiber sources on serum immunoglobulins in weaned piglets: (A to C) Serum levels of IgA, IgG and IgM on d 14, (D to F) Serum levels of IgA, IgG and IgM on d 28. CON,
an antibiotic-free diet; WB, CON þ6% wheat bran; SBP, CON þ4% sugar beet pulp; Ig ¼ immunoglobulin; Data are presented as means ± SEM, n ¼ 5. Statistical trend at 0.05 � P < 0.1
and *P < 0.05.
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occludin), which plays a crucial role in preventing pathogenic
bacteria, antigens and toxins from entering into the systemic cir-
culation via the gut lumen(Chen et al., 2018; Li et al., 2019). The
DAO, D-lactate and endotoxins in serum are useful markers of in-
testinal permeability (Xiong et al., 2019). The present study showed
that WB supplementation reduced the serum DAO activity
compared with CON on d 14, suggesting decreased intestinal
permeability and enhanced intestinal barrier function. Our results
regarding the mRNA levels of tight junction proteins demonstrated
Fig. 8. Venn diagram and a-diversity of cecal microbial community in weaned piglets: (A
CON þ6% wheat bran; SBP, CON þ4% sugar beet pulp. OTU ¼ operational taxonomic units.
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that the inclusion of WB enhanced ileal mRNA levels of occludin,
which, once again, indicate improved intestinal barrier function.
Taken together, these results suggested that the inclusion of WB
could relieve the gut barrier dysfunction that results fromweaning
stress. The improved gut barrier function may be attributed to the
modulation of the gut microbiota and its metabolites SCFA by WB
(Desai et al., 2016). The enhanced barrier function may therefore
prevent the invasion of pathogenic bacteria and antigens, thereby
decreasing the diarrhea rate and improving growth in weaned
) Venn diagram, (B) Chao index, (C) Shannon index. CON, an antibiotic-free diet. WB,
Data are presented as means ± SEM, n ¼ 4. *P < 0.05.



Fig. 9. Effect of fiber sources on cecal microbial composition in weaned piglets: (A) Cecal microbial composition at the phylum level, (B) Cecal microbial composition at the genus
level. CON, an antibiotic-free diet; WB, CON þ6% wheat bran; SBP, CON þ4% sugar beet pulp. n ¼ 4.
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piglets. Similarly, Chen et al. (2013) demonstrated thatWB fiber up-
regulated ileal mRNA levels of occludin and ZO-1 in weaned piglets,
while maize fiber, pea fiber and soybean fiber had no effects, which
indicates that fiber sources could affect gut barrier function.

It has been shown that dietary fiber has immunomodulatory
properties (Trachsel et al., 2019). The current study demonstrated
that the inclusion ofWB reduced serum IL-1b levels comparedwith
CON on d 14, and decreased serum IL-6 levels compared with SBP
on d 28. The results from ileal tissue also showed that piglets inWB
had the lowest serum IL-8 level. These inflammatory cytokines
have been previously documented as disrupting intestinal barrier
function (Bruewer et al., 2003). Therefore, the decreased inflam-
matory cytokines in piglets fed WB may partly contribute to the
improved gut barrier function. Additionally, our results demon-
strated that dietary WB supplementation increased serum IgA, IgG
and IgM levels, compared with SBP on d 14, and increased the ileal
sIgA level compared with the other 2 treatments. Immunoglobulins
are crucial parts of the humoral immunity, and they also have an
impact on immune regulation (Berkman et al., 1988). Secretory IgA
is the predominant antibody in mucosal secretions and is essential
in preventing pathogens from adhering to epithelial mucosa
(Molnar et al., 2018). Increased secretion of immunoglobulins can,
in turn, reinforce the mucosal barrier on the extraepithelial side,
which may be one reason that explains the enhanced gut barrier
function observed in pigs offered WB (S�anchez de Medina et al.,
2014). One possible reason for the beneficial impacts of WB on
immune responses is that WB derived arabinoxylans could directly
increase the activation potential of immune cells and enhance the
Fig. 10. Differential analysis of cecal microbial community in weaned piglets: (A) Differen
antibiotic-free diet; WB, CON þ6% wheat bran; SBP, CON þ4% sugar beet pulp. n ¼ 4. *P <
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humoral and cell-mediated immunity (Mendis et al., 2016).
Another possible reason is due to the indirect effects of WB on gut
microbiota and their metabolites (Holscher, 2017). These findings,
when taken together, indicated that the inclusion of WB could
enhance the immune response of piglets by modulating the pro-
duction of cytokines and antibodies.

The intestinal microbiota is a complicated ecosystem that has a
significant impact on gastrointestinal function, immune function,
and health of the host (Xiong et al., 2019). Alpha-diversity is defined
as the diversity of organisms within one site or one sample.
Generally, a high a-diversity is considered to be beneficial for the
maintenance of gut immune homeostasis (Ciocan et al., 2018). Our
results showed that the inclusion of WB enhanced a-diversity, as
indicated by the increased Chao and Shannon indexes, may
contribute towards maintaining gut immune homeostasis in pig-
lets. Meanwhile, the relative abundance of unclassified_-
f_Lachnospiraceae, and Lachnospira significantly increased in piglets
fed WB compared with SBP. Lachnospiraceae is shown to be a
butyrate producing bacteria with various effects on host energy
regulation and barrier function (Lin et al., 2018). Lachnospira is a
genus of anaerobic polysaccharide degrading bacteria, which can
help to maintain gut homeostasis and epithelial integrity due to its
ability to synthesize butyrate (Vital et al., 2014). The present study
showed that cecal level of butyric acid was increased by WB sup-
plementation when compared with CON, which was consistent
with the increased abundances of unclassified_f_Lachnospiraceae
and Lachnospira. Butyric acid has been shown to possess various
beneficial properties, including promotion of intestinal
tial analysis at the phylum level, (B) Differential analysis at the genus level. CON, an
0.05.



Fig. 11. Effects of fiber sources on cecal short chain fatty acids (SCFA) in weaned piglets: (A to E) Cecal levels of acetic acid, propionic acid, butyric acid, valeric acid and total SCFA on
d 28. CON, an antibiotic-free diet; WB, CONþ6% wheat bran; SBP, CONþ4% sugar beet pulp; SCFA, short chain fatty acids; Data are presented as means ± SEM, n ¼ 4. Statistical trend
at 0.05 � P < 0.1 and *P < 0.05.
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development, reinforcement of barrier function, alleviation of in-
flammatory responses and regulation of intestinal microbiota
(Bedford and Gong, 2018). As a consequence, the improved mi-
crobial composition and subsequent increased butyric acid pro-
duction may partly explain the improved immune responses and
enhanced barrier function in piglets fed WB. Taken together, these
results showed that the supplementation of WB could improve gut
microbiota by altering gut microbial diversity and composition, as
well as their metabolites. Another finding of our study was that
supplementation of SBP enriched the abundances of Lactobacillus. It
is well known that Lactobacillus is a kind of probiotic bacteria with
beneficial roles in protecting against pathogens, maintaining gut
barrier function and reducing diarrhea (Sun and Kim, 2019).
However, this study failed to observe the positive effects of SBP on
gut immunity and barrier function as well as diarrhea rate, which
indicates its mode of action may not only be through the modu-
lation of gut microbiota. Pectin, the main component of SBP, has
been shown to increase digesta viscosity, but impair intestinal ar-
chitecture and the mucus layer in young piglets, which may be a
reason for the undesirable effects of SBP (Hedemann et al., 2006;
�Swięch et al., 2012). Unexpectedly, the alternation in microbial
composition induced by SBP had no effects on the concentrations of
SCFA. We speculated that SBP could increase digesta viscosity and
allow more nutrients (such as protein) to become available to gut
microbiota, which may interfere with fiber fermentation and
therefore SCFA production. However, the exact mechanism behind
this process needs further investigation.

5. Conclusion

In conclusion, this study found that the supplementation of WB
to antibiotic-free diets improved performance, immune responses,
gut barrier function and microbiota compared with the CON and
324
SBP fed piglets. Therefore, supplementing weaned piglets with WB
was more effective than SBP.
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