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ABSTRACT This experiment was conducted to
evaluate the effects of wheat bran (WB) and antibiotics
on growth performance, intestinal immunity, barrier
function, and microbial composition in broiler chickens.
A total of 168 one-day-old male Arbor Acre chicks were
allocated to 3 treatments consisting of 7 replicates
with 8 birds per replicate. The 3 treatments were: an
antibiotic-free control diet (control, CON),
CON 1 75 mg/kg chlortetracycline as an antibiotic
growth promoter (AGP), and CON 1 3% WB. Birds
fed AGP and WB had greater (P , 0.05) ADG during
days 1 to 21 and lower (P , 0.05) feed-to-gain ratio
during each phase than those fed CON. The WB sup-
plementation reduced (P , 0.05) serum concentrations
of tumor necrosis factor-a and diamine oxidase activity
compared with CON on both day 21 and 42. The AGP
and WB supplementation decreased (P , 0.05) inter-
leukin-1b concentration in jejunal mucosa on day 21
and increased (P , 0.05) secretory immunoglobulin A
concentration in jejunal mucosa on day 21 and 42. The
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relative expression of occludin in jejunal mucosa was
upregulated (P , 0.05) in WB than in CON on day 21.
Moreover, both AGP and WB supplementation upre-
gulated (P , 0.05) the relative expression of zonula
occludens-1 in jejunal mucosa on day 21 and 42. The
WB supplementation enhanced the a-diversity of cecal
microbiota, as evidenced by the increased Shannon in-
dex (P , 0.05). At the phylum level, the phylum Fir-
micutes was enriched (P , 0.05) in WB. At the genus
level, the WB supplementation enriched (P , 0.05)
Lachnoclostridium and Butyricicoccus. The WB sup-
plementation increased (P , 0.05) cecal total short
chain fatty acids concentrations on day 21 and 42, and
butyric acid concentrations on day 42 compared with
CON. Collectively, supplementation of 3% WB could
promote growth by improving intestinal immunity,
barrier function, and microbial composition in broilers.
Thus, WB may have a role in replacing antibiotics for
improved growth performance and intestinal health in
broilers.
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INTRODUCTION

Antibiotic growth promoters (AGP) have been used
in poultry production for decades to maintain intestinal
health, promote growth performance, and prevent dis-
eases (Dibner and Richards, 2005). However, with the
long-term abuse of AGP, public concerns have increased
regarding antibiotic drug residues and resistant bacteria,
which pose a potential risk to human health (Yang et al.,
2019). Consequently, many countries, especially in
Europe, have banned the use of AGP in poultry diets
(Castanon, 2007). In China, in-feed antibiotics as
growth promoters will be banned beginning in 2020,
which has increased pressure to develop safe and effec-
tive strategies that can maintain intestinal health and
performance in poultry.

Dietary fiber (DF) consists of carbohydrate polymers
that are resistant to digestion by endogenous enzymes
in the small intestine with complete or partial fermenta-
tion in the large intestine (Rebello et al., 2016). In recent
years, DF is drawing increasing attention due to its
various beneficial effects especially in maintaining gut
health (Gemen et al., 2011). Maintaining gut health is
essential to improve growth performance and the overall
health of animals, implying that DF may be a potential

https://doi.org/10.1016/j.psj.2020.06.031
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:piaoxsh@cau.edu.cn


SHANG ET AL.4930
alternative to antibiotics in poultry diets (Jha et al.,
2019). However, results regarding the effects of DF on
poultry have been inconsistent, probably due to its
different physicochemical properties (He et al., 2015;
Donadelli et al., 2019). Soluble dietary fiber (SDF) gener-
ally increases digesta viscosity, delays gastric emptying,
and thereby reduces nutrient digestibility and feed con-
sumption, eventually resulting in growth inhibition
(Mateos et al., 2012). In contrast, insoluble dietary fiber
(IDF) at moderate levels (2–3%) has been shown to stim-
ulate gizzard development and digestive enzyme secre-
tions, resulting in better nutrient utilization and
growth (Donadelli et al., 2019; Jim�enez-Moreno et al.,
2019). Therefore, it may be useful to supplement moder-
ate levels of IDF rather than SDF in poultry diets.

Wheat bran (WB) is a source of insoluble fiber, rich in
arabinoxylan and cellulose (Onipe et al., 2015). Previous
studies with other species have shown thatWB had anti-
inflammatory effects, and improved intestinal barrier
function and microbial composition (Stevenson et al.,
2012; Chen et al., 2017; Suriano et al., 2018). There was
also evidence showing beneficial effects of WB-derived
arabinoxylan on overall poultry health (Courtin et al.,
2008; Akhtar et al., 2012). However, little information
is available concerning the comparative effects of WB
at moderate levels and antibiotics on performance and,
in particular, intestinal health in broilers. Therefore,
the present study was conducted to evaluate the effects
of 3%WB in comparison to antibiotics on growth perfor-
mance, intestinal immunity, barrier function, and micro-
bial composition in broiler chickens.
MATERIALS AND METHODS

All experimental protocols used in the study were
reviewed and approved by the Institutional Animal
Care and Use Committee of China Agricultural Univer-
sity (Beijing, China).

Birds and Husbandry

A total of 168 one-day-old male Arbor Acre broiler
chickens (weighing 46.31 6 0.81 g) were obtained from
Arbor Acres Poultry Breeding Company (Beijing,
China). All birds were raised in wire-floored cages in an
environmentally controlled room with continuous light
and had free access to feed and water throughout the
experiment. The room temperature was maintained at
33�C for the initial 3 D, and gradually decreased to
24�C at a rate of 3�C each week, and thenmaintained un-
til the end of the experiment. The experiment was con-
ducted in 2 phases: starter phase (1–21 D) and finisher
phase (22–42 D). All birds were inoculated with inacti-
vatedNewcastle disease vaccine on day 7 and 28 and inac-
tivated infectious bursa disease vaccine on day 14 and 21.

Experimental Design and Diets

Upon arrival, birds were individually wing-tagged,
weighed, and randomly allocated to 3 treatments with
7 replicate cages per treatment and 8 birds per cage
(0.9 ! 0.6 ! 0.4 m). The 3 treatments were: an
antibiotic-free corn-soybean meal control diet (control,
CON), CON 1 75 mg/kg chlortetracycline (Charoen
Pokphand Group, Bangkok, Thailand) as an AGP,
and CON 1 3% WB. Analyzed composition of WB
(as-fed basis) was 89.37% DM, 5.82% ash, 83.55%
organic matter, 17.12% CP, 17.01 MJ/kg gross energy,
37.36% neutral detergent fiber, 11.55% acid detergent fi-
ber, 44.57% total dietary fiber (TDF), 3.89% SDF, and
40.68% IDF. All diets were formulated to meet or exceed
the nutrient requirements recommended by the NRC
(1994) and fed in mash form (Table 1).

Sample Collection

Individual BW and feed consumption per cage were
recorded on day 21 and 42 after 12-hour fast to calculate
ADG, ADFI, and feed-to-gain ratio (F:G).
On day 21 and 42, 1 bird per cage with the BW close

to the mean BW of the cage (7 birds per treatment) was
selected. Blood samples were collected by wing vein
puncture, centrifuged at 3,000 ! g for 15 min at 4�C,
and stored at 280�C until analysis. After blood sample
collection, birds were euthanized by electrical stunning
and bleeding of the carotid artery. Thereafter, the
gastrointestinal tract was carefully excised. The
jejunum section (from the pancreatic ducts to Meckel’s
diverticulum) was gently flushed with 0.9% ice-cold sa-
line, then the mucosa was scraped with a sterile glass
slide, snap frozen in liquid nitrogen, and stored at
280�C. Cecal digesta was also collected, snap frozen
in liquid nitrogen, and stored at 280�C until further
analysis.

Chemical Analysis

Samples of ingredients and diets were ground through
a 1-mm screen, and then analyzed for DM (AOAC, 2007;
method 930.15), CP (AOAC, 2007; method 976.05), and
ash (AOAC, 2007; method 942.15). The neutral deter-
gent fiber and acid detergent fiber were determined using
a fiber analyzer (Ankom Technology, Macedon, NY) ac-
cording to Van Soest et al. (1991) with heat-stable
a-amylase and sodium sulfite and expressed inclusive
of residual ash. The gross energy was determined using
an automatic adiabatic oxygen bomb calorimeter (Parr
6300 Calorimeter; Parr Instrument Company, Moline,
IL). The TDF and IDF were analyzed using AOAC
(2007) methods 985.29 and 991.43, respectively. The
SDF was calculated as the difference between TDF
and IDF.

Analysis of Immune Parameters in Serum
and Jejunal Mucosa

Diamine oxidase (DAO) activity and endotoxin con-
centrations in serum were determined in accordance
with Zhang et al. (2016). Tumor necrosis factor-a
(TNF-a), and interleukin (IL)-1b and IL-6



Table 1. Composition and nutrient levels of the experimental diets (%, as-fed basis).

Item

Starter phase (days 1–21) Finisher phase (days 22–42)

Control Antibiotic Wheat bran Control Antibiotic Wheat bran

Corn 58.17 58.17 53.97 64.26 64.26 24.05
Soybean meal 30.44 30.44 30.44 24.05 24.05 60.06
Corn gluten meal 2.00 2.00 2.00 2.50 2.50 2.50
Fish meal 2.00 2.00 2.00 2.00 2.00 2.00
Wheat bran – – 3.00 – – 3.00
Soybean oil 3.38 3.38 4.58 3.60 3.60 4.80
Dicalcium phosphate 1.50 1.50 1.50 1.04 1.04 1.04
Limestone 1.30 1.30 1.30 1.35 1.35 1.35
Salt 0.30 0.30 0.30 0.30 0.30 0.30
L-Lysine HCl, 78% 0.01 0.01 0.01 0.08 0.08 0.08
DL-Methionine, 98% 0.14 0.14 0.14 0.04 0.04 0.04
L-Threonine, 98% 0.01 0.01 0.01 0.03 0.03 0.03
Chromium oxide 0.25 0.25 0.25 0.25 0.25 0.25
Vitamin–mineral
premix1

0.50 0.50 0.50 0.50 0.50 0.50

Analyzed nutrient
composition
DM 91.18 90.98 90.94 91.20 91.25 91.16
Ash 5.11 5.05 5.22 4.99 4.88 5.06
CP 21.08 21.04 21.00 19.00 19.03 19.08
Gross energy, kcal/kg 4,186 4,178 4,212 4,202 4,215 4,253
Calcium 1.04 1.06 1.11 0.92 0.90 0.95
Total phosphorus 0.70 0.72 0.72 0.59 0.60 0.61
Sodium 0.19 0.20 0.18 0.15 0.16 0.16
Total dietary fiber 13.94 14.16 14.72 13.47 13.53 14.24
Insoluble dietary fiber 1.81 1.86 1.85 1.77 1.78 1.81
Soluble dietary fiber 12.13 12.30 12.87 11.70 11.75 12.43
Neutral detergent fiber 11.38 11.50 12.03 11.02 11.22 11.68
Acid detergent fiber 4.96 5.04 5.16 4.56 4.69 4.76
Chlortetracycline – 0.0074 – – 0.0071 –
Lysine, total 1.20 1.18 1.17 1.10 1.08 1.11
Methionine, total 0.55 0.53 0.56 0.42 0.44 0.40
Threonine, total 0.82 0.84 0.86 0.76 0.77 0.79
Tryptophan, total 0.31 0.33 0.30 0.26 0.25 0.23

Calculated nutrient
composition
ME, kcal/kg 3,050 3,050 3,050 3,150 3,150 3,150
Available phosphorus 0.45 0.45 0.45 0.35 0.35 0.36

Control: antibiotic-free control diet; antibiotic: control diet 1 75 mg/kg chlortetracycline; wheat bran: control diet 1
3% wheat bran.

1Premix supplied per kg diet: vitaminA, 11,000 IU; vitaminD, 3,025 IU; vitaminE, 22mg; vitaminK3, 2.2mg; thiamine,
1.65 mg; riboflavin, 6.6 mg; pyridoxine, 3.3 mg; cobalamin, 17.6 mg; nicotinic acid, 22 mg; pantothenic acid, 13.2 mg; folic
acid, 0.33 mg; biotin, 88 mg; choline chloride, 500 mg; iron, 48 mg; zinc, 96.6 mg; manganese, 101.76 mg; copper, 10 mg;
selenium, 0.05 mg; iodine, 0.96 mg; cobalt, 0.3 mg.
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concentrations in serum and jejunal mucosa were
measured by commercial ELISA kits (Beijing Sino-UK
Institute of Biological Technology, Beijing, China) using
the method of Grilli et al. (2015). Secretory immuno-
globulin A (sIgA) concentration in jejunal mucosa was
measured using a commercially available chicken ELISA
kit (R&D Systems, Minneapolis, MN) according to
Levkut et al. (2017). Total protein concentration in jeju-
nal mucosa was measured using the method described by
Smith (1985). Values in jejunal mucosa were expressed
as units/g protein.

Analysis of Tight Junction Proteins
Expression in Jejunal Mucosa

Expression of zonula occludens-1 (ZO-1), claudin-1,
and occludin genes in jejunal mucosa was determined
by real-time PCR. Total RNA was extracted from jeju-
nal mucosal samples using Trizol reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s in-
structions. The quality and quantity of RNA were
determined using a spectrophotometer (NanoDrop
ND-1000; Thermo Fisher Scientific, Wilmington,
DE). The integrity of RNA was determined by agarose
gel electrophoresis. Then the RNA was treated with
DNase I (TaKaRa Biotechnology, Dalian, China) and
used for reverse transcription and PCR. First-strand
cDNA was synthesized using a reverse transcription
kit (Invitrogen). Software (Oligo 6.0; Molecular
Biology Insights, Cascade, CO) was used to design
primers, which are listed in Table 2. Real-time PCR
was performed 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 for-
ward and reverse primers. The thermal cycling condi-
tions were as follows: pre-denaturation (10 s at
95�C); 40 cycles of amplification (5 s at 95�C
and 20 s at 60�C); and melting curve construction
(60�C–99�C with heating rate of 0.1�C/second and
fluorescence measurements). Relative gene expression
was expressed as a ratio of the target gene to the con-
trol genes using the 22DDCt method.



Table 2. Primer sequences for real-time PCR assays.

Gene Gene bank ID Primer sequence (50-30) Length (bp)

Claudin-1 NM_001013611.2 F: TGATTGCTTCCAACCAGGCT 89
R: CACACGGCTCTCCTTGTCTA

Occludin NM_205128.1 F: ATCGCCTCCATCGTCTACATC 90
R: GCTGCACATGGCCAACAAG

ZO-1 XM_413773.4 F: TGGGCCTCACGGACTAAAAT 118
R: GTTTGCTCCAACAAGATAGTTTGG

GAPDH NM_204305.1 F: GGAAAGTCATCCCTGAGCTGAAT 90
R: GGCAGGTCAGGTCAACAACA

Abbreviation: ZO-1, zonula occludens-1.

Table 3. Effects of wheat bran supplementation on growth per-
formance of broilers.

Item CON AGP WB SEM P-value

Day 1 BW, g 46.52 46.43 45.92 0.34 0.42
Day 21 BW, g 607.89b 632.62a,b 637.36a 7.53 0.03
Day 42 BW, g 1,936.84 2,006.48 2,022.20 30.58 0.14
Days 1–21
ADG, g/day 26.66b 28.21a 28.42a 0.42 0.02
ADFI, g/day 36.07 35.63 35.12 0.79 0.70
F:G 1.35a 1.26b 1.23b 0.02 0.01

Days 22–42
ADG, g/day 66.36 69.22 69.86 1.50 0.24
ADFI, g/day 107.05 104.54 106.21 2.46 0.77
F:G 1.61a 1.51b 1.52b 0.02 0.01

Days 1–42
ADG, g/day 46.12 47.80 48.55 0.78 0.11
ADFI, g/day 70.69 69.25 69.80 1.41 0.77
F:G 1.53a 1.45b 1.44b 0.02 0.01

a,bMeans in the same row with different superscripts differ significantly
(P , 0.05).

Abbreviations: AGP, CON 1 75 mg/kg chlortetracycline (antibiotic
growth promoter); CON, antibiotic-free control diet: F:G, feed-to-gain
ratio; WB, CON 1 3% wheat bran.

Values are means, n 5 7 per treatment.
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DNA Extraction, PCR and 16S rRNA
Sequencing

Total genomic DNA was extracted from cecal digesta
using the DNA Kit (Omega Bio-tek, Norcross, GA) ac-
cording to the manufacturer’s instructions. The V3–V4
hypervariable regions of the bacterial 16S rRNA gene
were amplified using primers F338 (50-ACTCCTACGG-
GAGGCAGCAG-30) andR806 (50-GGACTACHVGGG
TWTCTAAT-30). The PCR conditions were pre-
denaturation at 95�C for 3 min, 27 cycles of denaturation
at 95�C for 30 s, annealing at 55�C for 30 s, elongation at
72�C for 30 s, and final extension at 72�C for 10 min.
Amplicons were extracted from 2% agarose gels, and pu-
rified using the AxyPrep DNA Gel Extraction Kit (Axy-
gen Biosciences, Union City, CA) and quantified using
QuantiFluor-ST (Promega Corporation, Madison, WI).
Purified amplicons were pooled in equimolar concentra-
tions and paired-end sequenced (2! 300) on an Illumina
MiSeq platform (Illumina, San Diego, CA) according to
the standard protocols. Raw FASTQ files were demulti-
plexed, and quality-filtered using QIIME (version 1.17;
GitHub, San Francisco, CA). Operational taxonomic
units were clustered with 97% similarity cutoff using
UPARSE (Edgar, 2013) and chimeric sequences were
identified and removed using UCHIME (Edgar et al.,
2011). The taxonomy of each 16S rRNA gene sequence
was analyzed by RDP Classifier (http://rdp.cme.msu.
edu/) against the Silva (SSU128) 16S rRNAdatabase us-
ing a confidence threshold of 80%.

Analysis of Short Chain Fatty Acids (SCFA)
in Cecum

Samples of cecal digesta were thawed on ice and
mixed thoroughly. Then 1.0 g samples were suspended
in 8 mL deionized water, and ultrasonic irradiation
for 20 min, and then centrifuged at 12,000 ! g for
10 min. The supernatant was diluted 50 times and
filtered through a 0.22-mm filter. Extracted sample so-
lution was analyzed by an ICS-3000 high-performance
ion chromatography system (Dionex, Sunnyvale, CA).
The SCFA concentrations were expressed as mg/g of
digesta.

Statistical Analysis

This experiment was performed as a complete ran-
domized design (n 5 7). Microbial diversity metrics
were determined from normalized operational taxo-
nomic unit reads using R software (version 3.2.2; R
Foundation for Statistical Computing, Vienna,
Austria). The results of a-diversity were analyzed by
Kruskal-Wallis H test. The remaining data were
analyzed with cage as an experimental unit using GLM
procedures of SAS (version 9.2; SAS Institute Inc.,
Cary, NC) followed by Tukey’s tests. Significant differ-
ence was declared at P , 0.05, and tendency was
declared at 0.05 � P , 0.10.
RESULTS

Growth Performance

The effects of WB supplementation on growth perfor-
mance of broilers are presented in Table 3. The ADFI
during each phase and overall did not differ among the
3 treatments. However, birds fed WB and AGP had
lower (P , 0.05) F:G than those fed CON during each
phase. In addition, the ADG was greater (P , 0.05) in
WB and AGP than in CON during days 1 to 21, but
this significant effect was not observed thereafter. As a
consequence of the increase in ADG, birds fed WB
were heavier than those fed CON during days 1 to 21.
There were no significant effects observed for any of
the performance parameters between WB and AGP.

http://rdp.cme.msu.edu/
http://rdp.cme.msu.edu/
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Serum Immune Parameters

The effects of WB supplementation on serum im-
mune parameters of broilers are shown in Table 4. On
day 21, serum concentrations of TNF-a, DAO, and
endotoxin were reduced (P , 0.05) by AGP and WB
supplementation when compared with CON. Birds fed
WB also tended to have lower (P5 0.06) serum concen-
trations of IL-1b than those fed CON. On day 42, the
serum concentrations of IL-1b, IL-6, and endotoxin
did not differ among the 3 treatments. However, WB
supplementation decreased (P , 0.05) serum concen-
trations of TNF-a compared with CON. In addition,
birds fed both WB and AGP had decreased
(P , 0.05) serum concentrations of DAO than those
fed CON. All the above indexes did not differ between
AGP and WB on either day 21 or 42.
Inflammatory Cytokines and sIgA in Jejunal
Mucosa

The effects of WB supplementation on inflammatory
cytokines and sIgA concentrations in jejunal mucosa
are presented in Table 5. On day 21, birds fed AGP
and WB had lower (P , 0.05) IL-1b concentration
and greater (P , 0.05) sIgA concentration in the jeju-
nal mucosa than those fed CON. The TNF-a concentra-
tion in jejunal mucosa was reduced (P , 0.05) in WB
than in CON, but was similar to AGP. There was no
difference in the concentration of IL-6 among treat-
ments. On day 42, the TNF-a concentration in jejunal
mucosa was decreased (P , 0.05) in WB compared
with CON, but not different from AGP. Both AGP
and WB supplementation increased (P , 0.05) the con-
centration of sIgA in jejunal mucosa compared with
CON. The concentrations of IL-1b and IL-6 in jejunal
mucosa did not vary significantly among the 3
treatments.
Table 4. Effects of wheat bran supplementation on serum immune
parameters of broilers.

Item CON AGP WB SEM P-value

Day 21
TNF-a, pg/mL 57.46a 40.53b 45.17b 3.01 0.01
IL-1b, pg/mL 26.23 24.04 22.29 1.07 0.06
IL-6, pg/mL 127.74 124.25 122.34 2.16 0.23
DAO, U/L 23.35a 19.12b 18.93b 0.99 0.01
Endotoxin, EU/mL 1.38a 0.98b 0.96b 0.10 0.01

Day 42
TNF-a, pg/mL 47.47a 43.11a,b 40.08b 1.59 0.02
IL-1b, pg/mL 26.43 25.11 22.20 1.59 0.34
IL-6, pg/mL 136.32 129.34 127.36 2.93 0.11
DAO, U/L 21.66a 18.48b 18.39b 0.81 0.02
Endotoxin, EU/mL 0.97 0.95 0.92 0.03 0.55

a,bMeans in the same row with different superscripts differ significantly
(P , 0.05).

Abbreviations: AGP, CON 1 75 mg/kg chlortetracycline (antibiotic
growth promoter); CON, antibiotic-free control diet; DAO, diamine oxi-
dase; IL-1b, interleukin-1b; IL-6, interleukin-6; TNF-a, tumor necrosis
factor-a; WB, CON 1 3% wheat bran.

Values are means, n 5 7 per treatment.
Tight Junction Proteins Expression in
Jejunal Mucosa

The effects of WB supplementation on the relative
mRNA expression of tight junction proteins in jejunal
mucosa are shown in Figure 1. On day 21, dietary treat-
ments did not affect the relative expression of claudin-1
in jejunal mucosa (Figure 1A). However, the relative
expression of occludin was upregulated (P , 0.05) in
WB than in CON, but not different from AGP
(Figure 1B). Moreover, both AGP and WB supplemen-
tation upregulated (P , 0.05) the relative expression of
ZO-1 (Figure 1C). On day 42, the relative expression of
claudin and occludin did not significantly differ among
treatments (Figures 1D, 1E). However, the relative
expression of ZO-1 was upregulated (P , 0.05) by
AGP and WB supplementation (Figure 1F).
Cecal Microbiota

The effects of WB supplementation on a-diversity
of cecal microbial communities are shown in
Figure 2. Dietary WB supplementation markedly
enhanced the a-diversity of cecal microbiota compared
with CON and AGP, as evidenced by the increased
Shannon index (P , 0.05; Figure 2A). However, the
Chao index was not affected by dietary treatments
(Figure 2B).

The effects of WB supplementation on cecal microbial
community composition are shown in Figure 3. At the
phylum level, Firmicutes and Bacteroidetes were the
most dominant phyla in the cecal digesta of broilers, fol-
lowed by Proteobacteria and Tenericutes (Figure 3A).
Supplementation with AGP and WB increased the per-
centage of Firmicutes phylum, but decreased the per-
centage of Bacteroidetes phylum. At the genus level,
Barnesiella, Alistipes, Faecalibacterium, unclassified_-
f_Lachnospiraceae, and Ruminococcaceae_UCG-014
were the abundant genera in the cecal digesta of broilers
(Figure 3B).
Table 5. Effects of wheat bran supplementation on the concen-
trations of inflammatory cytokines and sIgA in jejunal mucosa of
broilers.

Item CON AGP WB SEM P-value

Day 21
TNF-a, pg/mg 6.67a 6.25a,b 5.96b 0.18 0.04
IL-1b, pg/mg 2.90a 2.43b 2.28b 0.13 0.01
IL-6, pg/mg 126.08 121.08 118.57 2.47 0.13
sIgA, mg/mg 1.24b 1.55a 1.63a 0.08 ,0.01

Day 42
TNF-a, pg/mg 7.16a 6.86a,b 6.49b 0.15 0.02
IL-1b, pg/mg 2.41 2.47 2.30 0.12 0.61
IL-6, pg/mg 129.61 122.19 123.30 2.85 0.17
sIgA, mg/mg 1.23b 1.50a 1.61a 0.07 0.01

a,bMeans in the same row with different superscripts differ significantly
(P , 0.05).

Abbreviations: AGP, CON 1 75 mg/kg chlortetracycline (antibiotic
growth promoter); CON, antibiotic-free control diet; IL-1b, interleukin-1b;
IL-6, interleukin-6; sIgA, secretory immunoglobulin A; TNF-a, tumor
necrosis factor-a; WB, CON 1 3% wheat bran.

Values are means, n 5 7 per treatment.



Figure 1. Effects of wheat bran supplementation on the relative mRNA expression of tight junction proteins in jejunal mucosa. (A–C) Claudin-1,
occludin, and ZO-1 expression on day 21. (D–F) Claudin-1, occludin, and ZO-1 expression on day 42. Values are presented as mean6 SEM, n5 7 per
treatment. a,bMeans without common letters differ at P , 0.05. AGP, CON 175 mg/kg chlortetracycline (antibiotic growth promoter). Abbrevia-
tions: CON, antibiotic-free control diet; WB, CON 13% wheat bran; ZO-1, zonula occludens-1.
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The bacteria that differed significantly among treat-
ments were further analyzed by linear discriminant
analysis coupled with effect size (Figure 4). At the
phylum level, the phylum Firmicutes was significantly
enriched (P , 0.05) in WB, while the phylum Bacteroi-
detes was significantly enriched (P , 0.05) in CON. At
the genus level, WB supplementation significantly
enriched (P , 0.05) Holdemania, Desulfovibrio, Lach-
noclostridium, Marvinbryantia, Butyricicoccus, and
Eubacterium_coprostanoligenes_group. The genera
Barnesiella and Ruminiclostridium_1 were signifi-
cantly enriched (P , 0.05) in CON and AGP,
respectively.
Figure 2. Effects of wheat bran supplementation onmicrobial a-diversity
analyzed by Kruskal-Wallis H test and presented as mean values of different
175mg/kg chlortetracycline (antibiotic growth promoter). Abbreviations: C
CON 13% wheat bran.
SCFA in Cecum

The effects of WB supplementation on SCFA concen-
trations in the cecum of broilers are presented in Table 6.
On day 21, the concentrations of most SCFA including
acetic acid, propionic acid, isobutyric acid, valeric acid,
and isovaleric acid did not differ among treatments.
However, WB supplementation tended (P5 0.06) to in-
crease the concentrations of butyric acid and signifi-
cantly increased (P , 0.05) the concentration of total
SCFA compared with CON. On day 42, the concentra-
tions of butyric acid and total SCFA were greater
(P , 0.05) in WB than in CON, but not different from
in cecum on day 42. (A) Chao index, (B) Shannon index. The results were
bacteria. *Means the difference was significant (P , 0.05). AGP, CON
ON, antibiotic-free control diet; OTU, operational taxonomic units;WB,

mailto:Image of Figure 2|eps


Figure 3. Effects of wheat bran supplementation on microbial community in cecum on day 42. (A) Microbial community barplot at the phylum
level. (B) Microbial community barplot at the genus level. AGP, CON 175 mg/kg chlortetracycline (antibiotic growth promoter). Abbreviations:
CON, antibiotic-free control diet; WB, CON 13% wheat bran.
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AGP. There were no significant differences in the con-
centrations of acetic acid, propionic acid, isobutyric
acid, valeric acid, and isovaleric acid among treatments.
DISCUSSION

In the present study, supplementation of 3% WB
increased the ADG of broilers in the starter phase
when compared with CON. Because WB supplementa-
tion reduced F:G without influencing ADFI, the
improved ADG was likely due to increased nutrient uti-
lization. In addition, broilers fed WB had similar growth
performance compared to those fed AGP, indicating
that WB may be an effective alternative to antibiotics
in poultry diets. Similar beneficial effects of DF on
broiler performance were also reported in previous
studies (Adibmoradi et al., 2016; Jim�enez-Moreno
et al., 2016). However, there are also some conflicting
findings suggesting that DF had no effects or negative ef-
fects on the growth performance in broilers (Sacranie
et al., 2012; Walugembe et al., 2014). These contradic-
tory results may depend upon many factors. First, the
source of fiber is an important influencing factor.
Figure 4. Effects of wheat bran supplementation on LDA score in cecum
promoter). Abbreviations: CON, antibiotic-free control diet; LDA, linear disc
size; WB, CON 13% wheat bran.
Jimenez-Moreno et al. (2010) reported that insoluble fi-
ber, such as oat hulls, improved weight gain and feed
conversion ratio while soluble fiber, such as sugar beet
pulp, had no effect. Second, the level of fiber has an
impact on the response to the fiber in broilers, as evi-
denced by Jim�enez-Moreno et al. (2011), who demon-
strated that inclusion of 5% pea hulls improved weight
gain and feed conversion ratio in broilers, but a further
increase to 7.5% hindered the performance. Third, the
age of birds also contributed to the inconsistent re-
sponses. Gonz�alez-Alvarado et al. (2010) reported that
SBP inclusion improved growth performance of broilers
from 1 to 10 D of age but not thereafter.

Cytokines are a group of regulatory and immunomod-
ulatory proteins involved in a number of physiological
processes, among which pro-inflammatory cytokines,
such as TNF-a, IL-1b, and IL-6, promote systemic
inflammation and tissue damage (Cunningham and
Green, 1994; Kim and Moudgil, 2017). The present
study demonstrated that WB supplementation reduced
concentrations of TNF-a and IL-1b in serum, as well
as the concentration of TNF-a in jejunal mucosa, indi-
cating that WB supplementation may have a beneficial
on day 42. AGP, CON 175 mg/kg chlortetracycline (antibiotic growth
riminant analysis; LEfSe, linear discriminant analysis coupled with effect
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Table 6. Effects of wheat bran supplementation on SCFA con-
centrations in cecum of broilers (mg/g of digesta).

Item CON AGP WB SEM P-value

Day 21
Acetic acid 7.91 7.79 8.40 0.30 0.34
Propionic acid 1.17 1.18 1.32 0.10 0.50
Butyric acid 2.36 2.53 3.05 0.20 0.06
Isobutyric acid 0.03 0.04 0.04 0.01 0.46
Valeric acid 0.19 0.29 0.24 0.05 0.33
Isovaleric acid 0.04 0.05 0.05 0.01 0.83
Total SCFA 11.70b 11.86a,b 13.10a 0.37 0.03

Day 42
Acetic acid 10.35 10.83 12.03 0.65 0.20
Propionic acid 2.39 2.53 3.34 0.37 0.17
Butyric acid 5.18b 5.46a,b 6.33a 0.27 0.02
Isobutyric acid 0.08 0.07 0.09 0.01 0.43
Valeric acid 0.41 0.44 0.51 0.04 0.16
Isovaleric acid 0.10 0.08 0.08 0.02 0.45
Total SCFA 18.50b 19.41a,b 22.39a 0.83 0.01

a,bMeans in the same row with different superscripts differ significantly
(P , 0.05).

Abbreviations: AGP, CON 1 75 mg/kg chlortetracycline (antibiotic
growth promoter); CON, antibiotic-free control diet; SCFA, short chain
fatty acids; WB, CON 1 3% wheat bran.

Values are means, n 5 7 per treatment.
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effect on attenuation of the inflammatory response.
Consistent with current results, Chen et al. (2017)
observed that WB downregulated the gene expression
of pro-inflammatory cytokines (TNF-a, IL-1b, and
IL-6) in weaned pigs. Various other studies also have
shown that fiber intake decreased inflammation-
associated biomarkers such as TNF-a, and protected
the host against inflammation (Kaczmarczyk et al.,
2012; Hung and Suzuki, 2016), while lower fiber intake
is usually associated with systemic inflammation
(Leinig et al., 2019). The beneficial effects of WB on
inflammation may be attributed to its fermentation
products SCFA (Koh et al., 2016).

Secretory immunoglobulin A, secreted by plasma
cells, is the most prominent antibody present in mucosal
surfaces and protects intestinal mucosa against the inva-
sion of enteric toxins and pathogenic microorganisms
(Min et al., 2016). In the present study, greater sIgA con-
centrations in birds fed WB suggested enhanced intesti-
nal mucosal immunity, which may in turn protect the
intestine against pathogen adherence and thereby
contribute to lower pro-inflammatory cytokine produc-
tion in the intestine. The reason for the increased sIgA
concentration may be attributed to the altered microbial
composition following WB supplementation, as the gut
microbiota interacts directly or indirectly with the host
immune system (Tilg and Moschen, 2015).

An intact intestinal barrier is essential for maintaining
health by protecting the intestine against invasion of an-
tigens, pathogens, toxins, and other pro-inflammatory
substances (Turner, 2009). Tight junction proteins
including claudins, occludin, and ZO, are multiprotein
complexes located at the apical end of the lateral mem-
brane of epithelial cells and play an important role in
the regulation of the intestinal barrier (Gadde et al.,
2017). In present study, supplementation of WB upregu-
lated the expression level of occludin and ZO-1 in the
ileum compared with CON, suggesting improved
intestinal barrier function. Beneficial effects of WB on
intestinal barrier function were also reported in weaned
pigs in which the ZO-1 mRNA levels in the ileum and co-
lon were upregulated by WB fiber supplementation
(Chen et al., 2013). It has been well demonstrated that
pro-inflammatory cytokines promote barrier dysfunc-
tion by inhibiting the transcription of junction proteins
and inducing cytoskeleton-mediated redistribution of
tight junction proteins (Choi et al., 2012). Therefore,
the improved intestinal barrier function in WB may be
due to the reduced pro-inflammatory cytokines as evi-
denced by lower concentrations of TNF-a and IL-1b in
the serum and jejunal mucosa.
The gastrointestinal tract of poultry is densely colo-

nized with diverse microorganisms, which are considered
to have vitally important influences on host health and
growth performance (Gong et al., 2019). In the present
study, birds with WB supplementation had the highest
a-diversity. It has been shown that increased microbial
diversity could help to maintain gut ecosystems that
are more stable and more likely to inhibit pathogen pro-
liferation (Oviedo-Rond�on, 2019). Consequently, the
increased microbial diversity may be responsible for
the improved intestinal immunity and barrier function
in birds fed WB. Firmicutes and Bacteroidetes were pre-
dominant in the ceca with a relative abundance of more
than 95% in this study, which was consistent with previ-
ous findings (Corrigan et al., 2015; Awad et al., 2016). In
addition, the percentage of the Bacteroidetes phylum
was decreased, while the percentage of Firmicutes
phylum was increased by AGP and WB supplementa-
tion. It has been established that a higher Firmicutes
to Bacteroidetes ratio could promote broiler growth
(Hong et al., 2019), which may be a possible reason for
growth promotion in AGP and WB. Further linear
discriminant analysis coupled with effect size analysis
revealed that the abundance of Lachnoclostridium and
Butyricicoccus was increased in birds fed WB. Lachno-
clostridium and Butyricicoccus were proposed as buty-
rate producers that could improve feed conversion,
inhibit the proliferation of pathogens and alleviate intes-
tinal inflammation (Eeckhaut et al., 2016; Wang et al.,
2019). Taken together, the WB supplementation
improved diversity and composition of cecal microbial
communities.
Short chain fatty acids (mainly acetate, propionate,

and butyrate) are the major end products of the micro-
bial fermentation of undigested carbohydrates in the in-
testine and have broad impacts on various aspects of
host physiology (Koh et al., 2016; Zhang et al., 2019).
In this study, WB supplementation significantly
increased the concentrations of total SCFA in the cecum
when compared with CON, suggesting greater bacterial
fermentation in the intestine. The results may be due to
possible increases in bacterial proliferation which
resulted from the increased content of DF in WB diet
(Walugembe et al., 2015). The increased concentrations
of SCFA could, in turn, increase intestinal acidity, which
is associated with pathogen suppression andmaintain in-
testinal health (Rehman et al., 2007). In addition,
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greater concentration of butyrate in the cecum of birds
fed with WB was also found in this study, which was
consistent with the enrichment of butyrate producing
bacteria Lachnoclostridium and Butyricicoccus. Buty-
rate, the primary energy source of intestinal colonocytes,
has been shown to inhibit inflammation and improve in-
testinal barrier function (Jiang et al., 2015; Song et al.,
2017), which may be partly responsible for the reduced
inflammatory cytokines and improved barrier function
of intestine in birds fed WB diets.
In summary, supplementation of 3% WB could

enhance growth by improving intestinal immune
response, barrier function, and microbial composition
in broilers. Thus, WB may play a role in replacing anti-
biotics for improved growth performance in broilers.
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