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ABSTRACT Arbor Acre (AA) broilers were used as
the research object to investigate whether glucose oxi-
dase (GOD) has preventive and relieving effects on
necrotic enteritis. The experiment was designed as a fac-
torial arrangement of 2 dietary treatments £ 2 infection
states. Chickens were fed a basal diet or a diet with
150 U/kg GOD, and were challenged with Clostridium
perfringens (Cp) or sterile culture medium. In our
study, Cp challenge led to intestinal injury, as evidenced
by reducing the average daily gain and the average daily
feed intake of AA broilers of 14 to 21 d (P < 0.05),
increasing the intestinal jejunal lesion score (P < 0.05),
reducing the jejunal villi height and villi height/crypt
depth (P < 0.05), upregulating the mRNA expression
levels jejunal IFN-g (P < 0.05). The dietary GOD had
no significant effects on the growth performance of each
growth period, but significantly decreased the ileal pH,
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increased the height of villi and the ratio of villi height
to crypt depth (P < 0.05) and the expression levels of
Occludin and Zonula occludens-1 (ZO-1) at d 21. More-
over, dietary GOD and the Cp challenge significantly
altered the composition of 21-d ileal microbiota. The Cp
challenge decreased the relative abundance of genus
Lactobacillus (P = 0.057), and increased the relative
abundance of genus Romboutsia (P < 0.05) and genus
Veillonella (P = 0.088). The dietary GOD tended to
increase the relative abundance of genus Helicobacter
(P = 0.066) and decrease the relative abundance of
genus Streptococcus (P = 0.071). This study has shown
that the supplementation of GOD could promote the
integrity of intestinal barrier and the balance of ileal
microbiota, but the effects of GOD on NE broilers and
its application in actual production need to be further
confirmed.
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INTRODUCTION

Necrotic enteritis (NE) is a poultry intestinal disease
caused by Clostridium perfringens (Cp), and could
cause intestinal and liver lesions (Zhang et al., 2017;
Zhang et al., 2019), damage of intestinal villi, intestinal
submucosal hemorrhage, intestinal mucosal edema or
cell necrosis, destruction of tight junctions and increased
intestinal permeability (Van Immerseel et al., 2016). In
addition, the excessive proliferation of Cp in the intes-
tine would competitively inhibit the growth of some ben-
eficial bacteria, resulting in the imbalance of intestinal
microbiota and accelerate the development of the dis-
ease (Feng et al., 2010; Stanley et al., 2012). Therefore,
NE could cause weight loss and the decreasing of feed
conversion ratio (FCR), increase mortality, and bring a
large number of losses to production (Kaldhusdal et al.,
2016).
In recent years, the prohibition of medicated feed

additives has caused a high incidence of NE, which has
brought huge economic losses to the poultry industry
(Van Immerseel et al., 2009). There is an urgent need to
find effective ways to control the disease. The main
nutrition regulation strategies to control NE are as fol-
lows: direct feeding of probiotics (Hernandez-
Patlan et al., 2019; Whelan et al., 2019), prebiotics
(Xue et al., 2017b), organic acids (Stringfellow et al.,
2009), enzyme preparations (Xue et al., 2017a;
Yin et al., 2017), and adjustment of dietary nutritional
composition. Enzyme preparation has great potential
for the development of substitute because of its safety,
no pollution, no residue and so on. Glucose oxidase
(GOD) is a kind of feed enzyme, which has gained
much attention due to its beneficial functions on improv-
ing the intestinal health of animals (Wu et al., 2019a). It
can specifically oxidize b-D-glucose to gluconic acid and
hydrogen peroxide when consuming a large amount of
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oxygen (Bankar et al., 2009). The anaerobic and acidic
environment formed by GOD catalytic reaction in the
intestine was conductive to the proliferation of anaero-
bic acid-resistant bacteria. Gluconic acid acts as an acid-
ifier in the intestinal tract (Rafacz-Livingston et al.,
2005), which can decrease intestinal pH and improve the
activity of digestive enzymes. In addition, gluconic acid
also has a potential prebiotic effect, which can reach the
hindgut to produce volatile fatty acids by fermentation
of specific bacteria, mainly butyric acid
(Tsukahara et al., 2002). Butyric acid has been widely
proved to have the effects of anti-inflammation, provid-
ing energy for intestinal epithelial cells and maintaining
the morphology and structure of intestinal mucosa
(Peng et al., 2009). The hydrogen peroxide produced
also has a certain bactericidal and antibacterial effect.

NE has been reported to be characterized by over-
growth of Cp in the gut, accompanied by impairment of
the intestinal barrier and inflammation. Based on the
characteristics of GOD catalyzed reaction, it is specu-
lated that GOD plays a certain role in prevention and
relief of NE by producing acid and sterilization. So far,
the effects of GOD have not been evaluated in broilers
challenged by Cp. Therefore, we explored the effects of
dietary GOD on the growth performance and intestinal
health in Arbor Acre (AA) broilers with Cp infection.
MATERIALS AND METHODS

Animal Feeding and Management

The study was conducted at Zhuozhou Experimental
Base of China Agricultural University. Based on a 2 £ 2
factorial arrangement with 2 dietary GOD levels (0 or
150 U/kg of diet) and pathogen exposure (with or without
Cp challenge), a total of 280 one-day-old AA broilers were
randomly assigned to four groups: the control group fed
with basal diet (CON), group fed with GOD diet (GOD),
Cp challenge group fed with basal diet (Cp), Cp challenge
group fed with GOD diet (Cp + GOD). Each group
included 7 replications, 10 chickens per replication. The
trial lasted 35 d, divided into 3 stages, 1 to 14 d, 14 to 21
d, and 21 to 35 d, and challenged from d 14 to d 20. All
chickens were reared in the 3-layer wire cages and were
evenly distributed on the top 2 layers. The chickens had
free access to feed and water and were maintained on a 23
h constant-lighting program. The unmedicated corn-soy-
bean meal diets were prepared according to the nutritional
requirements recommended by American NRC (1994)
and Chinese chicken feeding standard (NY/T-33-2004).
The GOD was provided by Jinan Bestzyme Biological
Engineering Co., LTD. Table 1 presents the composition
and nutrient levels of a basal diet. All experimental proce-
dures were approved by the Animal Care and Use Com-
mittee of China Agricultural University.
Clostridium Perfringens Challenge

The Cp challenge was performed on the basis of the
study of Liu et al., (2010), with some modifications.
From d 14 to d 20, AA broilers in the infected groups
were orally challenged with 1 mL of Cp type A
(CVCC52) culture broth at 1£ 108 colony-forming units
(CFU)/bird per day. Broilers in the uninfected groups
received the same amount of sterile culture medium at
the corresponding times. The Cp strain was obtained
from China Veterinary Culture Collection Center. The
strains of Cp were cultured in liquid thioglycolate
medium (FTG, Beijing Luqiao Technology Co., Ltd.,
China) at 37°C for overnight anaerobic culture. The via-
ble bacteria were counted with Tryptose-sulfite-cycloser-
ine (TSC, Beijing Luqiao Technology Co., Ltd.).
Growth Performance and Sample Collection

On d 14, 21, and 35, chickens were weighed by replica-
tion, and the feed consumption was recorded by replica-
tion. Mortality was recorded as it occurred. The body
weight (BW), average daily gain (ADG), average daily
feed intake (ADFI), and FCR were calculated for the
periods during d 1 to 14, 14 to 21, 21 to 35, and 1 to 35.
On d 21, one chick of average BW was randomly selected
from each cage. The chickens were killed by jugular
exsanguination. The midregions of the jejunum (approx-
imately 1 cm) were collected in RNA-free centrifuge
tube, rapidly frozen in liquid nitrogen and stored at
�80°C for mRNA analysis. Duodenal, jejunal, and ileal
content were collected, rapidly frozen with liquid nitro-
gen and stored at �80°C for the determination of pH
and ileal microbiota.
Intestinal pH and Lesion Score

The intestinal contents were weighed and deionized
water was added at the dilution ration of 1:10, mixed
with a small oscillator (250 bpm) for 5 min, and the pH
values of duodenal, jejunal, and ileal contents were
determined by pH meter (Mettler Toledo).
The jejunal injury was observed and scored according

to the severity of intestinal injury. The scoring criteria
for intestinal injury was based on the Dahiya method
(Dahiya et al., 2005): 0, no obvious injury; 0.5, severe
congestion in the serous surface and mesentery of the
small intestine; 1, thinning brittleness and red petechia
in the intestinal wall; 2, gas in the intestinal lumen, there
is needle-like necrosis or ulceration in the intestinal wall;
3, the intestinal cavity is filled with gas and the intesti-
nal wall appears patchy necrosis or ulcer. 4, there was a
large amount of gas in the intestinal cavity, resulting in
diffuse necrosis.
Intestinal Morphology

On d 21, the midregions of the jejunum (approxi-
mately 1 cm) were collected in 4% paraformaldehyde
solution and then embedded in paraffin. Transverse 5-
mm sections were stained with hematoxylin and eosin,
and histomorphological parameters were examined
using an Olympus optical microscope and ProgRes



Table 1. Composition and nutrient levels of basal diet (%, air-dry basis).

Items 1−21 d 21−35 d Items 1−21 d 21-35 d

Ingredients Nutrient levels3

Corn 58.52 56.72 ME (Mcal/kg) 2.93 3.10
Soybean meal 36.24 34.67 CP 22.02 20.00
Soy oil 1.54 5.32 Lys 1.22 1.07
Calcium hydrogen phosphate 1.85 1.46 Met 0.50 0.44
Limestone 0.88 0.95 Met + Cys 0.84 0.78
Sodium chloride 0.35 0.33 Ca 1.00 0.90
Mineral premix1 0.20 0.20 AP 0.45 0.40
50% Choline chloride 0.20 0.16
DL-Met 0.17 0.14
Antioxidant 0.03 0.03
Vitamin premix2 0.02 0.02
Total 100.00 100.00
1Provide per kilogram of diet:copper, 2 mg;iron, 132 mg;zinc, 126 mg;manganese, 129 mg;iodine, 1.8 mg;selenium, 0.6 mg.
2Provide per kilogram of diet:vitamin A, 13500 IU;vitamin D3, 3600 IU;vitamin E, 36 IU;vitamin K3, 4.5 mg;vitamin B1, 3.6 mg;vitamin B2, 11.25 mg;

vitamin B6, 6 mg;vitamin B12, 0.039 mg;niacin, 39 mg;D-pantothenic acid, 16.5 mg;folic acid, 2.1 mg;biotin, 0.24 mg.
3Calculated values.

Table 2. Primer sequences of qPCR.

Gene name Primer sequence (50 to 30) Accession number

Occludin F:ACGGCAGCACCTACCTCAA NM_20512.81
R:GGGCGAAGAAGCAGATGAG

Claudin-1 F:CATACTCCTGGGTCTGGTTGGT AY750897.1
R:GACAGCCATCCGCATCTTCT

ZO-1 F:CTTCAGGTGTTTCTCTTCCTCCTC XM_413773
R:CTGTGGTTTCATGGCTGGATC
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Capture Pro Software (version 2.7, Jenoptik, Jena, Ger-
many). The villus height and crypt depth of the slice
samples were read, and the ratio of villus height to crypt
depth was calculated. Ten complete and vertical villi
were selected for each slice sample. The villus height is
the height from the top of the villus to the crypt opening,
and the crypt depth is the distance from the crypt open-
ing to the base of the crypt.
TLR-4 F:GGATCTTTCAAGGTGCCACA AY064697
R:CAAGTGTCCGATGGGTAGGT

IL-1b F: ACTGGGCATCAAGGGCTA NM_204524.1
R: GGTAGAAGATGAAGCGGGTC

TNF-a F:GAGCGTTGACTTGGCTGTC XM_204267
R:AAGCAACAACCAGCTATGCAC

IFN-g F: AGCTGACGGTGGACCTATTATT NM_205149.1
R: GGCTTTGCGCTGGATTC

IL-4 F:GCTCTCAGTGCCGCTGATG NM-0010079.1
R:GAAACCTCTCCCTGGATGTCAT

Mucin-2 F:TTCATGATGCCTGCTCTTGTG XM_421035
R:CCTGAGCCTTGGTACATTCTTGT

GADPH F:TGCTGCCCAGAACATCATCC NM_204305.1
R: ACGGCAGGTCAGGTCAACAA

F, forward; R, reverse; Primers were synthesized by Biotech (Shanghai)
Co, Ltd.
Real-Time Quantitative PCR

Total RNA was extracted from intestinal tissues using
Trizol reagent (TaKaRa Bio, Japan) according to the
manufacturer’s protocol. The concentration and purity
of RNA were determined using a NanoDrop 2000 spec-
trophotometer (Thermo Scientific, Waltham, MA). In
brief, 1 mg of total RNA from each sample was reverse
transcribed into cDNA using a PrimeScript RT reagent
kit with cDNA eraser (RR036A; TaKaRa Bio). All the
measurements were carried out in triplicate. Table 2 lists
the quantitative real-time PCR primers used in our
study. The relative mRNA expression levels of each tar-
get gene were calculated based on the expression of the
house-keeping gene GAPDH using the 2�44Ct method
(Livak and Schmittgen, 2001).
Bacterial DNA Extraction and Sequencing of
16S rRNA

Ileal content DNA was extracted using PowerSoil
DNA Isolation Kit (MO BIO Laboratories, Carlsbad,
CA) according to the manufacturer’s protocol. The con-
centration and purity of total DNA were detected by
NanoDrop 2000 (Thermo Scientific, MA) and 1.5% aga-
rose gel electrophoresis. To construct 16S rDNA
sequencing libraries, the V3−V4 region of the 16S rDNA
gene was amplified from the DNA samples by PCR using
primer set of 338F (50-ACTCCTACGGGAGGCAGCA-
30) and 806R (50- GGACTACHVGGGTWTCTAAT-
30). The PCR products were purified, quantified, and
homogenized to form a sequencing library. After being
confirmed qualified, machine sequencing was used on
the Novaseq PE250 sequencing platform. Sequence dere-
plication and denoising were done to generate amplicon
sequence variants (ASVs), and Qiime2-2019.7 (Bolyen,
2019, Nature Biotechnology) was used to generate spe-
cies abundance tables at different classification levels.
The Alpha diversity index and Beta diversity of samples
were analyzed.
Statistical Analysis

The data were analyzed using the General Linear
Model procedure in SPSS version 23.0 (SPSS Inc., Chi-
cago, IL), and subjected to two-way ANOVA in a 2 £ 2
factorial arrangement to analyze the main effects of Cp
challenge and GOD supplementation, and their



Table 3. The growth performance of AA broilers on d 21.

Items

Group

SEM

Main effect P value

CON GOD Cp Cp + GOD

Infection GOD

Infection GOD Infection £ GOD- + - +

14-21d
ADG,g/d 35.98 35.87 32.56 31.42 0.827 35.92a 31.99b 34.27 33.64 0.018 0.690 0.744
ADFI,g/d 56.79 57.48 53.77 52.20 0.863 57.14a 52.99b 55.28 54.84 0.016 0.788 0.488
FCR 1.58 1.60 1.65 1.66 0.027 1.59 1.65 1.62 1.63 0.168 0.943 0.741
21-35d
ADG,g/d 61.60 63.31 63.52 66.03 1.521 62.46 64.77 62.56 64.67 0.471 0.511 0.900
ADFI,g/d 100.32 103.81 100.89 105.77 1.308 102.06 103.33 100.60 104.79 0.633 0.123 0.793
FCR 1.63 1.64 1.59 1.60 0.028 1.63 1.60 1.61 1.62 0.404 0.995 0.877
1-35d
ADG,g/d 38.66 39.52 38.76 39.52 0.635 39.09 39.14 38.70 39.52 0.972 0.550 0.970
ADFI,g/d 61.37 62.97 60.68 62.31 0.595 62.17 61.50 61.02 62.64 0.584 0.194 0.989
FCR 1.59 1.59 1.57 1.58 0.017 1.59 1.57 1.58 1.59 0.544 0.897 0.904

Abbreviations: ADG, Average daily gain; ADFI, Average daily feed intake; FCR, Feed conversion ratio; Cp, Clostridium perfringens; GOD, glucose
oxidase; CON, The control group; GOD, The GOD group; Cp, The Cp challenge group; Cp + GOD, The Cp challenge group fed with GOD.

a−bMeans in the same row without the same superscript differ significantly (P < 0.05). SEM means standard error of the mean. “+” means challenge or
add. (n = 7).

4 ZHAO ET AL.
interaction. One-way ANOVA and Duncan’s multiple
comparisons were used when a significant interaction
was observed. We used analysis of variance of Permuta-
tional analysis of covariance (PERMANOVA) from
R’s package vegan to compare the effects of dietary
GOD on microbial community structures. Results are
presented as the means with standard error of the mean.
A P value < 0.05 was taken as statistical significance.
RESULTS

Growth Performance and Intestinal pH

Before challenge (from 1 to 14 d), it was observed that
the supplementation of GOD had no significant differen-
ces in the ADG, ADFI, and FCR (P > 0.05), data were
not shown. In Table 3, from 14 to 21 d, Cp challenge sig-
nificantly decreased the ADG and ADFI of broilers (P <
0.05), but the FCR was not affected. The dietary GOD
had no significant effects on the growth performance in
each period (P > 0.05), the data were not shown. The
effects of the supplement of GOD on duodenal, jejunal
Table 4. The intestinal pH of AA broilers on d 21.

Items

CON
GOD
Cp
Cp + GOD
SEM
Main effect Infection -

+
GOD -

+
P value Infection

GOD
Infection £ GOD

Abbreviations: Cp, Clostridium perfringens; GOD, glucose oxidase; CON,
Cp + GOD, The Cp challenge group fed with GOD.

a−bMeans in the same column without the same superscript differ significant
or add. (n = 7).
and ileal pH of AA broilers are shown in Table 4. We
found that dietary supplements of GOD could decrease
duodenal (P = 0.094) and ileal (P < 0.05) pH.
Lesion Score

As shown in Table 5, Cp infection significantly
increased the lesion score of jejunum (P < 0.05). Intesti-
nal mucosal congestion appeared in most broilers in Cp
infection groups. However, the dietary GOD had no sig-
nificant effects on the intestinal score of AA broilers
challenged by Cp (P < 0.05).
Jejunal Morphology

As shown in Figure 1 and Table 6, the Cp infection
significantly decreased jejunal villus height and villus
height/crypt depth (P < 0.05), but had no significant
effects on crypt depth. The dietary supplement of GOD
significantly increased the villus height and villus
height/crypt depth (P < 0.05).
pH

Duodenum Jejunum Ileum

5.42 5.47 6.27
5.25 5.17 5.80
5.33 5.27 6.21
5.33 5.24 6.08
0.027 0.059 0.059
5.34 5.32 6.04
5.33 5.25 6.14
5.38 5.37 6.24a

5.29 5.20 5.94b

0.818 0.566 0.309
0.094 0.169 0.007
0.122 0.271 0.110

The control group; GOD, The GOD group; Cp, The Cp challenge group;

ly (P < 0.05). SEM means standard error of the mean. “+”means challenge



Table 5. The jejunual lesion score of AA broilers on d 21.

Items Lesion score

CON 0.21
GOD 0.57
Cp 1.07
Cp + GOD 1.00
SEM 0.104
Main effect Infection - 0.39b

+ 1.04a

GOD - 0.64
+ 0.78

P value Infection 0.001
GOD 0.409
Infection £ GOD 0.220

Abbreviations: Cp, Clostridium perfringens; GOD, glucose oxidase;
CON, The control group; GOD, The GOD group; Cp, The Cp challenge
group; Cp + GOD, The Cp challenge group fed with GOD.

a−bMeans in the same column without the same superscript differ sig-
nificantly (P < 0.05). SEM means standard error of the mean. “+” means
challenge or add. (n = 7).
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The mRNA Expression Levels of Tight
Junction and Inflammatory Cytokines in
Jejunum

In Table 7, Cp infection significantly elevated the jeju-
nal IFN-g mRNA expression (P < 0.05) and numerically
Figure 1. The jejunal morphology structure of AA broilers on 21 d. C
group; GOD, The GOD group; Cp, The Cp challenge group; Cp + GOD, Th
CON group; GOD group; Cp group; Cp + GOD group. Bar = 100 mm.
decreased the jejunal IL-4 mRNA expression
(P = 0.118) of AA broilers on day 21. The dietary GOD
significantly elevated the mRNA expression levels of
jejunal Occludin and ZO-1, and tended to elevate the
mRNA expression levels of Claudin-1 (P = 0.065) and
decrease theMucin-2mRNA expression (P = 0.085).
Ileal Microbiota

Twenty-eight ileal chyme samples were processed at
the age of 21 d. A total of 4,349,196 data was obtained
after 16S rRNA sequencing, and 279,143 valid sequences
were obtained after filtering, denoising, and removing
chimeras. The rarefaction curves of each group quickly
reach the plateau to prove that the sequencing depth is
sufficient and can be analyzed later.
Shannon indexes were used to evaluate the ileal micro-

bial alpha-diversity of 21-day-old AA broilers among the
four treatments. The results showed that the supple-
mentation of GOD showed a tendency to increase the
Shannon index (P = 0.090) (Table 8). Subsequently, the
ileal bacterial compositions with the four treatments
were compared based on Bray-Curtis distance. As shown
in Figure 2, PERMANOVA was used to examine
whether the matrix of major PCoA axes was dependent
p, Clostridium perfringens; GOD, glucose oxidase; CON, The control
e Cp challenge group fed with GOD. From left to right, top to bottom:



Table 6. The jejunal histomorphological parameters of AA
broilers on d21.

Items VH, mm CD, mm V/C

CON 765.39 208.40 3.67
GOD 832.82 208.95 3.99
Cp 647.20 201.87 3.24
Cp + GOD 762.64 207.06 3.69
SEM 21.276 4.280 0.084
Main effect Infection - 799.11a 208.67 3.83a

+ 704.92b 204.47 3.47b

GOD - 706.30b 205.13 3.46b

+ 797.73a 208.01 3.84a

P value Infection 0.015 0.645 0.015
GOD 0.018 0.753 0.011
Infection £ GOD 0.511 0.799 0.642

Abbreviations: CD: Crypt depth; Cp, Clostridium perfringens; CON,
The control group; GOD, glucose oxidase; GOD, The GOD group; Cp,
The Cp challenge group; Cp + GOD, The Cp challenge group fed with
GOD; VH, Villi height; V/C, Villi height / Crypt depth.

a−bMeans in the same column without the same superscript differ sig-
nificantly (P < 0.05). SEM means standard error of the mean. “+” means
challenge or add. (n = 7).

Table 8. The Shannon index of AA broilers on d 21.

Items Shannon index

CON 3.95
GOD 4.65
Cp 4.31
Cp + GOD 4.77
SEM 0.172
Main effect Infection - 4.30

+ 4.54
GOD - 4.13

+ 4.71
P value Infection 0.494

GOD 0.090
Infection £ GOD 0.723

Abbreviations: Cp, Clostridium perfringens; CON, The control group;
GOD, glucose oxidase; GOD, The GOD group; Cp, The Cp challenge
group; Cp + GOD, The Cp challenge group fed with GOD.

a−bMeans in the same column without the same superscript differ sig-
nificantly (P < 0.05). SEM means standard error of the mean. “+” means
challenge or add. (n = 7).
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on the dietary GOD and the Cp infection. According to
the results of PCoA, the ileal microbials were signifi-
cantly isolated among the 4 groups (P < 0.05). Through
the pairwise comparison of the four treatments, it was
found that there was a significant isolation of intestinal
microbiota between the GOD group and the CON
group, and there was a trend of isolation between the
GOD group and the Cp + GOD group (P = 0.057).

To determine which bacterial taxa contributed most
to the separation of the microbial communities, we com-
pared the ileal compositions of the four treatments at
phyla and genus levels. At the phylum level Table 9, Fir-
micutes, Epsilonbacteraeota, Proteobacteria, Uncultur-
ed_bacteria, Bacteroidetes were the most abundant
among the four groups. Cp challenge significantly
decreased the relative abundance of Cyanobacteria
(P < 0.05). The dietary GOD significantly decreased
the relative abundance of Firmicutes, and tended to
increase the relative abundance of Epsilonbacteraeota
(P = 0.063) and Tenericutes (P = 0.096). At the genus
level, the top 10 bacteria were Lactobacillus, Helico-
bacter, Enterococcus, Streptococcus, Escherichia
Table 7. The mRNA expressions of tight junctions and inflammatory

Items

Group

SEMCON GOD Cp Cp + GOD

Infec

-

Occludin 1.00 1.30 1.18 1.39 0.058 1.14
Claudin-1 1.00 1.45 1.20 1.46 0.094 1.22
ZO-1 1.00 1.47 1.08 1.60 0.079 1.24
IL-1b 1.00 1.65 1.19 1.13 0.127 1.32
IL-4 1.00 0.96 0.80 0.91 0.039 0.98
Mucin-2 1.00 0.74 0.92 0.86 0.046 0.87
IFN-g 1.00 1.45 1.66 1.74 0.115 1.23b

TNF-a 1.00 1.15 1.06 1.16 0.041 1.07

Abbreviations: Cp, Clostridium perfringens; CON, The control group; GO
Cp + GOD, The Cp challenge group fed with GOD.

a−bMeans in the same row without the same superscript differ significantly (
add. (n = 7).
Shigella, Clostridium sensu stricto 1, Veillonella,
Uncultured_Bacteria, Gallibacterium, Romboutsia in
the 21-day-old AA broilers ileum. As shown in the
Table 10, the Cp challenge decreased the relative abun-
dance of Lactobacillus (P = 0.057), and increased the
relative abundance of Romboutsia (P < 0.05) and Veil-
lonella (P = 0.088). The dietary GOD tended to
increase the relative abundance of Helicobacter
(P = 0.066) and decrease the relative abundance of
Streptococcus (P = 0.071).
DISCUSSION

In the present study, we induced experimental NE in
AA broilers challenge with Cp. The challenge induced
macroscopic pathological changes in the intestine, such as
distinct hyperemia, hemorrhage, and focal necrosis or
ulceration. In addition, Cp challenge resulted in decreased
ADG, increased jejunal inflammation, increased jejunal
permeability and pathogenic bacteria, which were consis-
tent with the characteristics of subclinical NE established
in previous studies (Kaldhusdal et al., 2016;
Emami et al., 2019; Huang et al., 2019).
cytokine in the jejunum of AA broilers on d 21.

Main effect P value

tion GOD

Infection GOD Infection £ GOD+ - +

1.28 1.09b 1.35a 0.212 0.026 0.642
1.33 1.10 1.46 0.564 0.065 0.617
1.34 1.04b 1.53a 0.445 0.001 0.868
1.16 1.09 1.39 0.519 0.246 0.174
0.86 0.90 0.94 0.118 0.624 0.326
0.89 0.96 0.80 0.800 0.085 0.266
1.70a 1.33 1.59 0.037 0.230 0.392
1.11 1.03 1.15 0.693 0.144 0.719

D, glucose oxidase; GOD, The GOD group; Cp, The Cp challenge group;

P < 0.05). SEM means standard error of the mean. “+” means challenge or



Figure 2. Beta diversity of ileal microbiota. Cp, Clostridium per-
fringens; GOD, glucose oxidase; CON, The control group; GOD, The
GOD group; Cp, The Cp challenge group; Cp + GOD, The Cp chal-
lenge group fed with GOD.
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The effects of dietary GOD on growth performance,
immune function and intestinal barrier function of poul-
try were extensively investigated in recent years
(Wang et al., 2018; Wu et al., 2019b). Dietary GOD
could improve the intestinal environment by utilizing
oxygen, producing gluconic acid, and H2O2 (Witt et al.,
2000). Considering the characteristics of GOD catalyzed
reaction, it is speculated that GOD plays a certain role
in prevention and relief of NE in poultry. In our study,
dietary GOD had no significant effects on the growth
performance of AA broilers during the whole period
regardless of Cp challenge.

Acidic environment is conducive to improving the
activity of intestinal digestive enzymes, promoting
digestion, and absorption, increasing the community of
beneficial bacteria so that could promote the growth per-
formance and maintain the intestinal environmental
homeostasis (Yadav and Jha, 2019). Gluconic acid pro-
duced by catalytic reaction of GOD could decrease intes-
tinal pH, about 70% of which will be fermented by
specific bacteria to produce short-chain fatty acids after
achieving the hindgut, including acetic acid, butyric
acid and so on (Tsukahara et al., 2002). These weak
acids could also play a role in decreasing intestinal pH.
In our study, the supplementation of GOD significantly
Table 9. The relative abundance of phyla level in ileal microbiota of A

Items

Group

SEMCON GOD Cp Cp + GOD -

Firmicutes 82.97 62.62 68.50 61.17 3.547 72
Epsilonbacteraeota 14.21 33.13 26.97 31.04 3.117 23
Proteobacteria 2.78 3.81 4.27 3.76 1.012 3
Uncultured_bacteria 0.03 0.07 0.02 1.90 0.312 0
Bacteroidetes 0.01 0.04 0.11 0.87 0.198 0
Tenericutes 0.00 0.28 0.00 0.64 0.134 0
Cyanobacteria 0.00 0.04 0.12 0.37 0.055 0

Abbreviations: Cp, Clostridium perfringens; CON, The control group; GO
Cp + GOD, The Cp challenge group fed with GOD.

a−bMeans in the same row without the same superscript differ significantly (
add. (n = 7).
decreased ileal pH, and had a tendency to decrease duo-
denal pH.
The morphology and structure of the intestine deter-

mines its ability to absorb nutrients. Intestinal villi are
the main tissues for nutrient absorption. The increase in
the height of intestinal villi indicates an increase in the
number of mature cells and the surface area of intestinal
nutrition absorption. At the same time, the ability to
absorb nutrients is enhanced. The crypt depth reflects
the maturation rate of the cell, and the shallower crypt
indicates that the maturation rate of the cell is increased
and the secretory function is enhanced. The ratio of vil-
lus height to crypt depth reflects the morphological
structure and functional state of the intestine, and a
larger ratio indicates that the intestinal absorption func-
tion is better. Meanwhile, the decrease of villus height,
the increase of crypt depth and the decrease of villus
height/ crypt depth indicate the need for more cell pro-
liferation to maintain the integrity of the intestinal bar-
rier (Awad et al., 2011; Uni et al., 1998). The excessive
proliferation of Cp in the intestine could cause intestinal
impair, increase intestinal permeability and impair
mucosal barrier function (Zhang et al., 2019). In our
study, Cp challenge significantly decreased jejunal villus
height and villus height/crypt depth, which was consis-
tent with the results of intestinal lesion score. These
results indicated that the integrity of intestinal barrier
was impaired by Cp challenge, which might be one of
the related reasons for the decreasing growth perfor-
mance. The dietary GOD significantly increased the vil-
lus height and the ratio of villus height to crypt depth,
indicating that GOD could improve the morphology and
structure of the intestine, which is consistent with the
results of previous study (Zhao et al., 2009). This
improvement effects of GOD may be due to the probi-
otic effects of gluconic acid produced by catalytic reac-
tion (Femia et al., 2002), and finally production of
butyric acid. Butyric acid could provide energy for intes-
tinal epithelial cells to improve intestinal morphology,
or increase the abundance of intestinal beneficial micro-
biota through oxygen consumption and acid production,
including some butyric acid-producing bacteria such as
F.prausnitzii (Wu et al., 2019b) to improve intestinal
A broilers on d 21 (%).

Main effect P value

Infection GOD

Infection GOD Infection £ GOD+ - +

.80 64.84 75.74a 61.90b 0.243 0.048 0.337

.67 29.01 20.59 32.08 0.375 0.063 0.220

.30 4.02 3.52 3.78 0.739 0.904 0.721

.05 0.96 0.03 0.98 0.128 0.108 0.121

.03 0.49 0.06 0.46 0.249 0.326 0.366

.14 0.32 0.00 0.46 0.499 0.096 0.503

.02 0.25 0.06 0.21 0.034 0.160 0.309

D, glucose oxidase; GOD, The GOD group; Cp, The Cp challenge group;

P < 0.05). SEM means standard error of the mean. “+” means challenge or



Table 10. The relative abundance of genus level in ileal microbiota of AA broilers on 21 d.

Items

Group

SEM

Main effect P value

CON GOD Cp Cp + GOD

Infection GOD

Infection GOD Infection £ GOD- + - +

Lactobacillus 64.41 60.49 43.67 39.24 5.369 62.45 41.46 54.04 49.86 0.057 0.695 0.981
Helicobacter 14.21 33.08 26.87 30.61 3.099 23.64 28.74 20.54 31.84 0.394 0.066 0.210
Enterococcus 9.92 0.31 11.32 14.17 2.498 5.12 12.75 10.62 7.24 0.129 0.493 0.212
Streptococcus 8.16 1.47 7.69 1.87 1.674 4.82 4.78 7.93 1.67 0.991 0.071 0.897
Escherichia Shigella 2.77 3.74 2.86 3.44 1.002 3.26 3.15 2.81 3.59 0.960 0.719 0.927
Clostridium sensu stricto 1 0.00 0.00 3.25 1.20 0.691 0.00 2.22 1.62 0.60 0.115 0.459 0.459
Veillonella 0.00 0.00 1.23 2.30 0.504 0.00 1.77 0.62 1.15 0.088 0.593 0.593
Uncultured_Bacteria 0.03 0.07 0.02 1.90 0.312 0.05 0.96 0.03 0.99 0.128 0.108 0.121
Gallibacterium 0.00 0.00 1.38 0.03 0.246 0.00 0.71 0.69 0.02 0.142 0.157 0.157
Romboutsia 0.00 0.00 0.78 0.57 0.148 0.00b 0.68a 0.39 0.29 0.024 0.720 0.720

Abbreviations: Cp, Clostridium perfringens; CON, The control group; GOD, glucose oxidase; GOD, The GOD group; Cp, The Cp challenge group;
Cp + GOD, The Cp challenge group fed with GOD.

a−bMeans in the same row without the same superscript differ significantly (P < 0.05). SEM means standard error of the mean. “+” means challenge or
add. (n = 7).
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morphology. In this study, GOD played a certain role in
improving intestinal injury, reducing ileal pH, but not
significantly improving growth performance. After that,
it may be necessary to adjust the rearing conditions, the
amount of enzyme activity and other factors in order to
explore the effects of GOD on NE.

The selective permeability of intestinal epithelium is
realized through the tight junction structure
(Suzuki, 2013). The destruction of intestinal tight junc-
tion will increase the infiltration of macromolecules and
harmful molecules in the intestinal lumen, thus causing
increased intestinal mucosal immune response and caus-
ing inflammation and triggering the occurrence of intesti-
nal and even systemic diseases (Suzuki, 2013). The
intercellular tight junction structure is an important
structural basis of physical barrier. Occludin is one of the
components of intestinal tight junction protein and previ-
ous studies have shown that Occludin protein plays an
essential role in tight junction of intestinal epithelium
(Suzuki, 2013), whose loss will lead to the increase of par-
acellular permeability to macromolecules (Al-Sadi et al.,
2011). Claudin-1 is necessary in barrier formation and
pericellular selectivity (Furuse et al., 2002). Zonula occlu-
dens-1 (ZO-1) and the other ZO proteins provide intra-
celluar scaffold for intestinal tight junction proteins,
which are necessary to regulate and maintain intestinal
tight junction structure, and play a role in tight junction
assembly and regulation (Fanning et al., 2002). The
Mucin-2 mucin forms the skeleton of the intestinal mucus
and covers and protects the intestinal tract from self-
digestion and numerous microorganisms. The secretion,
composition, and gene expression of mucus would be
affected by intestinal microbiota and host inflammatory
mediators (Johansson et al., 2008; Wei et al., 2012). In
the present study, the supplementation of GOD signifi-
cantly increased the mRNA expression levels of Occludin
and ZO-1, and had a tendency to increase the mRNA
expression levels of Claudin-1, indicating that GOD was
beneficial to improvement if intestinal tight junction.
Related studies (Zhang et al., 2017; Fasina and Lille-
hoj, 2019) have shown that Cp challenge can damage the
integrity of intestinal barrier and induce cytokine
response to upregulate the expression of proinflammatory
cytokines such as TNF-a and IFN-g. IFN-g and IL-4 are
characteristic cytokines of Th1 and Th2 cell subsets,
respectively. The IFN-g mRNA expression levels signifi-
cantly increased in the Cp challenge groups, and the IL-4
had a numerical increase, which means the Cp challenge
induced the immuno-homeostasis imbalance and the Th
cells developments into proinflammatory response.
Although the supplementation of GOD had no significant
effect on cytokines, it improved intestinal barrier function
mainly by promoting the integrity of intestinal morphol-
ogy and the maintenance of tight junction structure.
However, the Mucin-2 showed a decreased tendency,
which may be related to the change of microbiota.
The GOD plays its prebiotic role mainly by regulating

intestinal microbiota. In our study, dietary GOD had a
tendency to increase the microbial diversity of ileum.
Comparing the differences in the composition and struc-
ture of ileal microbiota, it was found that there was sig-
nificant isolation of intestinal microbiota between GOD
group and CON group, and there was a trend of separa-
tion between Cp + GOD group and GOD group. In our
study, the Cp challenge significantly decreased the rela-
tive abundance of phylum Cyanobacteria, which is a
group of bacteria known for the secretion of H2S
(Chi et al., 2020). A related study showed that H2S
could reduce disulfide bonds in the mucus layer of the
gut epithelium, disrupt its barrier function and poten-
tially play a role in inflammatory bowel disease
(Ijssennagger et al., 2016). The Cp challenge decreased
the relative abundance of genus Lactobacillus, and
increased the relative abundance of Romboutsia and
Veillonella. Lactobacillus is a beneficial commensal for
humans and animals, which could inhibit pathogenic
bacteria and is highly related to host feed efficiency
(Kobierecka et al., 2017; Yan et al., 2017). Romboutsia
is a short-chain fatty acid-producing bacterium, posi-
tively correlated with indicators of body weight and
serum lipids. Previous study also showed that Rombout-
sia was positive related to FCR of laying hens
(Gan et al., 2020). Veillonella was a potential patho-
bionts, which was associated with autoimmune hepatitis
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and oral diseases and already proved by previous studies
(Luo et al., 2020; Wei et al., 2020). So, the Cp challenge
led to the decrease of beneficial bacteria and the increase
of potential pathogenic bacteria, which may also lead to a
possible reduction in feed utilization efficiency. The abun-
dance of the phylum Epsilonbacteraeota and Tenericutes
increased in the dietary GOD groups, and a similar effect
was found when Bacillus sp. was added to the chick diet
(Yang et al., 2020). The dietary GOD decreased the
abundance of the phylum Firmicutes and the genus
Streptococcus. Streptococcus, which belongs to the phy-
lum Firmicutes, represents common inhabitants of the
intestinal tract and mucous of animals and humans with
a potential for opportunistic infections. Turkey poults,
broiler chickens, and ducklings were the most-commonly
affected species with streptococcus (Crispo et al., 2018).
Helicobacter pylori is the most common pathogen in the
Helicobacter genus, which could cause peptic ulcer disease
(Mladenova-Hristova et al., 2017).Helicobacter pylori is a
microaerophile bacteria. The increase of Helicobacter in
the GOD supplementation groups may be related to the
consumption of oxygen by the catalytic reaction of GOD,
and provide an explanation for the decrease of Mucin-2.
This suggested that GOD did play a role in changing the
structure of intestinal microbiota, but deoxygenation
may lead to an increase in anaerobic pathogens. Further
exploration is needed to maximize the prebiotic role of
GOD.
CONCLUSIONS

In conclusion, Clostridium perfringens infection
caused the injury of intestinal morphology and intestinal
barrier and immuno-homeostasis imbalance, resulting in
the decline in growth performance. The supplementation
of GOD improved intestinal morphology and barrier
function and optimized ileal microbiota by reducing
intestinal pH and increased the expressions of tight junc-
tion protein, but had no significant effect on the growth
performance of chickens regardless of Cp challenge.
Although dietary GOD could improve intestinal health,
the effects of GOD on NE broilers and its application in
actual production need to be further confirmed.
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