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Dietary glucose oxidase
supplementation improves
growth performance, intestinal
morphology, and microbial
community of broilers

Xin Zhu, Xinjie Zhang, Yong Zhang, Yujing Zhu
and Fangfang Li*

College of Animal Science and Veterinary Medicine, Shenyang Agricultural University,
Shenyang, China

Introduction: The objective of this study was to evaluate the influences of dietary
glucose oxidase (GOD) supplementation in the growth and slaughter
performance, organ index, intestinal morphology and cecal microbiota
in broilers.

Methods: A total of 480 one-day-old Arbor Acres male broiler chicks were
randomly assigned to four groups, and the level of GOD in the diet was O
(control), 200, 400, and 800 mg/kg. Each group had six replicates and each
replicate had 20 chicks. The experimental period was 42 days.

Results: Compared to those in the control, the final body weight (BW) and
average daily gain (ADG) were increased (p < 0.05) and the feed conversion ratio
(FCR) was decreased (p < 0.05) in the 400 mg/kg and 800 mg/kg GOD groups.
Dietary supplementation with 800 mg/kg GOD increased (p < 0.05) the dressing-
out percentage; semieviscerated yield; relative weights of the thymus, spleen and
bursa of Fabricius; and the lengths and weights of the duodenum, jejunum, ileum,
and total small intestine compared to those in the control group. Additionally,
dietary supplementation with GOD increased (p < 0.05) the villus height and villus
height/crypt depth ratio and decreased (p < 0.05) the crypt depth of the
duodenum and ileum compared to those of the control group. Illumina
sequencing data indicated that the Simpson index of the cecal microbiota in
the GOD group was decreased, indicative of increased microbial diversity.
Compared to the control, GOD supplementation increased (p < 0.05) the
abundances of the genera Ralstonia, Akkermansia and Parabacteroides.

Discussion: Therefore, the results from this study indicated that dietary GOD
supplementation could improve the growth performance and carcass yields,
promote immune organ and gut development, and enhance the intestinal
morphology and cecal microbiota composition in broilers.
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1 Introduction

The application of antibiotic growth promoters in livestock and
poultry feeding has made a great contribution to meeting the
demand for animal protein by humans in the last more than fifty
years. However, the continuous overuse of antibiotics as growth
promoters has led to severe problems in food safety, human health
and environmental protection, such as the appearance of antibiotic-
resistant bacteria and residues of antibiotics in animal products and
the human body (Mehdi et al., 2018). The addition of antibiotics to
animal feed has been prohibited in European since 2006 and in
China since 2020, respectively. The dilemma between a
comprehensive antibiotic prohibition policy and a higher demand
for high-quality and safe meat products by consumers emphasizes
the urgency and importance of developing cost-effective and green
residue-free alternatives to antibiotics.

Glucose oxidase (GOD) is a dehydrogenase and can be
produced through aerobic fermentation by Aspergillus niger,
Penicillium notatum and other fungi. GOD utilizes molecular
oxygen as an electron acceptor and catalyzes the oxidation of -
D-glucose to gluconic acid, along with hydrogen peroxide
production (Wu et al., 2020). GOD has been reported to be used
in many commercial applications including food preservation,
biochemical detection, and textile bleaching (Bankar et al., 2009).
In animal husbandry, the use of GOD is not vigorously
implemented due to the low fermentation capacity by microbes
and high application cost in feed. Even so, some previous studies
have demonstrated that dietary supplementation with GOD has
many positive effects on growth, immune function and gut health in
pigs and broilers (Chen et al., 2023; Dang et al,, 2021, 2022). It is
unclear that the mechanism by which GOD affects animal growth
performance in practice, but this may be associated with immune
regulation and the intestinal microbiota. GOD has been previously
demonstrated to play important roles in eliminating oxygen free
radicals and alleviating the body’s oxidative damage, which
contributes to maintaining health and promoting growth (Liu
et al.,, 2020). When GOD catalyzes glucose oxidation, it consumes
large amounts of oxygen, thus eliminating oxygen free radicals. In
addition, GOD was also demonstrated to upregulate mRNA
expression of superoxide dismutase (SOD) and catalase (CAT) in
weaned piglets via activating the nuclear factor erythroid 2-related
factor 2 (Nrf2) pathway (Sun et al, 2021), which contributes to
improving the antioxidant capacity and alleviating the oxidative
injury in the intestinal tract. It is generally accepted now that the
intestinal structure and the microbiota play a crucial role in gut
health, which is closely related to growth performance (Ducatelle
et al.,, 2023). Gluconic acid formed by GOD catalytic reaction in the
intestine has an ability of decreasing intestinal pH and improving
the activity of digestive enzymes (Zhao et al., 2022). Besides, when
gluconic acid reaches the hindgut, it would be fermented by specific
bacteria to produce volatile fatty acids, mainly butyric acid, which
has been widely proved to be able to provide energy for intestinal
epithelial cells and maintain the morphology and structure of
intestinal mucosa (Peng et al, 2009). In addition, hydrogen
peroxide produced during the process of catalytic reaction of
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GOD naturally has a certain antimicrobial effect to inhibit
pathogenic bacterial proliferation in the intestine (Tang et al,
2016). Therefore, GOD is considered to be a potential antibiotic
alternative that could both maintain the intestinal health and
improve the growth performance in farm animals (Chen et al,
2023; Wu et al., 2020).

To date, limited research has shown that GOD supplementation
could improve intestinal barrier function and the microbial
community profile in broilers (Wang et al., 2018; Wu et al,
2019), but the mechanism by which GOD improves animal
growth performance should be studied further. Here, this study
focused on evaluating the effects of GOD supplementation on the
growth and slaughter performance, immune organ and intestine
development and cecal microbiota in broilers.

2 Materials and methods

All experimental procedures were approved by the Animal Care
and Use Committee of Shenyang Agricultural University (No.
2024030704). The GOD was fermented by Aspergillus niger and
then purified and was provided by Heswof Biology Co., Ltd. (Yichun,
Jiangxi, China). The purity was > 98% and the activity of GOD was
2000 unit/g. One unit (U) of GOD activity is defined as the amount of
enzyme which oxidizes 1 pmol -D-glucose per minute to D-gluconic
acid and hydrogen peroxide at 37°C and pH 5.5.

2.1 Animals and experimental design

A single-factor experimental design method was adopted in this
study. A total of 480 one-day-old Arbor Acres male broiler chicks
were randomly assigned to four groups, in which each group had six
replicates and each replicate had 20 chicks. The control group was
fed a basal corn-soybean meal diet, and the experimental groups
were fed a basal diet supplemented with 200, 400, and 800 mg/kg
GOD. All diets were formulated to meet the nutritional
requirements recommended by the National Research Council
(1994), and the feedstuff composition and nutrient level of the
control diet are shown in Table 1.

Five chicks were placed in each of the 1.4 m x 0.7 m cages,
providing a floor area/bird of 0.19 m?, and all chicks were housed in
3-layer wire cages. The initial temperature was 35°C for the first 3
days of the experiment and then gradually decreased by 2°C weekly
to reach a final temperature of 21°C, which was kept until the end of
this study. The relative humidity was between 65% and 70%. The
lighting was kept 20 h per day during the whole experiment. Feed
and water were provided ad libitum for all chicks. The experiment
lasted for 42 days.

2.2 Growth performance

On day 42, the chicks were weighed by replicate after a 12-h
fast, and feed consumption was also recorded. Mortality was
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TABLE 1 Ingredients and nutrient levels of the basal diet (air-dried
basis, %).

Periods
1to 15 to 29 to
14 days 28 days 42 days
Ingredients
Corn 57.50 45.20 42.86
Soybean meal 23.50 20.00 19.94
Brown rice 0.14 10.40 11.86
Rice powder 4.00 0.17 0.08
Peanut meal 5.00 5.10 5.98
Cotton meal 0.00 2.00 2.49
DDGS 5.00 3.50 299
Corn protein powder 0.00 2.00 0.00
Hydrolyzed feather powder 0.00 1.50 1.50
Soybean oil 0.00 5.30 7.78
Limestone 1.08 1.10 1.11
Calcium hydrogen phosphate 1.25 1.10 0.90
Sodium Chloride 0.20 0.25 0.25
Sodium bicarbonate 0.05 0.00 0.00
Choline chloride 0.10 0.08 0.08
L-Lysine 0.75 0.88 0.80
DL-Methionine 0.21 0.20 0.18
Threonine 0.20 0.20 0.18
Phytase 0.02 0.02 0.02
Premix' 1.00 1.00 1.00
Total 100.00 100.00 100.00
Nutrient level®
Metabolizable energy (M]/kg) 12.93 13.33 13.90
Crude protein 22.19 21.34 20.45
Calcium 1.03 0.92 0.86
Total phosphorus 0.71 0.68 0.62
Available phosphorus 0.40 0.40 0.35
Lysine 1.34 1.37 1.32
Methionine 0.50 0.51 0.46

Provide per kilogram of diet: vitamin A, 12 000 IU; vitamin D3, 4 000 IU; vitamin E, 12 TU;
vitamin K, 1.0 mg; vitamin B1, 1.2 mg; vitamin B2, 6.0 mg; vitamin B6, 3.0 mg; vitamin B12,
0.015 mg; niacin, 66 mg; pantothenic acid, 12 mg; folic acid, 0.8 mg; biotin, 0.1 mg; Fe, 78 mg;
Cu, 9.5 mg; Mn, 80 mg; Zn, 70 mg; I, 0.65 mg; Se, 0.32 mg.

*Crude protein, calcium, and total phosphorous were measured values, and the others were
calculated values.

monitored when it occurred. The growth performance was
evaluated by calculating the average daily gain (ADG),
average daily feed intake (ADFI), and feed conversion
ratio (FCR).
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2.3 Slaughter performance

On day 42, based on the ADG and FCR results, 2 chicks with
body weights similar to the mean body weight of the replicate from
the control and 800 mg/kg GOD groups were selected and
euthanized by cervical dislocation. The broilers were manually
dissected, and the slaughter yields were determined as described
by Zhu et al. (2022).

2.4 Immune organ and intestinal indices

The immune organs, including the thymus, spleen, and bursa of
Fabricius, were collected and weighed individually. The index was
presented as follows:

Immune organ index = immune organ weight (g) /live body weight (kg)

The parts of the small intestine, including the duodenum,
jejunum, and ileum, were separated from the abdominal cavity,
and their weights and lengths were determined after carefully
removing the intestinal contents and the surrounding fat
and mesentery.

2.5 Intestinal morphology

A section (1 cm) in the middle part of the duodenum and jejunum
was collected. After being fixed in 4% paraformaldehyde solution for
over 24 h, the samples were then embedded in paraffin. A microtome
was used to transversely cut each sample into small slices (5-um
thickness), and the slices were placed on a glass slide. After being
stained with hematoxylin and eosin, the slices were examined under
an Olympus optical microscope with the Image-Pro plus software
package. The villus height and crypt depth of the slice samples were
measured, and the villus height/crypt depth ratio was calculated.

2.6 DNA extraction

Two chicks from each replicate in the control and 800 mg/kg
GOD groups were randomly selected, and a total of twenty-four
cecal content samples from broilers at 42 days of age were used for
DNA extraction using a commercial DNA extraction kit (Noble
Ryder, Beijing, China) by following the manufacturer’s instructions.
After assessing the quantity and quality, the extracted DNA samples
were diluted with sterile water to a final concentration of 1 ng/ul
and then stored at -80°C for further analysis.

2.7 16S rRNA amplification and Illumina
NovaSeq sequencing
The hypervariable region (V3 + V4) of the 16S rRNA gene was

amplified from cecal content DNA samples using forward primer
341F (5-CCTAYGGGRBGCASCAG-3’) and reverse primer 806F
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(5-GGACTACNNGGGTATCTAAT-3’) with the barcode. A total
volume of reaction system was 15 ul and a PCR amplification was
performed as follows: 98°C for 1 min, 30 cycles at 98°C for 10 s, 50°
C for 30 s and 72°C for 30 s with a final elongation at 72°C for 5 min
in a T100 PCR amplifier (Bio-Red, USA). The quality of amplified
PCR products was electrophoresed on a 2% agarose gel and then
mixed in equidensity ratios. The mixed PCR products were purified
with a commercial DNA kit (TianGen, China).

An NEB Next® Ultra DNA Library Prep Kit (Illumina, USA)
was used to construct sequence libraries, accompanied by adding
index codes. After the quality assessing, the constructed library was
sequenced on an Illumina NovaSeq platform (Wekemo Tech Group
Co., Ltd., Shenzhen, China), and 250-bp paired-end reads
were generated.

2.8 lllumina sequencing data processing

The QIIME2 software package was used to process and analyze
raw sequence data (https://docs.qiime2.0rg/2023.5/). The sequences
from each sample were demultiplexed and quality filtered before
being trimmed, denoised and merged. The QIIME2 DADA?2
program was used to identify and exclude chimeras, and then the
amplicon sequence variants (ASVs) were produced. The QIIME2
feature-classifier program was then used to align ASV sequences to
a pretrained Greengenes 16S rRNA database (13-8 version) with
99% similarity to generate the taxonomy table. Feature-level alpha
diversity indices (Chaol, Shannon and Simpson) of microbiota
were also calculated.

2.9 Statistical analysis

One-way ANOVA with SPSS software (25.0 version, IBM, NY,
USA) was used to analyze the data, and the treatment was included
as a fixed effect. The replicate was the experiment unit for growth
performance, while the selected chick from each replicate was used
as an experimental unit for analysis of slaughter, immune organ,
intestinal parameters and cecal microbiota. Duncan’s method was

TABLE 2 Growth performance of broilers fed diets supplemented with GOD.

10.3389/fanim.2024.1491519

used to perform multiple range tests. Results were expressed as
means + pooled SEM. Differences were considered to be statistically
significant at p < 0.05.

3 Results
3.1 Growth performance

As shown in Table 2, dietary supplementation with GOD had
significant (p < 0.05) effects on the final BW, ADG and FCR from 1 to
42 days. Compared to the control group, all GOD groups had a
higher (p < 0.05) final BW. The ADGs in the 400 mg/kg and 800 mg/
kg GOD groups were higher (p < 0.05) than that in the control group;
moreover, the 400 mg/kg and 800 mg/kg GOD groups had lower (p <
0.05) FCRs than that in the control group. There was no significant
difference (p > 0.05) in the ADFI among all groups. In addition, the
200 mg/kg and 400 mg/kg GOD groups had lower (p < 0.05)
mortality than those in the control and 800 mg/kg GOD groups.

3.2 Slaughter performance

Based on the growth performance changes induced by dietary
GOD supplementation, the 800 mg/kg GOD group was selected to
evaluate the effects of GOD on broilers compared with the control
group for further analysis. As shown in Table 3, compared to the
control group, dietary supplementation with 800 mg/kg GOD
significantly increased (p < 0.05) the dressing-out percentage and
semieviscerated yield but did not affect (p > 0.05) the eviscerated
yield. In addition, the 800 mg/kg GOD group had a decreased trend
(p < 0.10) in abdominal fat yield compared to that in the
control group.

3.3 Immune organ and intestinal indices

Compared to the control group, the 800 mg/kg GOD group
showed increased (p < 0.05) indices of the thymus, spleen and bursa

GOD supplemented in the diet, mg/kg

Control
200 400 800
Initial BW, g 44 44 44 44 0.38 0.940
Final BW, g 2581¢ 2634° 2758% 2801° 109.17 0.001
ADG, g 60.4° 61.7> 64.6"° 65.6" 1.61 <0.01
ADFI, g 96.9 975 100.1 101.0 5.15 0.460
FCR, g/g 1.61° 1.58% 1.56 1.54° 0.06 0.012
Mortality,% 333" 0.83° 0.83° 5.00° 2.85 0.012

BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; FCR, feed conversion ratio; GOD, glucose oxidase; SEM, standard errors of the mean.

Values are means + pooled SEM (n=6).

““Mean values within a row having different superscript letters were significantly different (p < 0.05).
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TABLE 3 Slaughter performance of broilers fed diets supplemented
with GOD.

Groups

Control
Dressing-out percentage, % 90.3b 93.9* 0.73 <0.01
Semi-eviscerated yield, % 76.7° 80.2° ‘ 0.59 ‘ <0.01
Eviscerated yield, % 67.8 68.4 1.87 0.853
Abdominal fat yield, % 1.4 1.1 0.17 0.067

GOD, glucose oxidase; SEM, standard errors of the mean.

Values are means + pooled SEM (n=6).

**Mean values within a row having different superscript letters were significantly different
(p < 0.05).

of Fabricius in broilers (Table 4). In terms of intestinal indices, dietary
supplementation with GOD significantly increased (p < 0.05) the
lengths and weights of the duodenum, jejunum, ileum, and total small
intestine compared to values in the control group (Table 5).

TABLE 4 Immune organ index of broilers fed diets supplemented
with GOD.

Groups

Control
Thymus 2.4° 3.1° 0.33 <0.01
Spleen 16" 2.2° 0.13 0.014
Bursa of Fabricius 1.8° 2.3% 0.11 <0.01

GOD, glucose oxidase; SEM, standard errors of the mean.

Values are means + pooled SEM (n=6).

**Mean values within a row having different superscript letters were significantly different
(p <0.05).

TABLE 5 Intestinal index of broilers fed diets supplemented with GOD.

Groups

Control

10.3389/fanim.2024.1491519

3.4 Intestinal morphology

As shown in Table 6, in the duodenum, dietary
supplementation with 800 mg/kg GOD significantly increased
(p < 0.05) the villus height and ratio of villus height to crypt
depth and decreased (p < 0.05) the crypt depth compared to those of
the control group. Similarly, in the ileum, the villus height and ratio
of villus height to crypt depth were significantly increased (p < 0.05)
and the crypt depth was decreased (p < 0.05) in the 800 mg/kg GOD
group compared with the control group.

3.5 Cecal microbiota diversity
and composition

The results from Table 7 show that dietary supplementation
with 800 mg/kg GOD did not affect (p > 0.05) the Chaol and
Shannon indices but decreased (p < 0.05) the Simpson index of the
cecal microbiota compared to indices in the control group. At the
phylum level, Firmicutes, Bacteroidetes, Proteobacteria and
Verrucomicrobia were the most abundant, with abundances >
1.0% in all groups in this study (Figure 1). The phylum
Verrucomicrobia was significantly more abundant (p < 0.05) in
the GOD group, but there was no significant difference (p > 0.05) in
the abundances of phyla Firmicutes, Bacteroidetes and
Proteobacteria between the control and GOD groups. At the
genus level, 20 genera with an abundance > 1.0% were present in
all groups (Figure 2). Compared to abundances in the control
group, the abundances of the genera Ralstonia, Akkermansia and
Parabacteroides were increased (p < 0.05), and that of Ruminococcus
was decreased (p < 0.05).

TABLE 6 Intestinal morphology of broilers fed diets supplemented
with GOD.

Length, cm Groups

Duodenum 24.8" 30.5° 1.56 <0.01 Control

Jejunum 77.2° 86.7 1.95 <0.01 Duodenum

Tleum 70.5 84.2° 2.80 0.040 Villus height 518.8" 612.1° 4271 0.007
Total 172.5° 201.3* 513 0.003 Crypt depth 106.9° 91.1° 10.78 0.043
Weight, g v/C 4.96" 6.85" 0.78 0.002
Duodenum 10.0° 127 0.98 0.005 Jejunum

Jejunum 22.1° 24.7* 091 0.001 Villus height 524.0° 599.6* 35.69 0.006
Tleum 19.7° 223 1.59 0.043 Crypt depth 102.6" 92.0° 6.64 0.025
Total 51.8 59.6* 2.68 0.001 VIC 5.11° 6.52° 0.14 <0.01

GOD, glucose oxidase; SEM, standard errors of the mean.

Values are means + pooled SEM (n=6).

**Mean values within a row having different superscript letters were significantly different
(p < 0.05).

Frontiers in Animal Science

GOD, glucose oxidase; SEM, standard errors of the mean.

Values are means + pooled SEM (n=6).

*Mean values within a row having different superscript letters were significantly different
(p < 0.05).
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TABLE 7 Alpha diversity index of the cecal microbiota in broilers fed
diets supplemented with GOD.

Groups

Control GOD
Chaol 596.70 590.88 60.96 0572
Shannon 6.61 5.93 0.98 0.275
Simpson 0.96* 0.89° 0.10 0.048

GOD, glucose oxidase; SEM, standard errors of the mean.

Values are means + pooled SEM, and data are the means from twelve individuals/group.
**Mean values within a row having different superscript letters were significantly different
(p <0.05).

4 Discussion

GOD was previously demonstrated to have the ability to
catalyze B-D-glucose to produce hydrogen peroxide (H,O,) and
B-D-gluconolactone by molecular oxygen as an electron acceptor,
and the latter was spontaneously hydrolyzed to gluconic acid
(Hztzinikolaou and Macris, 1995). The presence of gluconic acid
and H,O, is supposed to reduce the pH of the digestive tract and
resist pathogen proliferation, thus contributing to improving
growth performance (Hoque et al, 2022). However, the results

10.3389/fanim.2024.1491519

from many previous studies on the effects of GOD supplementation
on growth performance in broilers were inconsistent. No effects on
the ADG, ADFI and FCR were observed in Chinese male Lingnan
yellow-feathered broilers by supplementation with 75 U/kg GOD
throughout a 52-day feeding period (Wang et al.,, 2018) and in male
Arbor Acres broilers by supplementation with 0.01% GOD in a 42-
day feeding experiment (Qu and Liu, 2021). Zhao et al. (2022)
found that dietary supplementation with 200 U/kg GOD decreased
the FCR in Chinese male You chickens from 42 to 77 days of age.
The results from Hoque et al. (2022) suggested that feeding Ross
308 male broilers with 0.02% to 0.03% GOD increased the ADG and
decreased the FCR from 1 to 35 days of age. Similarly, in this study,
we found that supplementation with 400 to 800 mg/kg GOD in the
diet could increase the ADG and decrease the FCR but did not affect
the ADFI from 1 to 42 days of age. This improved growth
performance in the present study may be due to increased
nutrient digestion and absorption. Dang et al. (2021) reported
that dietary supplementation with 0.03% GOD increased the
apparent total tract digestibility of energy and nitrogen in
growing pigs. In addition, Wu et al. (2019) observed that the
supplement with 60 U/kg GOD not only improved apparent
digestibility of crude protein, calcium, total phosphorus, and ether
extract, but also increased the small intestinal activities of amylase,
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chymotrypsin, and lipase in 42-day-old broilers. The improvement
in growth performance by dietary supplementation with GOD, as
observed in this study, may be related to the gluconic acid
production. Gluconic acid can be produced by catalytic reaction
of GOD and could be further fermented by specific bacteria to
produce short-chain fatty acids, such as acetic acid, butyric acid and
so on, in the hindgut (Zhao et al, 2022). These acids could be
conducive to lowering intestinal pH and improving the activity of
digestive enzymes, thus increasing digestion and absorption so that
could promote the growth performance.

Broilers fed an 800 mg/kg GOD diet had a higher dressing-out
percentage and semieviscerated yield compared to those of the
control group, indicating that GOD supplementation had the ability
to increase slaughter performance. An explanation may be that
dietary GOD supplementation could lower gut pH and increase
digestive enzyme activity by producing gluconic acid and improving
nutrient digestion, absorption and deposition, thus increasing
slaughter performance. In addition, we also found a decreased
trend in abdominal fat yield in the GOD group, while no
significant difference in eviscerated yield was observed between
the control and GOD groups, further suggesting that dietary GOD
supplementation may affect nutrient metabolism, decreasing fat
anabolism and contributing to an increased carcass yield.

Generally, the immune organ index can be used to estimate the
growth and development of immune organs. In broilers, a higher
immune organ index usually means an increase in immune
function and disease resistance (Xing et al, 2020). Liu et al.
(2020) reported that dietary supplementation with 200 mg/kg
GOD did not affect spleen and bursa of Fabricius indices of 28-
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day-old ducks. Similarly, Wang et al. (2018) found that adding 15
mg/kg GOD into the diet had no significant effect on the relative
weights of the thymus, spleen and bursa of Fabricius in Chinese
yellow-feathered broilers from 1 to 52 days of age. In this study,
dietary GOD supplementation had significant effects on the
immune organ indices compared to the control group, and GOD-
fed broilers had a higher relative weight of the thymus, spleen, and
bursa of Fabricius, indicating that GOD had a protective role in
promoting immune organ development. This inconsistency might
be mainly due to the difference in supplemental levels of GOD,
feeding environment and animal breed, etc.

The small intestine, which is composed of three segments,
namely, the duodenum, jejunum, and ileum, is a very important
organ of the digestive system where ingested feed is digested and
nutrients are absorbed (Bazira, 2023). In terms of the intestinal
index, in this study, we found that GOD supplementation in the diet
significantly increased the lengths and weights of the duodenum,
jejunum and ileum, indicative of a promoting activity of GOD in
digestive organ development. It is reasonable to infer that a longer
small intestine tract would expand the time of transit through the
tract of intestinal contents, thus contributing to the digestion and
absorption of nutrients and growth performance. The explanation
for this result whereby the dietary GOD supplementation promoted
intestinal development might have been the production of the
gluconic acid metabolites in the gut. According to other reports,
the end products of gluconic acid formed through bacterial
fermentation, such as butyric acid, were demonstrated to
accelerate the proliferation and differentiation of intestinal
epithelial stem cells and enhance the relative weight and length of

07 frontiersin.org


https://doi.org/10.3389/fanim.2024.1491519
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org

Zhu et al.

the small intestine (Lan et al., 2020; Zabek et al, 2020), thus
contributing to the intestinal development.

The morphology of the small intestine is often closely related to
the ability to absorb of nutrients. The villi have finger-like
projections and dictate the surface area of nutrition absorption,
while the crypts have crevice-like invaginations and dictate the
maturation rate of the cells (Cloft et al., 2023). Usually, a larger ratio
of villus height to crypt depth reflects a better intestinal absorption
function (Zhao et al., 2022). In this study, dietary GOD
supplementation significantly increased the villus height and the
ratio of villus height to crypt depth and decreased the crypt depth,
indicating that GOD could improve the morphology and structure
of the intestine, which is consistent with the results of previous
studies (Qu and Liu, 2021; Zhao et al., 2022).

The microbial community within the intestinal tract plays a
significant role in overall health and digestion, and the cecal
microbiota has the highest bacterial richness and diversity in broiler
chickens. In the ceca, more than 90% of the bacteria are gram-positive,
and the most dominant phylum was Firmicutes, followed by
Bacteroidetes and Actinobacteria (Feye et al., 2020). In this study, we
found that dietary supplementation with GOD significantly decreased
the Simpson index of the cecal microbiota, indicating that GOD
supplementation could increase the diversity of the cecal microbial
community in broilers. The main phyla of the cecum were composed
of Firmicutes, Bacteroidetes, Proteobacteria and Verrucomicrobia in
this study, and dietary GOD supplementation increased the abundance
of Verrucomicrobia in the cecum. Verrucomicrobia is known to
improve glucose metabolism in animals, and the increased
abundance of Verrucomicrobia could contribute to the depletion of
pathogenic microorganisms, such as Escherichia and Shigella (Li et al,,
2022). At the genus level, we found that dietary supplementation with
GOD increased the abundances of Ralstonia, Akkermansia and
Parabacteroides and decreased that of Ruminococcus in the cecum.
Ralstonia was previously demonstrated to have the ability to oxidize
trace levels of H, using O, as the terminal electron acceptor to obtain
metabolic energy, indicative of energy conversion (Ludwig et al., 2009).
Although the role of this genus in poultry is unknown, Ralstonia was
proved to present antimicrobial activity and biosynthesis of bioactive
compounds and can produce beneficial secondary metabolites for the
host, contributing to the intestinal development and health (Cerezo-
Ortega et al,, 2021). Akkermansia has been identified as a dominant gut
bacterium that abundantly colonizes in a nutrient-rich environment
and is usually considered to be a “lean microbe” (Cui et al,, 2022).
Dietary supplementation with raffinose and oligofructose can stimulate
the proliferation of Akkermansia (Everard et al,, 2011; Zhu et al., 2020),
and the abundance of Akkermansia in the gut was previously
demonstrated to decrease high-fat diet-induced fat-mass gain and
oxidative stress in mice (Everard et al, 2013), indicative of glucose
homeostasis regulation and antioxidant activity. In broilers,
Akkermansia in the intestinal mucosa can synthesize short-chain
fatty acids to promote their colonization and provide energy to the
host and thus enhances gut integrity (Rassmidatta et al., 2024). The
genus Parabacteroides is also an important member of the human and
mammalian normal intestinal microbiota and was reported to be
involved in the degradation of polysaccharides, the production of
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short-chain fatty acids and the modulation of host immune response
(Qiao et al,, 2022). In addition, Wang et al. (2019) reported that oral
gavage of live Parabacteroides to mice could alleviate obesity and
metabolic dysfunctions via the production of succinate and secondary
bile acids, which were involved in the central control of energy and
glucose homeostasis. Overall, these results indicated that the GOD
supplement may consume oxygen by the catalytic reaction to produce
gluconic acid and hydrogen peroxide (Hztzinikolaou and Macris,
1995), which provide an antipathogen environment and stimulate
the growth of beneficial bacteria, such as Ralstonia, Akkermansia and
Parabacteroides. Thus, a positive regulation in the structure of intestinal
microbiota by GOD treatment may improve broiler gut health and
growth performance.

In conclusion, our findings demonstrated that dietary
supplementation with GOD increased the growth performance
and slaughter yield of broilers. The dietary GOD could promote
immune organ and small intestine development and improve the
intestinal morphology. GOD also regulated cecal microbiota with
increasing the abundance of beneficial bacteria (Ralstonia,
Akkermansia and Parabacteroides), which might be related to the
improvement of the growth performance and gut health in broilers.
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