
Original Research Article

Mannanase improves the growth performance of broilers by
alleviating inflammation of the intestinal epithelium and improving
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a b s t r a c t

This experiment aimed to discuss and reveal the effect and mechanism of mannanase on intestinal
inflammation in broilers triggered by a soybean meal diet. In this experiment, 384 Arbor Acres broilers at
1 d old were randomly divided into 3 treatment groups. The broilers were fed a corn-soybean meal basal
diet, a low-energy diet (metabolizable energy reduced by 50 kcal/kg), and a low-energy diet supple-
mented with 100 mg/kg mannanase for 42 d. The low-energy diet increased feed conversion ratio from
0 to 42 d, reduced ileal villus height and villus height-to-crypt depth ratio and upregulated the
expression of nuclear factor kappa B (NF-kB) in the ileum (P < 0.05). It also reduced cecal short-chain
fatty acids (SCFA), such as acetic acid (P < 0.05). Compared with low-energy diets, the addition of
mannanase increased body weight at 42 d, promoted the digestibility of nutrients, and maintained the
morphology and integrity of the intestinal epithelium of broilers (P < 0.05). In addition, mannanase
upregulated the expression of claudin-1 (CLDN1) and zonula occludens-1 (ZO-1) in the jejunum at 21 d,
downregulated the expression of ileal NF-kB, and increased the content of isobutyric acid in the cecum of
broilers (P < 0.05). The results for the ileal microbiota showed that a low-energy diet led to a decrease in
the relative abundance of Lactobacillus reuteri in the ileum of broilers. The addition of mannanase
increased the relative abundance of Lactobacillus-KC45b and Lactobacillus johnsonii in broilers. Further-
more, a low-energy diet reduced the relative abundance of Butyricicoccus in the intestine of broilers and
inhibited oxidative phosphorylation and phosphoinositol metabolism. Mannanase increased the relative
abundance of Odoribacter, promoted energy metabolism and N-glycan biosynthesis, and increased the
activities of GH3 and GH18. It is concluded that mannanase could improve the growth performance of
broilers by reducing the expression of NF-kB in the ileum, increasing the production of SCFA in the
cecum, suppressing intestinal inflammation, balancing the intestinal microbiota, reducing damage to the
intestinal barrier, and improving the efficiency of nutrient utilization to alleviate the adverse effects
caused by the decrease in dietary energy level.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

The amount of energy supplied to animals in feed is used mainly
to meet maintenance and production requirements, and feed intake
mainly depends on the concentration of energy in the diet (Maharjan
et al., 2021a). It has been shown thatwhen the dietary energy level of
broilers is reduced, the body weight (BW) (M. P. Williams, 2014) and
body weight gain (Ferreira et al., 2016a) are also reduced, affecting
feed conversion efficiency (Zhao and Kim, 2017).

Intestinal function is regulated by a number of factors, such as
intestinal microbiota and feed composition. Intestinal health not
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only affects the digestion and absorption of feed nutrients in ani-
mals, but also affects the immune function of livestock and poultry.
Therefore, intestinal health regulation is essential to improve the
growth performance of broilers fed a low-energy diet.

Soybean meal has a high protein content, a good amino acid
balance, relatively low fiber, and a higher energy availability than
other vegetable protein sources, making it by far the most widely
used protein source in animal feed. However, soybean meal com-
prises approximately 17% to 27% non-starch polysaccharides (NSP)
(Vangroenweghe F, 2021). The content of mannan is approximately
1.3% to 1.6% of soybean meal, which is the second largest compo-
nent of hemicellulose in leguminous plants (Hsiao et al., 2006).
Mannan is a water-soluble NSP consisting of repeating mannose
units linked by b-1,4-glycosidic bonds. Some of the side chains of
mannan contain galactose or glucose (Dawood andMa, 2020a), and
mannan is a typical anti-nutritional factor in a corn-soybean meal
diet. Mannan can increase the viscosity of chyme (Caldas et al.,
2018), inhibit intestinal peristalsis, increase satiety, reduce feed
intake, improve the thickness of the water layer on the surface of
the intestinal mucosa (Ayoola et al., 2015), hinder digestion and
absorption of nutrients in feed by animals, and cause energy loss
(Hsiao et al., 2006). In addition, it can disrupt the microbial com-
munity in the digestive tract (Kim et al., 2017) and affect the growth
performance and intestinal health of animals.

Mannanase is a hemicellulase that hydrolyzes the b-1,4-D-
mannosidic bond with strict specificity to the substrate. Hemi-
cellulases are mainly derived from bacteria, such as Bacillus (David
A, 2018) and are mostly extracellular enzymes, which usually
require purification to improve their specificity and efficiency of
action (Bhaturiwala et al., 2021). The addition of mannanase to feed
can degrade mannan and release mannan-oligosaccharides (MOS).
As a prebiotic, MOS can indirectly regulate intestinal microecology,
metabolism, and immunity by promoting the increase of Lactoba-
cillus and Bifidobacterium and inhibiting the adhesion of harmful
bacteria such as Escherichia coli to the animal intestine (Gutierrez
et al., 2008). Mannanase can not only eliminate the anti-
nutritional effect of mannan, but also exert the probiotic effect of
MOS and regulate the structure of the intestinal microbiota (Lai
et al., 2015). Several studies have shown that mannanase can
maintain intestinal epithelium morphology, improve the di-
gestibility of nutrients (Ko et al., 2021), inhibit the expression of
various pathogen-associated signaling pathways (Arsenault et al.,
2017a) and alleviate intestinal inflammation (Arsenault et al.,
2017b; Ferreira et al., 2016b). In addition, mannanase can alter
the structure of the intestinal microbiota and inhibit the adhesion
of E. coli to the intestine (Zheng et al., 2020), indirectly regulating
the intestinal microecology, in vivo metabolism, and immunity of
animals. Poultry do not have enzymes to break down mannan.
Therefore, the exogenous addition of mannanase has gradually
become an effective strategy to maximize the potential growth
performance of poultry, improve the efficiency of nutrient diges-
tion, absorption, and utilization, and improve intestinal health.
Therefore, this experiment aimed to evaluate the effect of man-
nanase on the improvement of growth performance and nutrient
digestibility of broilers fed a low-energy diet, and to explore the
effect and mechanism of action of mannanase on intestinal
inflammation in broilers triggered by a soybean meal diet.

2. Materials and methods

2.1. Animal ethics

All animal management procedures were carried out in accor-
dance with the Beijing Experimental Animal Management Regu-
lations and approved by the Experimental Animal Welfare and

Animal Experimentation Ethics Review Committee of China Agri-
cultural University. Animal ethics project number is AW02403202-
1-1.

2.2. Experimental animals and diets

In this experiment, 384 Arbor Acres broiler chickens at 1 d old
were randomly divided into 3 groups of 8 replicates, with 16
broilers in each replicate. A one-way experimental design was used
in this study. The trials were grouped as follows: (1) positive control
group (PC, corn-soybean meal basal diet); (2) low-energy negative
control group (NC, metabolizable energy [ME] below 50 kcal/kg of
the basal diet); and (3) experimental group (NC þ BM, low-energy
diet with an additional 100 mg/kg of mannanase). Mannanase
(Shengmei Enzyme, activity 3000 U/g, derived from deep liquid
fermentation of Bacillus lentus) was purchased from Beijing Strowin
Biotechnology Co., Ltd. (Beijing, China).

Formulation of a corn-soybean meal basal diet was made ac-
cording to the nutritional requirements of broiler chickens rec-
ommended in NY/T 33-2004. The ME of the low-energy diet was
50 kcal/kg lower than that of the basal diet. The composition and
nutritional levels of the test diets are shown in Table 1. The test
diets were in pellet form. All tested broilers were reared at the
Zhuozhou Poultry Breeding Base at the China Agricultural Univer-
sity Teaching Experimental Farm (Hebei, China). During the entire
experiment, 24 h of light was provided per day. The chickens were
raised at an initial temperature of 33 �C which gradually decreased
to 24 �C on d 21. The feeding management and nutritional supply of

Table 1
Composition and proportions of experimental diets1 (%, as is basis).

Item Positive
control group

Negative
control group

0 to 21 d 22 to 42 d 0 to 21 d 22 to 42 d

Compositions
Corn (7.8% CP) 52.95 57.69 54.60 57.77
Soybean meal (44% CP) 35.33 29.00 34.34 30.58
Corn gluten meal 3.60 4.29 4.00 3.17
Soybean oil 3.70 5.10 2.60 4.56
L-Lysine hydrochloride (98.5%) 0.17 0.19 0.21 0.16
Calcium hydrogen phosphate 1.85 1.47 1.76 1.51
Stone powder 1.32 1.30 1.41 1.26
NaCl 0.40 0.22 0.40 0.24
Trace mineral feed2 0.20 0.10 0.20 0.10
Choline chloride (50%) 0.15 0.10 0.15 0.10
DL-Methionine (99%) 0.21 0.13 0.21 0.14
Antioxidants 0.05 0.05 0.05 0.05
Vitamin premix3 0.03 0.02 0.03 0.02
Phytase 0.02 0.02 0.02 0.02
Zeolite 0.02 0.02 0.02 0.02
Cr2O3 0.00 0.30 0.00 0.30
Total 100.00 100.00 100.00 100.00
Calculated nutrient levels4

Metabolizable energy, kcal/kg 3000.00 3150.00 2950.00 3100.00
Crude protein 22.18 20.16 22.16 20.15
Ca 1.03 0.92 1.04 0.92
Available phosphorus 0.45 0.38 0.44 0.39
Lysine 1.23 1.10 1.24 1.10
Methionine 0.56 0.46 0.56 0.46

1 The feed was in granular form.
2 The analytical values per kilogram of trace mineral feed ingredients were as

follows: Cu 8 g, Fe 40 g, Zn 55 g, Mn 60 g, I 750 mg, Se 150 mg, Co 250 mg, moisture
�10%.

3 The analytical values per kilogram of vitamin premix composition were as fol-
lows: vitamin A 50 million IU, vitamin D3 12 million IU, vitamin E 100,000 IU,
vitamin K3 10 g, vitamin B1 8 g, vitamin B2 32 g, vitamin B6 12 g, vitamin B12 100mg,
nicotinamide 150 g, D-pantothenic acid 46 g, folic acid 5 g, biotin 500 mg, moisture
�6%.

4 Values calculated from the analysis of the experimental diets.
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the birds met the recommendations and regulations of the Feeding
Management Manual.

2.3. Measurement of growth performance

On d 21 and 42, each cage of broilers was weighed after 12 h of
fasting. Feed consumption was recorded, and feed intake and BW
were measured in each replicate. The average daily feed intake
(ADFI), average daily gain (ADG), and feed conversion rate (FCR)
were calculated for 0 to 21 d, 22 to 42 d, and 0 to 42 d, respectively.
The health and mental condition of the chickens were observed
daily, during which mortality was also checked for.

2.4. Measurement of the apparent total tract digestibility (ATTD) of
nutrients

The exogenous indicator method was used to determine the
ATTD of nutrients. At d 18, 4 broilers in each replicate of each
treatment group were randomly selected to be transferred to a
separate enclosure and fed the test diet supplemented with 0.3%
Cr2O3 for 4 d. From 22 to 28 d, 4 broilers were randomly selected
from each replicate for fecal sample collection. After removing
contaminants such as feathers and feed, the surface of the feces was
sprayed with 10% hydrochloric acid to fix nitrogen. The mixture of
feces was then placed in an oven at 65 �C, dried to a constant
weight, crushed, and passed through a 40-mesh sieve. Dry matter
(DM), crude protein (CP), and gross energy (GE) in diets and feces
were determined. DM and CP were determined according to GB/T
6435-2014 and GB/T 6432-2018, respectively. GE was determined
according to ISO 9831:1998. The ME of feed was calculated using
the formula: ME of feed (MJ/kg) ¼ GE of feed � ATTD of GE. The
ATTD was calculated using the formula as follows:

The ATTD of nutrients ð%Þ¼
�
1e

Indicator content in feed
Indicator content in feces

�Nutrient content in feces
Nutrient content in feed

�
� 100

2.5. Sample collection

On d 21 and 42, one healthy chicken was randomly selected
from each replicate, weighed, and their blood were then collected
from wing veins. Serum was separated at 4 �C by centrifugation at
3000� g for 15 min. The experimental broilers were euthanized by
jugular vein bleeding, andmolecular samples (approximately 1 cm)
and tissue samples (approximately 1.5 cm) were collected from the
mid-jejunum andmid-ileum. The intestinal chymewas rinsed with
normal saline, the molecular samples flash-frozen in liquid nitro-
gen, and the tissue samples required for morphological analysis
fixed with 4% paraformaldehyde. The mucosa of the posterior
jejunum and ileum was scraped, and samples of the ileum and
cecum were aseptically collected from the chyme. The samples
were flash-frozen in liquid nitrogen. Chyme from the posterior
segment of the jejunum was collected and temporarily stored
at �20 �C. All serum, molecular, and chyme samples were trans-
ferred to a �80 �C freezer for storage.

2.6. Viscosity of jejunal chyme

After thawing the chyme to room temperature, a 1.5-g sample
was placed into a centrifuge tube, to which deionized water was
added at a ratio of 1:9 (wt:vol). The tube was then vortexed to mix
its contents thoroughly. The mixture was then centrifuged at 3000
� g for 20 min at 4 �C and the supernatant removed to determine

the chyme's viscosity using an Ostwald viscosimeter (1831-2;
0.55 mm; Huanguang Glass Instruments Co., Ltd., Taizhou, Zhe-
jiang, China).

2.7. Intestinal morphology

The jejunal and ileal tissues were embedded and fixed with
paraffinwax to prepare sections. The intestinal tissues were stained
with AB-PAS and then placed under a Leica microscope (Mod-
elDMi8, Wetzlar, Germany) to determine the morphology of the
intestinal epithelium. Ten intact, straight-running villi were
randomly selected from each section. LIOO software was used to
measure each intestinal villus height (VH) and crypt depth (CD) and
to calculate the ratio of VH to CD (V:C). VH was measured from the
tip of the villi to the entrance of the crypt. CD refers to the vertical
distance from the base of the corresponding villi to the submucosa.

2.8. Determination of diamine oxidase (DAO), D-lactic acid (D-LA),
and endotoxin (ET) in serum

Chicken DAO and D-LA ELISA kits (Shanghai Guduo Biotech-
nology Co., Ltd., Shanghai, China) were used to determine the DAO
and D-LA contents in the serum. This test was performed using a
chicken endotoxin test LAL kit (Xiamen Bioendo Technology Co.,
Ltd., Xiamen, China) to determine ET in serum. The above indicators
were tested separately according to the instructions supplied with
each kit.

2.9. Determination of gene expression related to intestinal
immunity and intestinal barrier

TRIzol reagent was used to extract total RNA from the jejunum
and ileum. The concentration of total RNA was determined using a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, United States). Following the instructions provided
with each separate kit, reverse transcription and fluorescence
quantification were performed using PrimeScript RT and SYBR
Premix Ex Taq II (Tli RNaseH Plus) (Takara Biomedical Technology
Co., Ltd., Beijing, China), respectively.

With b-actin as an internal reference, the gene expression
related to intestinal immunity and intestinal barrier was deter-
mined by an ABI 7500 real-time fluorescence quantitative PCR in-
strument. Table 2 lists the primers used for real-time fluorescent
quantitative PCR in this study. The relative expression of each target
gene mRNA was calculated using 2�DDCt.

2.10. Determination of the content of short-chain fatty acids (SCFA)
in the cecum

A 0.4-g sample of chyme was placed into a centrifuge tube to
which 0.5 mL of normal saline was added, and the mixture shaken
well. The mixture was then centrifuged at 5400 � g for 20 min at
4 �C and 0.2 mL of the resulting supernatant placed into a centri-
fuge tube. Fifty microliters of 25% (wt:vol) metaphosphate depro-
teinized solution containing 2 g/L internal standard 2 EB was then
mixed in with the supernatant and the mixture incubated over-
night at 4 �C to precipitate component proteins. The proteins were
removed by centrifugation at 10,000 � g at 4 �C for another 10 min.
The supernatant was filtered through a 0.22-mm filter membrane.
SCFA in the cecal contents were detected by gas chromatography
(GC2014; Shimadzu Corporation, Kyoto, Japan) and calculated by
the internal standard method. The gas chromatograph used N2 as
the carrier gas for the gasification chamber, with a split ratio of 40:1
and a temperature of 220 �C. An HP-INNOWax capillary column
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(Agilent Technologies, Santa Clara, CA, USA) was used in constant
flow mode with a flow rate of 2.0 mL/min. The parameters of the
detector were as follows: H2 flow rate, 40 mL/min; air flow rate,
450 mL/min; column flow rate þ make-up gas flow rate,
45 mL/min; and FID temperature, 250 �C.

2.11. 16S rRNA sequencing of microorganisms in the ileum

2.11.1. DNA extraction and high-throughput sequencing
Microbial DNA was extracted from the contents of the ileum

using a fecal microbial DNA extraction kit (QIAamp Fast DNA Stool
Mini Kit; QIAGEN, Germany). The concentration of DNA was
determined using a NanoDrop 2000 microspectrophotometer, and
the purity of DNA was checked by 1% agarose gel electrophoresis.
The common primers 515F (50-GTG CCA GCM GCC GCG GTA A-30)
and 806R (50-GGA CTA CHV GGGTWT CTA AT-30) of the V4 region of
the 16S rRNA gene were used to amplify the bacterial DNA. After
amplification, the PCR products ran on a 2% agarose gel and were
purified using a QIAquick Gel Extraction Kit (Qiagen, Germany). The
library was constructed using the TruSeq DNA PCR-Free Sample
Preparation Kit. The constructed library was quantified using Qubit
and qPCR. After the library was qualified, HiSeq2500-PE250 was
used for sequencing. Sequencing analysis was performed by
Novogene Biotech Co., Ltd. (Beijing, China).

2.11.2. Sequence processing and bioinformatics analysis
Flash software (version 1.2.7) was used to stitch the reads of the

samples to obtain raw tag data. The raw tag data were processed by

referring to the QIIME (version 1.9.1) tag quality control process,
and the sequences of the processed tags were compared with the
database using the UCHIME algorithm. Chimeric sequences were
detected and removed to obtain effective tags which were clustered
using UPARSE software (UPARSE v7.0.1001). The sequences were
then clustered into OTU with 97% consistency and representative
sequences were selected. Based on the principles of the algorithm,
the sequence with the highest frequency of occurrence was used as
the representative sequence of OTU, and the representative
sequence was annotated with species. SSU rRNA databases from
Mothur and SILVA were used for species annotation analysis
(threshold ¼ 0.8 to 1) to obtain taxonomic information and com-
munity composition at each taxonomic level. MUSCLE software
(version 3.8.31) was used for rapid multiple sequence alignment to
obtain phylogenetic relationships for all OTU representative se-
quences, and the data of each sample was homogenized. The
sample with the least amount of data was taken as the standard,
and the subsequent analysis of diversity was based on the ho-
mogenized data. QIIME software was used to calculate the UniFrac
distance of each sample to construct UPGMA clustering trees.
Linear discriminant analysis effect size (LEfSe) softwarewas used to
identify biomarkers that were statistically different between
groups (classes of bacteria with significant differences in relative
content) based on linear discriminant analysis (LDA) values. R
software (version 2.15.3) was used to draw a Venn diagram, dilution
curve diagram, coverage index diagram, principal component
analysis (PCA) diagram, and principal coordinate analysis (PCoA)
diagram, together with ANOSIM analysis. The t-tests between
groups were performed for genera with a relative abundance
>0.001 using R software. PICRUSt software was used to predict and
analyze metagenomic function.

2.12. Metagenomics sequencing of the ileum and cecum

The contents of the ileum and cecum of healthy chickens at
42 d were mixed in equal masses, and the genomic DNA of the
microbiota was extracted from the contents. Quality control and
quantification of DNA were performed using agarose gel electro-
phoresis and Qubit. Covaris ultrasound was used to fragment
tested DNA samples into lengths of approximately 350 bp. Ter-
minal repair and addition of sequencing connectors and A-tails
were then performed. After purification and PCR amplification, a
sequencing library was prepared. The library was quantified and
diluted using Qubit 2.0. Agilent 2100 was used to conduct in-
spection of the insert size of the library to ensure that the
sequencing library was of suitable quality. Illumina PE150 was
used to sequence the library, and analysis of the sequencing data
performed by Novogene Biotech Co., Ltd. (Beijing, China). During
sequencing analysis, clean data were obtained by quality control
and host filtration. Metagenome assembly, gene prediction, and
species annotation were then performed, and finally, the relative
abundance of different species was analyzed based on OTU.
Functional annotation was performed based on metabolic path-
ways (KEGG), homologous gene clusters (eggNOG), and carbohy-
drases (CAZy) databases.

2.13. Statistical analysis

SPSS 22.0 software was used for one-way analysis of variance
(ANOVA) of the data from each treatment group. The differences
between treatments were analyzed using Duncan's multiple com-
parisons test and the results expressed as mean ± standard error
(SEM). Significant differences were based on P < 0.05 and P values
between 0.05 and 0.10 were classified as trends.

Table 2
Sequences of oligonucleotide primers1 for real-time quantitative fluorescence PCR.

Gene Sequences of primers (50 to 30)2 Serial number

CLDN1 F: CATACTCCTGGGTCTGGTTGGT
R: GACAGCCATCCGCATCTTCT

NM_001013611.2

b-Actin F: CAACACAGTGCTGTCTGGTGGTAC NM_205518.1
R: CTCCTGCTTGCTGATCCACATCTG

OCLN F: ACGGCAGCACCTACCTCAA
R: GGGCGAAGAAGCAGATGAG

NM_205128.1

ZO-1 F: CTTCAGGTGTTTCTCTTCCTCCTC
R: CTGTGGTTTCATGGCTGGATC

XM_015278981.1

MUC-2 F: TTCATGATGCCTGCTCTTGTG
R: CCTGAGCCTTGGTACATTCTTGT

XM_421035

IL-1b F: ACTGGGCATCAAGGGCTA
R: GGTAGAAGATGAAGCGGGTC

NM_204524.1

IL-4 F: GCTCTCAGTGCCGCTGATG
R: GAAACCTCTCCCTGGATGTCAT

NM-0010079.1

IL-6 F: CGCCCAGAAATCCCTCCTC
R: AGGCACTGAAACTCCTGGTC

XM_015281283.1

IL-8 F: ATGAACGGCAAGCTTGGAGCTG XM_015301388.1
R: TCCAAGCACACCTCTCTTCCATCC

IL-10 F: GCTGCCAAGCCCTGTT
R: CCTCAAACTTCACCCTCA

NM_001004414.2

IL-18 F: TGATGAGCTGGAATGCGATG NM_204608.3
R: ACTGCCAGATTTCACCTCCTG

TGF-b3 F: CATCGAGCTCTTCCAGATCC NM_205454.1
R: GACATCGAAGGACAGCCACT

TNF-a F: GAGCGTTGACTTGGCTGTC
R: AAGCAACAACCAGCTATGCAC

XM_204267

IFN-g F: AGCTGACGGTGGACCTATTATT
R: GGCTTTGCGCTGGATTC

NM_205149.1

NF-kB F: GTGTGAAGAAACGGGAACTG
R: GGCACGGTTGTCATAGATGG

NM_205129.1

CLDN1 ¼ claudin-1; OCLN ¼ occludin; ZO-1 ¼ zonula occludens-1; MUC-2 ¼ mucin-
2; IL-1b ¼ interleukin-1b; IL-4 ¼ interleukin-4; IL-6 ¼ interleukin-6; IL-
8 ¼ interleukin-8; IL-10 ¼ interleukin-10; IL-18 ¼ interleukin-18; TGF-
b3 ¼ transforming growth factor-b3; TNF-a ¼ tumor necrosis factor a; IFN-
g ¼ interferon g; NF-kB ¼ nuclear factor kappa B.

1 Primers were designed using Primer Express software (Sangon Biotech Co., Ltd.,
Shanghai, China).

2 F for forward; R for reverse.
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3. Results

3.1. Growth performance

The growth performance of broilers in terms of BW, ADG, ADFI
and FCR is shown in Fig. 1. The low-energy diet significantly
increased the FCR of broilers between 0 and 42 d (P ¼ 0.005) and
tended to increase their ADFI between 0 and 21 d (P ¼ 0.093). The
addition of mannanase to the low-energy diet increased the BW of
broilers at 42 d, the ADG of broilers from 22 to 42 d, and from 0 to
42 d (P < 0.01). In addition, mannanase reduced the FCR of broilers
between 0 and 21 d (P ¼ 0.047) and from 0 to 42 d (P ¼ 0.005). It
also tended to reduce the ADFI of broilers between 0 and
21 d (P ¼ 0.093).

3.2. Viscosity of jejunal chyme

As shown in Fig. 2A, the reduction in the energy level of the diet
had no significant effect on the viscosity of the jejunal chyme of
broilers (P > 0.05). A low-energy diet supplemented with man-
nanase significantly reduced the viscosity of the jejunal chyme of
broilers on d 21 (P ¼ 0.005).

3.3. ATTD of nutrients

The low-energy diet had no significant effect on the ATTD of
nutrients in broilers compared to the basal diet (Fig. 2). The addi-
tion of mannanase to the low-energy diet significantly increased
the ATTD of DM, GE, and ME (P < 0.01).

3.4. Morphology of intestinal mucosa

Compared to thebasal diet, the low-energynegative control group
showed increased CD of the jejunal epithelium at 21 and
42 d (P < 0.01) and decreased V:C of the jejunal epithelium at 21 and

42 d (P < 0.01) (Fig. 3). A low-energy diet supplemented with man-
nanasedecreasedtheCDof jejunalepitheliumat21and42d(P<0.01)
and increased theV:Cof jejunal epitheliumat21and42d (P<0.01). In
addition, the low-energy diet significantly decreased the VH of the
ileal epithelium at 42 d, and the V:C at 21 d and 42 d (P< 0.01). It also
significantly increased the CD of the ileal epithelium at 21 d and
42 d (P < 0.01). Compared to the low-energy diet, the addition of
mannanase significantly increased the VH of ileal epithelium at
21 d (P¼ 0.012), the VHof ileal epithelium at 42 d, and the V:C of ileal
epithelium at 21 d and 42 d (P < 0.01), and also significantly reduced
the CD of the ileal epithelium at 21 d and 42 d (P < 0.01).

3.5. Integrity of the intestinal epithelium

As shown in Fig. 4, the low-energy diet significantly increased
the DAO level in the chickens’ serum at 21 d (P ¼ 0.001). The
addition of mannanase significantly reduced the DAO level in the
serum at 21 d compared to the low-energy diet (P ¼ 0.001). Addi-
tionally, a low-energy diet supplemented with mannanase could
significantly reduce the content of ET in the serum of broilers at
21 d (P ¼ 0.015) and tended to reduce ET in the serum at
42 d (P ¼ 0.059). The difference in the effect of mannanase addition
to the low-energy diet on the D-LA content in the serum of broilers
was not significant (P > 0.05).

3.6. Expression of genes associated with the intestinal epithelial
barrier

Compared with the basal diet, the low-energy diet had no sig-
nificant difference in the expression of genes related to the jejunal
epithelial barrier in broilers (P > 0.05) (Fig. 5). Supplementation of
mannanase in the low-energy diet significantly increased the
expression of claudin-1 (CLDN1) and zonula occludens-1 (ZO-1) in
the jejunum at 21 d (P < 0.01), and it also tended to increase the
expression of occludin (OCLN) in the jejunum of broilers at

Fig. 1. Effect of mannanase on growth performance of broilers fed a low-energy diet. The PC group was the positive control group on the basal diet. The NC group was the low-
energy negative control group. The NC þ BM group was the low-energy negative control group þ mannanase. All graphs are expressed as mean ± SEM, and P-values are marked at
the top of each graph. a, b Different lower case letters indicate significant differences (P < 0.05).
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42 d (P ¼ 0.069). In addition, compared to the positive control
group, the low-energy diet significantly decreased the expression
of ZO-1 in the ileum at 21 d (P¼ 0.003), while there was a tendency
to decrease the expression of mucin-2 (MUC-2) in the ileum at
21 d (P ¼ 0.072). Compared to the low-energy diet, the addition of
mannanase had no significant effect on the expression of genes
related to the ileal epithelial barrier (P > 0.05).

3.7. Expression of genes for cytokines and pathways associated with
the intestinal inflammatory response

As shown in Fig. 6, the low-energy diet significantly increased
the expression of interleukin (IL)-18 in the ileum at 21 d and
interferon g (IFN-g) at 42 d (P < 0.05), and caused an up-regulation
of the expression of nuclear factor kappa B (NF-kB) in the ileum of

Fig. 2. Effects of mannanase on the viscosity of intestinal chyme and apparent total tract digestibility of nutrients of broilers fed a low-energy diet. The PC group was the positive
control group on the basal diet. The NC group was the low-energy negative control group. The NC þ BM group was the low-energy negative control group þ mannanase. All graphs
are expressed as mean ± SEM, and P-values are marked at the top of each graph. a, b Different lower case letters indicate significant differences (P < 0.05).
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broilers at 21 d (P ¼ 0.029). There was also a tendency to decrease
the expression of IL-10 in the ileum at 21 d (P¼ 0.052). Compared to
the low-energy diet, the addition of mannanase significantly
increased the expression of transforming growth factor-b3 (TGF-b3)
in the ileum at 21 d and the expression of IL-10 at 42 d (P < 0.05),
and significantly decreased the expression of IL-18 and NF-kB in the
ileum at 21 d (P < 0.05). At the same time, the low-energy diet
supplementedwithmannanase also decreased the expression of IL-
1b (P¼ 0.054) and the relative expression of tumor necrosis factor a
(TNF-a) in the ileum on d 21 (P ¼ 0.067).

3.8. Contents of SCFA in the cecum

As shown in Fig. 7, compared to the positive control, the acetic
acid content of the cecal contents at 21 d in the low-energy nega-
tive control group was significantly decreased (P ¼ 0.046), and the

contents of isobutyric acid and isovaleric acid were also signifi-
cantly decreased (P < 0.01). Compared to the low-energy diet, the
addition of mannanase significantly increased isobutyric acid
content in the cecum at 21 d (P ¼ 0.006).

3.9. Microorganisms of the ileum

3.9.1. Alpha and beta diversity
As shown in Fig. 8, the low-energy diet had no significant effect

on the alpha diversity of the ileal chymemicroorganisms of broilers
in terms of the observed-species index and Shannon index
compared to the positive control group (P > 0.05). Compared to the
low-energy diet, the addition of mannanase had a relative tendency
to increase the Shannon index of ileal chyme at 21 d (P ¼ 0.090). It
also showed a relative tendency to increase the Chao 1 index
(P ¼ 0.079) and ACE index (P ¼ 0.091) of the ileum at 42 d. These

Fig. 3. Effect of mannanase on the morphology of intestinal mucosa of broilers fed a low-energy diet. The PC group was the positive control group on the basal diet. The NC group
was the low-energy negative control group. The NCþ BM group was the low-energy negative control groupþmannanase. All graphs are expressed as mean ± SEM, and P-values are
marked at the top of each graph. aec Different lower case letters indicate significant differences (P < 0.05).
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results indicate that the addition of mannanase increased the
richness and homogeneity of species of microorganisms in the ileal
chyme of broilers at 21 d and 42 d. In addition, there was no sig-
nificant difference in the beta diversity of the ileal microorganisms
of broilers supplemented with mannanase in the low-energy diet
(P > 0.05).

3.9.2. Top 5 microorganisms in relative abundance at the phylum
level in the ileum

As can be seen from Fig. 8H, in the above three treatment
groups, at the phylum level, the top 5 phyla in relative abundance of
the microorganisms in the ileal chyme at 21 d were Firmicutes,
Cyanobacteria, Proteobacteria, Bacteroidetes, and Actinobacteria.
As can be seen from Fig. 8I, in the above three treatment groups, the
top 5 species in terms of relative abundance in ileal chyme at 42 d
were Firmicutes, Proteobacteria, Bacteroidetes, Verrucobacteria,
and Desulfobacterotamen. The addition of mannanase tended to
reduce the relative abundance of Proteobacteria compared to the
low-energy negative control group (P ¼ 0.075).

3.9.3. Top 10 microorganisms in relative abundance at the genus
level in the ileum

As shown in Fig. 8J, the low-energy diet significantly increased
the relative abundance of Prevotella in the ileal chyme of broilers at
21 d (P < 0.05). The addition of mannanase tended to increase the
relative abundance of Tyzzerella (P ¼ 0.079). Compared to the low-

energy diet, the addition of mannanase significantly increased the
relative abundance of Lactobacillus in the ileal chyme microorgan-
isms of broilers at 42 d (P < 0.05) (Fig. 8K), with a tendency to
reduce the relative abundance of Enterococcus (P ¼ 0.080).

3.9.4. LEfSe test for different microorganisms
LEfSe analysis was used to determine statistical differences in

microorganisms between each group. As can be seen from Fig. 8L,
the low-energy negative control group significantly increased the
relative abundance of Mitochondria and Actinomycetales bacterium
HO2017, while significantly decreasing the relative abundance of
Prevotella. The supplementation of mannanase in the low-energy
diet significantly increased the relative abundance of Prevotella
and Prevotella 9 in the ileal chyme at 21 d. As shown in Fig. 8M, the
low-energy diet significantly increased the relative abundance of
Clostridium perfringens, Clostridium sensu stricto 1 and Rickettsiales
in the ileal chyme at 42 d. The addition of mannanase significantly
increased the relative abundance of probiotic bacteria, such as
Lactobacillus sp. KC45b, Lactobacillus reuteri, Lactobacillus agilis,
Lactobacillus johnsonii, and Lactobacillus in the ileum at 42 d.

3.10. Macro-genome of intestinal contents

As shown in Fig. 9A, compared to the basal diet, the relative
abundance of Blautiawas significantly decreased in the low-energy
negative control group (P < 0.05). It also tended to reduce the

Fig. 4. Effect of mannanase on the epithelial integrity of the intestine in broilers fed a low-energy diet. ET ¼ endotoxin. The PC group was the positive control group on the basal
diet. The NC group was the low-energy negative control group. The NC þ BM group was the low-energy negative control group þ mannanase. All graphs are expressed as
mean ± SEM, and P-values are marked at the top of each graph. a, b Different lower case letters indicate significant differences (P < 0.05).
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Fig. 5. Effect of mannanase on the expression of genes related to the intestinal epithelial barrier in broilers fed a low-energy diet.MUC-2 ¼mucin-2; ZO-1 ¼ zonula occludens-1. The
PC group was the positive control group on the basal diet. The NC group was the low-energy negative control group. The NC þ BM group was the low-energy negative control
group þ mannanase. All graphs are expressed as mean ± SEM, and P-values are marked at the top of each graph. a, b Different lower case letters indicate significant differences
(P < 0.05).
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Fig. 6. Effect of mannanase on the expression of genes and signaling pathways related to the intestinal inflammatory response in broilers fed a low-energy diet. IL ¼ interleukin;
TGF-b3 ¼ transforming growth factor-b3; TNF-a ¼ tumor necrosis factor a; IFN-g ¼ interferon g; NF-kB ¼ nuclear factor kappa B. The PC group was the positive control group on the
basal diet. The NC group was the low-energy negative control group. The NC þ BM group was the low-energy negative control group þ mannanase. All graphs are expressed as
mean ± SEM, and P-values are marked at the top of each graph. a, b Different lower case letters indicate significant differences (P < 0.05).
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relative abundance of Firmicutes (P ¼ 0.075), Lactobacillus
(P ¼ 0.082), and Butyricoccus (P ¼ 0.063) in the intestine at 42 d. As
can be seen from Fig. 9B and C, Blautia, Butyricoccus, Clostridium sp-
M62-1, and Ruminococcus were dominant in the basal diet group.
The low-energy negative control group had a significantly reduced
relative abundance of Lachnoclostridium-sp-An131, while the rela-
tive abundance of Odoribacter was significantly increased in the
low-energy diet supplemented with mannanase. As can be seen in
Fig. 9D and E, the reduction in dietary energy level could inhibit
pathways such as energy metabolism, metabolism of cofactors and
vitamins, carbohydrate metabolism, and membrane transport. En-
ergy metabolism and lipid metabolism could be enhanced by
mannanase supplementation in a low-energy diet. As can be seen
in Fig. 9F, further analysis of the above pathways revealed that the
reduction in dietary energy level significantly inhibited oxidative
phosphorylation (ko00190). The addition of mannanase to the low-
energy diet not only enhanced oxidative phosphorylation
(ko00190) and beta-alanine metabolism (ko00410), but also pro-
moted N-glycan biosynthesis (ko00510) (P < 0.05). As can be seen
from Fig. 9G and H, the low-energy diet inhibited energy

production and conversion (P ¼ 0.065), while the addition of
mannanase had no significant effect on the transcriptional pathway
of genes. In addition, as seen in Fig. 9I, the addition of mannanase
tended to increase the activity of GH18 (P ¼ 0.067) and GH3
(P ¼ 0.078) compared to the low-energy diet.

4. Discussion

The innate immune system is the first line of host defense
against pathogens and harmful substances. During long-term
contact with microorganisms, animals can evolve pattern recog-
nition receptors (PRR) to recognize the conserved components of
microorganisms and rapidly initiate the innate immune response
(Keestra et al., 2013; Kogut et al., 2018). In particular, Toll-like re-
ceptor 4 (TLR4), a pattern recognition receptor on the surface of
immune cells, can specifically recognize lipopolysaccharide (LPS)
and form the TLR4-MD-2-LPS-CD14 complex through a series of
reactions. These activate the amplification reaction of the intra-
cellular signaling cascade and ultimately activate NF-kB, leading to
the synthesis and secretion of pro-inflammatory cytokines such as

Fig. 7. Effect of mannanase on the contents of short-chain fatty acids in the intestine of broilers fed a low-energy diet. The PC group was the positive control group on the basal diet.
The NC group was the low-energy negative control group. The NC þ BM group was the low-energy negative control group þ mannanase. All graphs are expressed as mean ± SEM,
and P-values are marked at the top of each graph. a, b Different lower case letters indicate significant differences (P < 0.05).
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IL-1b and TNF-a, resulting in an inflammatory response (Fearon
and Locksley, 1996; Keestra et al., 2013; Keestra and van Putten,
2008; Liu, 2006). The occurrence of an inflammatory response is
helpful in protecting the body from rapid clearance of antigenic
substances (Kogut et al., 2018; Medzhitov, 2008), but excessive
inflammation can lead to tissue damage and increased energy loss,
resulting in a severe reduction in the growth performance of ani-
mals (E. Roura, 1992; Hotamisligil, 2006; Hsiao et al., 2006). In this
study, the low-energy diet resulted in a significant upregulation of
the expression of NF-kB in the ileum of broiler chickens at 21 d, and
the addition of mannanase to the diet downregulated the expres-
sion of NF-kB, which alleviated intestinal inflammation.

The mechanism of the inflammatory response is complex and is
mainly regulated by pro-inflammatory cytokines and anti-

inflammatory cytokines expressed and released by activated in-
flammatory cells (Kogut et al., 2018). NF-kB is a key factor in the
regulation of inflammatory cytokines (Netea et al., 2004). Pro-
inflammatory cytokines are mainly responsible for activating the
innate and acquired immune systems and killing pathogens when
they invade the body (Miller et al., 2007). After pathogens are
removed, anti-inflammatory cytokines can reduce inflammation so
that the body returns to a homeostatic immune and physiological
state (Opal and DePalo, 2000). The major pro-inflammatory cyto-
kines include IL-1b and TNF-a. IL-1b is mainly secreted by mono-
cytes and tissue macrophages, which can initiate the body's
inflammatory response and promote the clearance of pathogens
(Corwin, 2000). As a major pro-inflammatory cytokine, TNF-a can
promote the early immune response in animals, initiate the acute

Fig. 8. Effect of mannanase on the ileal microorganisms of broilers fed a low-energy diet. The alpha diversity of the ileal chyme microorganisms of broilers in terms of the
Observed_species (A), Shannon index (B), Simpson index (C), Chao 1 index (D), and ACE index (E) were used to analyze the alpha diversity of ileal microorganisms of broilers. The
beta-diversity (F, G) of the ileal microorganisms of broilers at 21 d and 42 d was analyzed by principal coordinate analysis (PCoA). The top 5 microbial groups at the phylum level (H,
I) and the top 10 microbial groups at the genus level (J, K) of the ileal microorganisms of broilers at 21 d and 42 d were determined, respectively. In addition, the linear discriminant
analysis effect size (LEfSe) test (L, M) was performed on the differential groups of the ileal microorganisms. The PC group was the positive control group on the basal diet. The NC
group was the low-energy negative control group. The NC þ BM group was the low-energy negative control group þmannanase. All bar charts are expressed as mean ± SEM, and P-
values are marked at the top of each graph. a, b Different lower case letters indicate significant differences (P < 0.05).
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phase response, and activate other immune cells (Bradley, 2008). In
addition, IL-10 and TGF-b3, as important anti-inflammatory cyto-
kines, also play important roles in animal immune regulation. IL-10

can inhibit excessive activation of immune function (Koj, 1998) and
maintain the intestinal barrier (Jarry et al., 2008). TGF-b3 also plays
an important role in various inflammation-related diseases. In this

Fig. 8. (continued).
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study, lower dietary energy levels up-regulated the expression of
IFN-g and down-regulated the expression of anti-inflammatory
factors, such as IL-10 in the ileum of chickens. The addition of
mannanase to a low-energy diet downregulated the expression of
pro-inflammatory factors such as IL-1b and TNF-a and increased
the expression of anti-inflammatory factors such as IL-10 and TGF-
b3 in the ileum. It was further suggested that the anti-inflammatory
effect of mannanase might be related to its inhibition of the
expression of the NF-kB.

The activation of signaling pathways associated with the in-
flammatory response and the release of inflammatory mediators
can affect the intestinal barrier and absorption, ultimately
affecting the growth performance of broilers by regulating their
intestinal health. The function of the intestinal barrier is an ability
of the intestine to provide accommodation for lumen microor-
ganisms and molecules while maintaining the absorption of nu-
trients. The mechanical barrier of the intestine consists of
intestinal epithelial cells and the junctional complex. The junc-
tional complex consists of tight junctions (such as claudins and
OCLN), adherens junctions, gap junctions, and desmosomes. The
intestinal barrier can maintain the balance of the broiler intestinal
environment, prevent the invasion of pathogenic bacteria and
toxins, and protect the intestine from pathogens. CLDN1 and OCLN
are tight junction proteins that form the intestinal barrier. ZO-1 is
a junction protein between transmembrane proteins and the
cytoskeleton, and its downregulation indicates that tight junc-
tions are damaged (Kuo et al., 2022; Van Itallie and Anderson,
1997; Zhuang et al., 2019). In this study, lower dietary energy
levels down-regulated the expression of ZO-1 and MUC-2 in the
ileum of broilers, while the addition of mannanase to the low-
energy diet significantly increased the expression of CLDN1 and
ZO-1 in the jejunum of broilers, which could mitigate these
adverse effects.

The levels of DAO (Zhang et al., 2020), D-LA (Chen et al.,
2015), and ET (Assimakopoulos et al., 2021) in blood can be
used as important indicators to evaluate the integrity of the
intestinal mucosa and the function of the intestinal barrier in
broilers, which can be released into the peripheral blood when
the intestinal barrier is impaired (Li et al., 2016; Shen et al.,
2020). In this study, the increase in DAO in serum indicated
that the decrease in dietary energy level might have disrupted
the integrity of the intestinal epithelium and damaged the in-
testinal barrier of broilers. However, the addition of mannanase
to a low-energy diet can alleviate the increase in intestinal
permeability caused by lower energy levels, reduce the levels of
DAO and ET in serum, and maintain the integrity of the intestinal
epithelium. Similar to these results, the addition of mannanase
to the feed increased the total antioxidant capacity (Lai et al.,
2015) and the activity of glutathione peroxidase in serum
(Zhou et al., 2019). In this study, the reduction in DAO and ET
contents in serum further explained that mannanase could
maintain the intestinal integrity of broilers.

There is a close relationship between the histological
morphology of the intestine and immune regulation and growth.
Damage to the intestinal barrier and the function of absorption can
be directly reflected by the intestinal microstructure. Intestinal VH,
CD, and V:C are important indicators to evaluate the morphology,
structural integrity, and functional status of the intestinal mucosa.
The decrease in dietary energy level severely damaged the villous
structure of the jejunum and ileum, increased the CD of the in-
testinal epithelium, and reduced the area for absorption of feed
nutrients in broilers. The addition of mannanase to a low-energy
diet could alleviate intestinal damage in broilers caused by the
decrease in dietary energy level, ensure the normal development of
intestinal morphology, and promote the efficient absorption of

nutrients. It has been reported that the addition of mannanase to a
corn-soybean meal basal diet increased intestinal VH and surface
area of broilers (Ibuki et al., 2014), as well as increasing V:C (Lai
et al., 2015). In addition, damage to the intestinal morphology of
animals may lead to an increase in mucosal secretions. Mannanase
can reduce the thickness of the ileal mucus layer (Ayoola et al.,
2015), prevent the binding of intestinal epithelial cells to patho-
genic bacteria, maintain the integrity of the intestinal mucosa, and
establish a symbiotic intestinal ecosystem (Dawood and Ma,
2020b). The anti-inflammatory function of mannanase might
explain how it maintains and improves the structure of the intes-
tinal crypt-villus.

The intestinal microbiota mainly includes mucosal and luminal
microbiota, which adhere to the intestinal mucosa and form a
multi-layered microbial barrier in the intestine, participating in
intestinal nutrition and defense, and ultimately regulating the
immune function of the host. Under normal conditions, the number
and distribution of intestinal microorganisms are relatively con-
stant, and themicrobiota is also relatively balanced. The diversity of
the intestinal microbiota is beneficial for maintaining the stability
of the intestinal microenvironment and resisting the invasion of
pathogenic microorganisms (Oakley et al., 2014). In this study, the
addition of mannanase to the low-energy diet improved the
abundance and homogeneity of the ileal microbiota of broilers. This
suggests that mannanase might also exert different degrees of
improvement on intestinal microorganisms. Mannanase could
improve intestinal health by regulating the structure of the intes-
tinal microbiota. Studies have shown that the addition of man-
nanase to poultry feed could limit the binding of harmful
microbiota to the intestinal epithelium, reduce the contents of in-
testinal E. coli and Salmonella, resist the invasion and infection of
pathogenic bacteria (Gutierrez et al., 2008), and promote the pro-
liferation of beneficial bacteria, such as Lactobacillus and Bifido-
bacterium (Al-Ghazzewi and Tester, 2012; Mohammadigheisar
et al., 2021; Zheng et al., 2020). Proteobacteria is an important
phylum of intestinal microorganisms in animals containing many
pathogenic bacteria, such as Rickettsia and pathogenic E. coli, which
can metabolize and produce ET to destroy the intestinal health of
the host (Hiippala et al., 2018). Among the intestinal microbiota,
Lactobacillus can often improve host intestinal health by producing
SCFA and functional oligosaccharides through metabolism.
Consistent with previous studies, the addition of mannanase to a
low-energy diet reduced the relative abundance of Proteobacteria
and increased the relative abundance of Lactobacillus in the ileum.
LEfSe analysis showed that the low-energy diet significantly
increased the relative abundance of C. perfringens and Rickettsiales
in the ileal microbiota compared with the basal diet group.
C. perfringens is a spore-producing and anaerobic Gram-positive
bacterium that can induce necrotizing enteritis in broilers and
damage the health of the host by producing toxins through meta-
bolism (Gaucher et al., 2015). As beneficial bacteria, Lactobacillus is
the genus with the largest number of bacteria in the ileum (Gong
et al., 2007), and can regulate the host's intestinal health through
metabolism. In this study, the addition of mannanase to a low-
energy diet reduced the relative abundance of harmful bacteria,
such as C. perfringens and increased the relative abundance of
L. johnsonii, L. agilis, and Lactobacillus in the ileum of broiler
chickens. In conclusion, the decrease in dietary energy level had
negative effects on the ileal microbiota of broilers. The addition of
mannanase to a low-energy diet could inhibit the adhesion of
harmful bacteria, such as C. perfringens to the intestine, increase the
relative abundance of Lactobacillus and improve the balance of the
intestinal microbiota of broilers.

Compared with 16S amplicon sequencing, macro-genome
sequencing techniques can help in understanding the impact of
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changes in the structure of the microbiota on the host's intestinal
health (Wang et al., 2015). Therefore, to further investigate the ef-
fects of mannanase on the structure and function of the intestinal
microbiota of broilers fed a low-energy soybean meal diet, macro-
genome sequencing was performed for each treatment group in
this study. The results showed that the low-energy negative control
group reduced the relative abundance of Butyricicoccus in the in-
testinal microorganisms of broilers at 42 d and inhibited the
pathways of energy metabolism and oxidative phosphorylation.
Compared to a low-energy diet, the addition of mannanase
increased the relative abundance of Odoribacter and promoted
energymetabolism and N-glycan biosynthesis, while increasing the
activities of GH3, etc.

SCFA are fermentation products of intestinal microorganisms,
which can regulate the balance of intestinal microbiota and
mediate the inflammatory signaling cascade during intestinal
inflammation (McHardy et al., 2013). There are several types of
SCFA, among which acetic acid can bind to coenzyme A and
participate in the metabolic pathways of cellular fats and car-
bohydrates. Butyric acid promotes growth of animals by con-
trolling pathogens, reducing the occurrence of oxidative stress
and inflammatory responses, and regulating the development of
the intestine (Bedford and Gong, 2018). Volatile fatty acids can
reduce intestinal pH and inhibit the adhesion of harmful bacte-
ria. The reduction in intestinal pH not only inhibits the prolif-
eration of harmful bacteria but also increases the number of

Fig. 9. Effect of mannanase on the structure and function of the intestinal microorganisms of broilers fed a low-energy diet. The relative abundance of microbiota at the phylum
level, genus level and species level was analyzed based on macro-genome sequencing (A), and linear discriminant analysis effect size (LEfSe) test was performed for differential
microbiota at the genus level and species level of the broilers' intestinal microorganisms (B, C). The results of Functional Annotation at three taxonomic levels were analyzed based
on KEGG (D, E, F). The results of Functional Annotation at two taxonomic levels were analyzed based on eggNOG (G, H). The results of carbohydrate-active enzymes at two
taxonomic levels were analyzed based on CAZy (I). The PC group was the positive control group on the basal diet. The NC group was the low-energy negative control group. The
NC þ BM group was the low-energy negative control groupþmannanase. All bar charts are expressed as mean ± SEM, and P-values are marked on the right side of each graph, with
* indicating significant differences (P < 0.05).

Fig. 9. (continued).
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Bifidobacterium which can convert fermentable sugars into
molecules such as lactic acid and acetic acid. These can then
further reduce intestinal pH, regulate the structure of the in-
testinal microbiota, and maintain homeostasis of the internal
environment. As reported in previous studies, in the present
study, a low-energy diet reduced the contents of acetic acid and
isobutyric acid in the cecal chyme of broilers, while adding
mannanase promoted the synthesis of SCFA in the organism and
increased the content of isobutyric acid.

It has been reported that the addition of mannanase to
poultry feed can reduce the viscosity of jejunal chyme (Lee et al.,
2003), promote nutrient absorption (Caldas et al., 2018) and

energy utilization (Wu et al., 2005), and improve the nutritional
value of soybean meal diets (Dhawan and Kaur, 2007). In this
study, it was observed that the addition of mannanase to a low-
energy diet reduced the viscosity of chyme in the jejunum of
broilers and improved the efficiency of nutrient utilization in the
feed.

Finally, growth performance is the most comprehensive in-
dicator for evaluating the quality of commercial broilers. The
energy level of the diet is a key factor affecting the growth
performance of poultry, such as the conversion efficiency of feed,
and plays a core role in poultry nutrition (Wen et al., 2017). The
reduction in dietary energy level usually increases feed intake

Fig. 9. (continued).
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(Maharjan et al., 2021a, 2021b; Moraes et al., 2014; Wu et al.,
2019) and decreases the BW (Zhao and Kim, 2017) and feed
conversion efficiency of broilers (Cozannet et al., 2021; Maharjan
et al., 2021a), which is similar to the results of this study. In
addition, it has been proven that the addition of mannanase to
diets can improve daily gain (Mohammadigheisar et al., 2021)
and feed conversion efficiency (Lai et al., 2015), reduce FCR
(Saleh et al., 2022), improve the efficiency of feed energy utili-
zation of poultry (Ferreira et al., 2016a; Latham et al., 2018),
improve growth performance, reduce production costs, and in-
crease farming benefits. In this study, the addition of mannanase
to a low-energy diet increased the BW and ADG of broilers and
reduced FCR. In summary, the addition of mannanase to a low-
energy diet could alleviate the decline in the growth perfor-
mance of broilers caused by lower dietary energy levels. Spe-
cifically, mannanase could improve the growth performance by
alleviating intestinal epithelial inflammation and improving the
structure of the intestinal microbiota.

5. Conclusion

In conclusion, a low-energy diet supplementedwithmannanase
relieved the intestinal inflammatory response by downregulating
the relative expression of NF-kB in the ileum of broilers. Mannanase
could promote the proliferation of probiotic bacteria such as
Lactobacillus, inhibit the colonization of harmful bacteria such as
C. perfringens in the intestine, promote the energy metabolism and
N-glycan synthesis of microorganisms, reduce damage to the in-
testinal barrier, increase the production of SCFA, promote nutrient
absorption, and ultimately improve the growth performance of
broiler chickens. The results obtained in this study provide a sci-
entific basis for understanding the role of mannanase in improving
intestinal function and modulating immunity of broilers fed a low-
energy diet of corn-soybean meal type.
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