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Dietary supplementation of
coated sodium butyrate
improves growth performance
of laying ducks by regulating
intestinal health and
Immunological performance
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Introduction: This study was conducted to assess the effects of dietary
supplementation of coated sodium butyrate (CSB) on the growth performance,
serum antioxidant, immune performance, and intestinal microbiota of laying
ducks.

Methods: A total of 120 48-week-old laying ducks were randomly divided into 2
treatment groups: the control group (group C fed a basal diet) and the CSB-
treated group (group CSB fed the basal diet + 250 g/t of CSB). Each treatment
consisted of 6 replicates, with 10 ducks per replicate, and the trial was conducted
for 60 days.

Results: Compared with the group C, the group CSB showed a significant
increase in the laying rate (p<0.05) of the 53-56 week-old ducks. Additionally,
the serum total antioxidant capacity, superoxide dismutase activity and
immunoglobulin G level were significantly higher (p<0.05), while the serum
malondialdehyde content and tumor necrosis factor (TNF)-a level were
significantly lower (p<0.05) in the serum of the group CSB compared to the
group C. Moreover, the expression of IL-1b and TNF-a in the spleen of the group
CSB was significantly lower (p<0.05) compared to that of the group C. In
addition, compared with the group C, the expression of Occludin in the ileum
and the villus height in the jejunum were significantly higher in the group CSB
(p<0.05). Furthermore, Chaol, Shannon, and Pielou-e indices were higher in the
group CSB compared to the group C (p<0.05). The abundance of Bacteroidetes
in the group CSB was lower than that in the group C (p<0.05), while the
abundances of Firmicutes and Actinobacteria were higher in the group CSB
compared to the group C (p<0.05).
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Conclusions: Our results suggest that the dietary supplementation of CSB can
alleviate egg-laying stress in laying ducks by enhancing immunity and
maintaining the intestinal health of the ducks.

KEYWORDS

coated sodium butyrate (CSB), laying duck, growth performance, intestinal health,
immunological performance

Introduction

For a long time, animal feeds were supplemented with
antibiotics to promote growth and disease resistance. However,
this practice has since been banned, due to the discovery of the
complications associated with the unregulated use of antibiotics (1),
thereby necessitating the discovery of green and safe feed additives
for poultry to improve their antioxidant capacity and reduce disease
incidence (2). Oxidative Stress (OS) is a state of imbalance between
oxidative and antioxidant effects in the body, and it is clear from
previous studies that OS can also lead to follicular atresia and
ovarian senescence, reducing animal reproductive performance (3,
4). Tt has been shown that OS can affect nutrient metabolism
through deleterious effects on intestinal function, gut microbial
flora and altered dynamic homeostasis in poultry (5, 6). At the peak
of egg laying, ducks lay eggs almost every day, and in order to meet
the nutritional needs of the output ducks themselves, the intake
increases accordingly, resulting in OS, which creates egg laying
stress thus affecting egg production (7).

Short Chain Fatty Acids (SCFAs) are organic fatty acids with a
carbon chain length of 1-6, and sodium butyrate (SB), an SCFA
produced during fermentation, is an important nutrient for the
intestinal cells, providing for >70% of the energy requirements (8,
9). SB has been widely used as a feed additive for pigs (10) and
recently for poultry (11). However, SB is less palatable as a feed
additive due to its unpleasant odor and volatility. Coating SB in
palm oil (coated sodium butyrate, CSB) improves its palatability,
allowing its use as a feed additive (12). SB-supplementation is
thought to improve the development (13, 14) and morphological
structure of the intestinal mucosa and regulate the growth of
commensal intestinal flora. In addition, butyric acid (BA) can
mediate the immune response, inhibit the growth of harmful
bacteria, induce the proliferation and differentiation of intestinal
epithelium, and protect epithelial cells (15, 16). Moreover, CSB can
regulate the development of many immune cells, such as
macrophages (17), and the expression of inflammatory cytokines,
including interleukin (IL)-6, IL-8, interferon (IFN)-y, transforming
growth factor (TGF)-B, and IL-1f (18). Several studies have
reported the promoting effects of SB in improving immunity and
small intestinal structure, to regulate intestinal flora in poultry
(19-21).

However, studies on the potential effects of CSB on laying
animals, especially laying ducks, are limited. Considering the
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previous reports on the beneficial effects of CSB on poultry, we
suspect that adding CSB in diet can increase immunity and
antioxidant capacity of laying ducks and reduce laying stress. To
test this hypothesis, we studied the effects of CSB on growth
performance, immune performance and intestinal health of
laying ducks.

Materials and methods
Animals and experimental design

The CSB (30% SB covered with palm oil) was purchased from
Hangzhou King Techina Feed Co., Ltd., (Hangzhou, China).
Shendan No. 2 laying ducks (obtained by a ternary cross between
Shaoxing, Jinyun, and Youxian duck varieties), used for commercial
duck egg production, were provided by Hubei Shendan Health
Food Co., Ltd. (Hubei, China).

A total of 120 48-week-old Shendan No. 2 laying ducks were
randomly divided into 2 treatment groups: the control group (group
C), which was fed a basal diet and the CSB-treated group (group
CSB), which was fed the basal diet supplemented with 250 g/t of
CSB. Each treatment consisted of 6 replicates with 10 ducks per
replicate. The feeding trials were conducted in a closed duck house
at the welfare duck farm of Hubei Shendan Health Food Co., Ltd.
The ducks were housed in four layers of cages (50 x50 x60 cm) at 2
ducks/cage, and the replicates of the same treatment were evenly
distributed in the duck house. During the experimental period, the
duck house was maintained at 20-25 °C, 65-75% relative humidity,
and 16:8 h light/dark cycle (4:00-20:00 h). The basic feed of the
experimental ducks combined with the needs of ducks during the
egg-laying period met the nutritional requirements of the Chinese
egg and duck standard (GB/T 41189-2021), and the basic
composition of the feed was shown in Table 1. The ducks were
fed twice a day (8:00 and 14:00) by hand, from 48 to 56 weeks of age.

Bird slaughter and sample collection

The number of eggs laid and the weight of the feed, in each
replicate, were recorded daily, and the weight of the leftover feed in
each replicate was recorded weekly, to evaluate the growth
performance of laying ducks. For sampling, 6 56-week-old ducks
were chosen per treatment (one duck from each replicate), after 12
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TABLE 1 Composition and nutrient levels of basal diets (air-dry basis) %.

Ingredients Content Nutrient levels Content
Corn 42.0 ME/(M]/kg)2 11.72
Soybean meal 29.0 Cp 18.80
Rice bran 4.0 Lys 1.06
Wheat bran 2.1 Met 0.48
Soybean oil 2.5 Met+Cys 0.82
Flour 10.0 Trp 0.24
Limestone 5.8 Ca 3.36
Fine gravel 2.0 TP 0.59
CaHPO, 1.1 AP 0.31
Chaff 0.2

NaCl 0.3

Premix’' 1.0

Total 100

"The premix provided the following per kg of diet: Vitamin (V), 12500 IU, Vp; 3500 IU, Vi
20 IU, Vi3 2.65 mg, Vg, 2.00 mg, Vg, 6.00 mg, Ve 3.00 mg, Vg, 0.025 mg, Biotin 0.0325 mg,
Folic acid 12.00 mg, Pantothenic acid 50.00 mg, Niacin 50.00 mg, Cu 6 mg, Fe 80 mg, Zn 40
mg, Mn 100 mg, Se 0.15 mg, and I 0.35 mg.

2ME was a calculated value, while the others were measured values.

h of fasting. All the experiments and methods were designed to
minimize animal suffering. Blood collected from the wing vein was
dispensed into 5 mL procoagulation tubes for 3-4 h and centrifuged
at 3,000 rpm for 5 min. The serum was collected and transferred to
1.5 mL EP tubes and stored at -20 °C. After slaughter, spleen, ileum
tissues were collected immediately, placed into sterilized freeze
tubes, and stored at -80 °C after flash-freezing in liquid nitrogen.
Thereafter, 12 ducks were randomly selected per treatment (2 ducks
per replicate, with 6 previously sampled ducks), and duodenum,
jejunum, and ileum segments were collected in EP tubes and fixed
using 4% paraformaldehyde, and cecal contents were collected
immediately, the treatment is the same as the above organization.

Growth performance

As mentioned earlier, the number of eggs laid and the feed
weight, per each replicate, were recorded daily, and the leftover feed
per each replicate was recorded weekly, to evaluate the average daily

feed intake (ADFI), laying rate, and feed-to-egg ratio (F/E), as
follows:

ADFI (g) = feed intake (g)/days
Laying rate (%) = number of eggs/days/100 %

Feed — to — eggratio(F/E) = feedintake(g)/eggsweight(g)
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Serum antioxidant status
and cytokine analysis

Total antioxidant capacity kit, No. HY-60021 was used to detect
total antioxidant capacity (T-AOC), activities of superoxide dismutase
kit, No. HY-MO0001 was used to detect the activities of serum superoxide
dismutase (SOD), catalase kit, No. HY-M0018 was used to detect the
catalase (CAT), content of malondialdehyde kit, No. HY-M0003 was
used to detect the malondialdehyde (MDA) were determined according
to the manufacturer’s instructions accompanying the assay kit (Beijing
Huaying Biotechnology Research Institute, Beijing, China).

Immunoglobulin G kit, No. bs-0293G was used to detect the
immunoglobulin G (IgG), immunoglobulin A kit, No. bs-0360G
was used to detect the immunoglobulin A (IgA), immunoglobulin
M kit, No. bs-0314P was used to detect the immunoglobulin M
(IgM), interferon gamma kit, No. bs-0481P was used to detect the
interferon gamma (IFN-7), interleukin-6 kit, No. bs-0379P was used
to detect the interleukin-6 (IL-6), Interleukin-1f kit, No. bs-0812P
was used to detect the Interleukin-18 (IL-1PB), tumor necrosis
factor-o, No. bs-0078P was used to detect the tumor necrosis
factor (TNF)-o in serum segments were determined by
absorbance changes at 450 nm with ELISA kits (Beijing Huaying
Biotechnology Research Institute, Beijing, China) according to the
manufacturer’s protocol. Concentrations of immunoglobulin and
cytokine were calculated with the standard curve.

Immunity and intestinal barrier-related
gene expression

RNA Extraction

RNA was extracted using the Total RNA kit I (22) R6834-01
(Omega, Norcross, Georgia, USA). Approximately 20 mg of spleen
tissue (or ileum tissue), 500 mL of lysis buffer, and 2 sterilized steel
beads were added to a 1.5 mL EP tube and homogenized using an
automatic sample grinder (Shanghai Jingxin Technology Co., Ltd.,
Shanghai, China). Thereafter, the supernatant was transferred to a
centrifuge column for 3 min, and the filtrate was transferred toa 1.5
mL EP tube with 2x (v/v) of 70% ethanol. After shaking with a
vortex (Vortex Genie2, Scientific Industries Inc, NY, USA) the
liquid was transferred to a HiBind RNA microcolumn and
centrifuged for 3 min and the supernatant was discarded. After
adding Buffer I, the samples were centrifuged for 2 min and the
supernatant was discarded. Thereafter, this step was repeated twice
with Buffer II. Lastly, the eluent was added to the centrifuge for 2
mins to obtain the extracted RNA. The quality of the extracted RNA
was measured using a Nanodrop (NanoDrop One, Thermo, USA)
by measuring the OD 260/280 values, and the RNA was stored at
-80°C for subsequent analyses.

Reverse transcription of total RNA
Genomic DNA was isolated and added to RNase-free EP tubes.
Thereafter, the sample was subjected to reverse transcription using
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TABLE 2 Primer Sequence.

10.3389/fimmu.2023.1142915

Gene Primer Sequence (5'-3") Product size/bp
F:GCTTCATCTTCTACCGCCTGGAC
IL-1B 159
RTTAGCTTGTAGGTGGCGATGTTGAC
F:TCTGGCAACGACGATAAGG
IL-6 154
RTGAAGTAAAGTCTCGGAGGATG
F:ATACCCTTTCCAATGACT
IEN-y 130
R:GTCTCCACCAGTTTCTGT
F:AAATCTGCTGCTGGTCTT
TNF-a 235
R:CCATCATCGTCCTCACTA
F: GGGGAAGACAACTGATGC
70-1 159
R: TTGTGATGTGCTGGGAGA
F: TGATGGTGGCTGCGATAC
Claudin-1 218
R: AACAGGCGTGAAAGGGTC
F: GCAGGATGTGGCAGAGGAATA
Occludin 119
R: TGCGCTTGATGTGGAAGAGTT
F:CCCCATTGAACACGGTATTGTC
B-actin 151

the HiScript® II Q RT SuperMix for qPCR (+gDNA wiper) kit
(R223-01, Nanjing Novozymes Biotechnology Co., Ltd.,
Nanjing, China).

Fluorescent quantitative polymerase
chain reaction

Fluorescent quantitative PCR was conducted using the ChamQ
Universal SYBR qPCR Master Mix (Q711-02/03, Nanjing
Novozymes Biotechnology Co., Nanjing, China). 3-actin was used
as an internal control, and the relative gene expression was
calculated by the 2 AAC method. The primer sequences were
obtained from the previous literature or primer design software
(Table 2), and they were synthesized by Shanghai Jereh
Bioengineering Co. (Shanghai, China).

Small intestinal morphometric traits

Each intestinal segment was fixed in 4% paraformaldehyde
for more than 24 h (EG1150h, LEIC, Germany) and smoothed
using a scalpel, in a fume hood. The tissues were then subjected to
dehydration and embedded in wax using an embedding machine
(rotating microbodies, RM2225, LEIC, Germany). Thereafter, the
sections were dewaxed and stained with hematoxylin and eosin
(H&E) (23). The villus height (VH) and crypt depth (CD) were
observed under a light microscope (S4E, LEIC, Germany) and
analyzed using an Image analyzer (Image-Proplus 5.0).
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R:GGCTACATACATGGCTGGGG

Cecum microbiome

After the above-mentioned cecal content DNA was extracted,
16S rRNA sequencing technology was used to analyze the diversity
composition spectrum of the cecal content microbial community in
Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China). The
detailed steps and analysis process are described in the previous
research article (24).

Statistical analysis

Statistical analysis was conducted using the SPSS software
package (SPSS version 22.0; IBM Corp, Armonk, NY, United
States). The Shapiro-Wilk test was used for the phenotypic
analyses, and the Student’s t-test was used to analyze the
differences after compound normal distribution conditions.

Results

Determination of growth performance

The effects of dietary CSB supplementation on the growth
performance, including laying rate, F/E ratio, and ADFI of the
48-56 week-old laying ducks are shown in Figures 1A-C. The results
showed that dietary CSB supplementation improves ADFI and F/E
of the ducks, although there is no significant difference between the
groups C and CSB (p >0.05; Figures 1B, C). In contrast, the laying
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Effects of dietary supplementation of coated sodium butyrate (CSB) on the growth performance of laying ducks. (A) Laying rate of different times
laying ducks. (B) Feed-to-egg ratio (F/E) of different times laying ducks. (C) Average daily feed intake (ADFI) of different times laying ducks. Values are
presented as means + SEM (n = 6). *p<0.05. group C, Control group, which was fed a basal diet; CSB group, CSB-treated group, which was fed the

basal diet supplemented with 250 g/t of CSB.

rate of the group CSB was significantly higher than that of the group
C (p<0.05; Figure 1A).

Determination of serum antioxidant index

The effect of dietary CSB supplementation on the serum
antioxidant indices of laying ducks is shown in Figures 2A-D.
The SOD and T-AOC activity were significantly higher, while the
MDA content was significantly lower in the serum of the group CSB
compared to that of the group C (p<0.01; Figures 2A, B, D). The
results showed that dietary CSB supplementation improves CAT of
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the ducks, although there is no significant difference between the
groups C and CSB (p >0.05; Figure 2C).

Serum Ig and inflammatory
cytokine analysis

The effect of dietary CSB supplementation on the serum Igs and
inflammatory cytokines of laying ducks is shown in Figures 3A-G.
The results showed that dietary CSB supplementation increases the
serum IgA and IgM levels, although there was no significant
difference between the groups C and CSB (p >0.05; Figures 3A, C).
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In contrast, compared to the group C, the group CSB showed a
significant increase in serum IgG levels (p<0.05; Figure 3B). The
serum TNF-o content was significantly lower in the group CSB
compared with that in the group C (p<0.05; Figure 3F).

Analysis of spleen immune-related
gene and ileal tight junction protein
gene expression

The effect of dietary CSB supplementation on the expression of
immune-related genes in the spleen and ileal TJ protein of laying
ducks is shown in Figures 4A-G. The expression of IL-1f3 and TNF-
o in the spleen of the group CSB was significantly lower compared
to that in the group C (p<0.05; Figures 4B, D). In contrast, there was
no significant difference between the expression of IFN-yand IL-6
in the spleen of the groups C and CSB (p >0.05; Figures 4A, C). The
expression of Occludin in the ileum of the group CSB was
significantly higher than that in the group C (p<0.05; Figure 4F).
Furthermore, ZO-1 and Claudin-1 expression were increased in the
ileum of the group CSB, although the difference between the two
groups was not significant (p >0.05; Figures 4E, G).

Small intestinal morphology examination
The jejunal VH in the group CSB was significantly higher (p<0.05)

than that in the group C (Figure 5A). However, there was so significant
difference between the villus morphology of the duodenum and ileum
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of the groups C and CSB (p >0.05; Figures 5B, C). H&E stained images
of the small intestines (duodenum, jejunum, and ileum) of the groups
C and CSB are shown in Figure 6.

Cecal microbiome analysis

A total 0f 1,229,199 bases were obtained from 24 samples, which
were quality filtered and chimera removed, to obtain a total of
30,423 amplicon sequence variants (ASVs). Rarefaction analyses
were performed to gauge adequate sequencing depth per sample
(Figure 7A). The Venn diagram in Figure 7B shows that the ducks
in the groups C and CSB had 10,051 and 11,716 unique ASVs
(Figure 7B), respectively. The o-diversity assessed using Chaol,
Faith’s PD, Good’s coverage, Shannon, and Pielou-e indices is
shown in Figure 7C. The Chaol, Shannon, and Pielou-e indices
were higher in the group CSB than in the group C (p<0.05), while the
Good’s coverage index was higher in the group C compared to the
group CSB (p<0.05). These results suggest that compared to
the group C, cecal microflora richness and diversity were higher
in the group CSB.

The PCoA plot was used to visualize the microbial trends and
outliers to determine the difference in the gut microbial
composition of the groups C and CSB (Figure 7D). Analysis of
similarities (ANOSIM) indicated a clear difference between the two
groups (Figure 7E). Analysis of the differentially abundant taxa
between the two groups revealed that c:Bacteroidia, p_Bacteroidetes,
o_Bacteroidales, f_Bacteroidaceae, and g_Bacteroides were enriched
in the group C (p<0.05), while p_Firmicutes, c¢_Clostridia,
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Effects of dietary supplementation of coated sodium butyrate (CSB) on the serum immunoglobulin (Ig) and inflammatory cytokine levels of laying
ducks. (A) IgA. (B) IgG. (C) IgM. (D) Interferon (IFN)-y. (E) Interleukin (IL)-B. (F) Tumor necrosis factor (TNF)-o. (G) Interleukin (IL)-6. Values are
presented as means + SEM (n = 6). *p<0.05. group C, Control group, which was fed a basal diet; CSB group, CSB-treated group, which was fed the

basal diet supplemented with 250 g/t of CSB.

o_Clostridiales, and f_Lachnospiraceae were enriched in the CBS
group (p<0.05; Figure 7F).

The cecal microflora community structure of the groups C and
CSB was nearly identical at the phylum level (Figures 8A-F). In the
group C, Bacteroidetes were the most abundant phyla (59.41%),
followed by Firmicutes (36.77%), Proteobacteria (2.12%), and
Actinobacteria (0.57%). In contrast, in the group CSB, Firmicutes
were the most abundant phyla (48.44%), followed by Bacteroidetes
(45.19%), Proteobacteria (3.16%), and Actinobacteria (1.2%).
Furthermore, based on the variance analysis, we found that the
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abundance of Bacteroidetes in the group CSB was lower than that in
the group C (p<0.05; Figure 9A), while the abundances of
Firmicutes and Actinobacteria were higher in the group CSB than
in the group C (p<0.05; Figures 8B, E). In contrast, at the genus
level, both groups C and CSB showed similar trends (Figures 9A-F),
with Bacteroides being the most abundant (46.65% and 33.50%),
followed by Faecalibacterium (6.10% and 7.74%), Megamonas
(1.36% and 4.22%), and Subdoligranulum (1.95% and 3.17%).
However, the abundance of Bacteroides in the group CSB was
lower than that in the group C (p<0.05; Figure 9A).
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FIGURE 4

Effects of dietary supplementation of coated sodium butyrate (CSB) on the expression of immune-related genes in the spleen and the ileal tight
junction protein gene of laying ducks. (A) Interferon-y (IFN-y. (B) Interleukin-1 (IL-1p). (C) Interleukin-6 (IL-6). (D) Tumor necrosis factor alpha
(TNF-0). (E) Claudin-1. (F) Occludin. (G) ZO-1. Values are presented as means + SEM (n = 6). *p<0.05. group C, Control group, which was fed a basal
diet; CSB group, CSB-treated group, which was fed the basal diet supplemented with 250 g/t of CSB.

Discussion

Cultural backgrounds and dietary habits have led to an increase
in the demand for meat and duck eggs in Asia, and duck egg, along
with hen, has become an important component of the food industry
owing to its excellent nutritional and functional properties (25).
Asia is the world’s largest producer of duck meat and eggs (26), with
China being the primary producer (27). However, with the
transformation of the breeding models and increasing market
demand, healthy breeding has become the top priority in the

Frontiers in Immunology

animal husbandry sector. Some studies have shown that SB is
beneficial to the reproductive performance of the hens (28, 29).
Furthermore, CSB was found to increase the laying rate and the
daily egg weight, while decreasing the F/E ratio of yellow-feathered
breeder hens (30). This is consistent with the results of the present
study, in which the laying rate of the CSB-supplemented ducks
increased significantly. According to Ghosh and Cox (31), SB
induced follicle-stimulating hormone secretion, stimulated follicle
growth and development, and increased the laying rate. Moreover,
CSB supplementation improved the ADFI and F/E ratio of laying
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FIGURE 5

Effects of dietary supplementation of coated sodium butyrate (CSB) on the morphometric characteristics of the duodenum, jejunum, and ileum of
laying ducks. (A) Villus height (VH) of small intestines. (B) Crypt depth (CD) of small intestines. (C) VH/CD ratio of the small intestines. Values are
presented as means + SEM (n = 12). *p<0.05. group C, Control group, which was fed a basal diet; CSB group, CSB-treated group, which was fed the

basal diet supplemented with 250 g/t of CSB

ducks, although there was no significant variation between the
groups C and CSB, suggesting that the effect of butyrate was too low
in the pre-test period to make a significant difference.

OS often occurs in animals during production, and the main
reason for its production is the production and accumulation of
reactive oxygen species (ROS) (32).In order to fight this oxidative
stress, the body uses antioxidant enzymes to limit the accumulation
of ROS and reduce the stress response (33). T-AOC is a
comprehensive indicator of the antioxidant function of the body,
and the serum MDA level reflects the degree of FR-mediated lipid
peroxidation (34). Numerous studies have shown that butyrate has
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a powerful antioxidant effect both inside (35-38). Some studies have
shown that dietary CSB supplementation can increase SOD and T-
AOC activities and reduce MDA levels in laying hens (19). In our
study, the serum T-AOC and SOD activity were significantly higher,
while the MDA content was significantly lower in the group CSB
compared to the control group, indicating that dietary CSB
supplementation can improve the serum antioxidant capacity of
laying duck.

Immunoglobulins produced by B lymphocytes bind specifically
to the corresponding antigen (39). Immunoglobulins have the
largest proportion of IgG in serum, probably because of their
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FIGURE 6
Effects of dietary supplementation of coated sodium butyrate (CSB) on the intestinal (duodenal, jejunal, and ileal) morphology of laying ducks.
Intestinal sections were stained with hematoxylin and eosin (H&E). group C, Control group, which was fed a basal diet; CSB group, CSB-treated
group, which was fed the basal diet supplemented with 250 g/t of CSB.
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specific immune activity (40). Dietary SB supplementation increases
the serum IgG content in meat-type chickens (41) and weaned
piglets (42). However, only limited studies have been published on
the effects of SB on the humoral and cellular immune status (43, 44),
and further research is required on this aspect. In our study, the
serum IgG content of the group CSB was significantly higher than
that of the control group, which improved the humoral immune
capacity of the group CSB. The pro-inflammatory cytokines,
including IL-1B, IL-6, IFN-y, and TNF-q, are closely associated
with the immune system and are influenced by the highly-
automated process (HAP) axis activity (45). BA has been shown
to play an important role in maintaining the integrity of the
intestinal mucosa and exert potent anti-inflammatory effects in
broilers (46). Previous studies have also reported that butyrate
modulates the immune system by stimulating the release of
inflammatory cytokines (47). Zou et al. (48), found that TNF-o
and IL-1PB were significantly decreased in chickens supplemented
with 300 mg/kg SB, which is consistent with the results of this study,
in which dietary CSB supplementation significantly decreased
serum TNF-a levels in laying ducks.

Furthermore, previous studies have demonstrated that
supplementation of BA or SB reduces the expression of pro-
inflammatory cytokines and affects immune response by
inhibiting the activation of nuclear factor-xB (NF-kB) and
decreasing the release of IL-1f3, IL-6, and TNF-at (49). Moreover,
dietary supplementation of CSB can significantly suppress the
intestinal gene expression levels of pro-inflammatory cytokines,
TNF-o and IL-6, in laying hens (19). This is consistent with the
results of our study, in which compared with the control group,
the expression of IL-1f3 and TNF-o was significantly lower in the
spleens of the group CSB. These results suggest that CSB can affect
cellular inflammatory factors and thus the immune capacity of the
organism. Homeostasis in the intestines can be maintained by a
physical barrier consisting of epithelial cells and intercellular TJs
(50). TJs are the most important intercellular junctions and consist
of cytoplasmic protein ZO family and transmembrane proteins,
including Occludin and Claudin (22). Previous studies
demonstrated that SB increased TJ] expression, reduced gut
permeability, and enhanced the intestinal physical barrier (20,
21). This is consistent with the results of the present study, in
which dietary CSB supplementation significantly increased the
expression of Occludin in the ileum of laying ducks. Intestinal
permeability is closely associated with cytokines (51), and TNF-o
and IL-6 are enriched in the inflamed gut and contribute to gut
damage (52). The results of our study suggest that CSB can inhibit
cellular inflammatory factors, thereby enhancing the physical
barrier of the intestines and maintaining intestinal integrity.

In addition to the barrier, intestinal tract histology also plays an
important role in laying ducks. The absorption capacity of the small
intestine is measured by VH, CD, and, VH/CD ratio (53). The
longer villi correspond to a shallower crypt and greater VH/CD
ratio, which increases the absorptive capacity of the small intestines
(54). Previous studies found that SB supplementation could
improve feed utilization by increasing the length of the small
intestinal villi (41, 55), which is consistent with the results of this
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study, in which CSB supplementation significantly increased the
VH in the jejunum of the group CSB compared to the control
group. Furthermore, BA expands the absorption area of the small
intestines, thereby increasing the VH (56).

The cecum contains majority of the intestinal flora and plays a
key role in the digestion and absorption process of poultry (57).
Some studies have shown that changes in the intestinal flora can
affect intestinal health (58), and the cecal microbiota composition
significantly impacts the growth and health of poultry (59, 60). A
study found that the addition of Clostridium butyricum to the feeds
of early Muscovy ducks improved the cecal microflora richness
(61). In this study, we found that CSB supplementation increased
the Chaol, Shannon, and Pielou-e indices in laying ducks,
suggesting higher cecal microflora richness and diversity in the
group CSB compared to the control group. Higher microbiota
diversity indicates stronger intestinal health, as the rich flora can
resist the invasion of pathogenic bacteria (62). Whether or not to
add CSB to the ration the dominant flora of the cecum of ducks are
Bacteroidetes and Firmicutes, this is consistent with the results of
previous studies (59, 63). C. butyricum can increase the abundance
of Firmicutes in the cecum of yellow-feathered breeder hens (30). In
our study, we found that the abundance of Bacteroidetes was lower
in the group CSB than in the control group, while the abundances of
Firmicutes and Actinobacteria were higher in the group CSB
compared to the control group. Firmicutes are involved in the
energy absorption activities of the intestines (64) and include a
variety of bacteria that can decompose cellulose in the intestinal
tract (65), Bacteroidetes can degrade polysaccharides in the large
intestine to produce butyrate (66). Due to CSB supplementation,
Bacteroidetes were not required for butyrate production to maintain
the normal activity of the organism, which explains the significantly
lower abundance of Bacteroidetes in the group CSB compared to the
control group, which is consistent with the results of our previous
studies (67, 68). Furthermore, in our previous study, we found that
CSB increased the abundance of Actinobacteria in the ileum of
suckling pigeons (12), which is consistent with the results of this
pilot study. Actinobacteria have great economic importance
owing to their secondary metabolites, which have antibiotic
properties (69). CSB increases egg production by affecting the
intestinal flora of the ducks, thereby increasing their immune and
antioxidant capacity.

Conclusions

Dietary supplementation of CSB enhanced the immune
function and intestinal barrier of laying ducks by increasing the
antioxidant capacity of the body, increasing the secretion of
humoral immune factors, upregulating the expression of TJ-
related genes, and improving intestinal morphology. Moreover,
CSB supplementation improved the abundance of cecal
microflora in laying ducks, reduced laying stress, and increased
egg production rate, which indicates the positive effect of CSB
supplementation on laying ducks.
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