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ABSTRACT This study aimed to evaluate the indi-
vidual and combined effects of chemically protected
sodium butyrate (CSB) and xylo-oligosaccharide
(XOS) on performance, anti-inflammatory and antioxi-
dant capacity, intestinal morphology and microbiota of
broilers. A total of 280 one-day-old Arbor Acres broilers
were randomly distributed into 5 treatments: basal diet
(CON), basal diet supplemented with 100 mg/kg aureo-
mycin and 8 mg/kg enramycin (ABX), 1000 mg/kg
CSB (CSB), 100 mg/kg XOS (XOS), and mixture of
1000 mg/kg CSB and 100 mg/kg XOS (MIX), respec-
tively. On d 21, ABX, CSB, and MIX decreased feed
conversion ratio compared with CON (CON: ABX:
CSB: MIX = 1.29: 1.22: 1.22: 1.22), whereas body
weight of CSB and MIX was increased by 6.00% and
7.93%, and average daily gain was increased by 6.62%
and 8.67% at 1-21 d, respectively (P < 0.05). The main
effect analysis showed that both CSB and XOS treat-
ments increased ileal villus height and villus height to
crypt depth ratio (VCR) (P < 0.05). Moreover, broilers
in ABX showed lower 21.39% ileal crypt depth and
higher 31.43% VCR than those in CON (P < 0.05). Die-
tary CSB and XOS were added individually or collec-

tively increased total antioxidant capacity and
superoxide dismutase, and anti-inflammatory cytokines
interleukin-10 and transforming growth factor-8,
whereas decreased malondialdehyde, and proinflamma-
tory cytokines IL-6 and tumor necrosis factor-« content
in serum (P < 0.05). Meanwhile, MIX showed the best
effect of antioxidant and anti-inflammatory capacity
among the 5 groups (P < 0.05). There was an interaction
between CSB and XOS treatments on increasing cecal
acetic acid, propionic acid, butyric acid and total short-
chain fatty acid (SCFA) (P < 0.05), and the one-way
ANOVA showed that propionic acid in CSB was
1.54 times that of CON, whereas butyric acid and total
SCFAs in XOS were 1.22 times and 1.28 times that of
CON, respectively (P < 0.05). Furthermore, dietary
combination of CSB and XOS changed phyla Firmicutes
and Bacteroidota, and increased genera Romboutsia and
Bacteroides (P < 0.05). In conclusion, dietary CSB and
XOS improved growth performance of broilers, and the
combined addition of them had the best effect on anti-
inflammatory and antioxidant capacity, and intestinal
homeostasis of broilers in current study, indicating that
it may be a potential natural alternative to antibiotics.
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INTRODUCTION

Broiler is vulnerable to stimulation by external factors
such as diseases, nutritional and environmental chal-
lenges, especially when the intestinal function and
immune function are not fully developed, resulting in poor
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health and growth performance (Wang et al., 2021). For a
long time, antibiotics have maintained the dominant posi-
tion in feed additives due to the bacteriostatic or bacteri-
cidal characteristics, and the promotion of animal growth.
However, as people pay more attention to the problem of
antibiotic resistance and residues in animals (Frieri et al.,
2017), the prohibition of antibiotic use in animal feed has
been promulgated and implemented in the European
Union and China (Salaheen et al., 2017; Wang et al.,
2020; Wen et al., 2022). This means that antibiotic-free
feed has become an inevitable trend worldwide. Neverthe-
less, we cannot ignore the problems such as low growth
performance and high intestinal diseases in livestock and
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poultry without the protection of antibiotics. In recent
years, researchers have been devoting themselves to seek
antibiotics alternatives, such as acidifiers, prebiotics, pro-
biotics and plant extracts, etc., and alternative proposals
(Abiala et al., 2016; Chen et al., 2018b; Liu et al., 2018b;
Sanders et al., 2019).

Xylo-oligosaccharides (XOS) are emerging prebiotics
that have recently been gained a great interest in antibiotic
substitution. XOS are functional polymerized sugars with
straight or branched chains formed by 2-7 xylose molecules
bonded by B-1, 4-glycosidic bonds (Chen et al., 2021a).
XOS are not be degraded by endogenous enzymes, but
serve as substrates for microbial fermentation to produce
short-chain fatty acids (SCFAs) in animals, thus affecting
the growth and development of animals (Rahimifard and
Naseri, 2016; Zhuang et al., 2019). It can selectively stimu-
late the growth and/or activities of beneficial bacteria such
as Bifidobacterium and Lactobacillus, etc., and/or restrict
the colonization of pathogenic bacteria (de Figueiredo et
al., 2020). Previous studies in our laboratory have found
that XOS supplementation stimulated the increase of Lac-
tobacillus to enhance intestinal health (Chen et al., 2021c).
Six strains of Lactobacillus, such as Lactobacillus gallina-
rum, Lactobacillus johnsonii, Lactobacillus salivarius, etc.,
have been reported to be beneficial to the intestinal health
of broilers (Neveling et al., 2020). However, it is still unclear
whether XOS has the same positive regulatory effect on
Lactobacillus levels in broiler at early stage. Besides, XOS
can improve the growth performance of weaned piglets by
improving serum antioxidant defense system, serum immu-
noglobulin G (IgG), small intestinal structure and intesti-
nal barrier function (Chen et al., 2021b).

Sodium butyrate is widely used as a sodium salt of
organic acid (butyrate) in feed additives. In addition to
providing energy and mediating immune response, buty-
rate, 1 of the 3 main SCFAs (acetate, propionate and
butyrate), also serves to balance intestinal flora in ani-
mals (Bortoluzzi et al., 2017; Chen et al., 2018a; Liu
et al., 2018a). However, butyrate is easily volatilized
and its peculiar odor leads to the poor palatability of the
feed. In general, sodium butyrate or coated sodium buty-
rate could enhance the stability of butyrate, reduce the
odor of butyrate, and even regulate the location or rate
of release of butyrate in an animal. The effects of differ-
ent coated sodium butyrate have been widely studied
(Wu et al., 2018; Wambacq et al., 2020; Makowski et al.,
2022; Zhang et al., 2022), but there are still many differ-
ences and controversies in related research and techni-
ques. In this study, experimented butyrate, named
chemically protected sodium butyrate (CSB), is pro-
tected by a physical and chemical matrix of buffer salts,
which avoided dissociation at low pH in stomach or giz-
zard and is able to release enough butyrate in small
intestine (Zhao et al., 2022). Furthermore, Lan et al.
(2020b) reported that similar CSB had positive effects
on growth performance and gastrointestinal develop-
ment of broilers, and its effect and mechanism on poul-
try need more study to verify and investigate.

As dietary supplements designed to improve animal
health, CSB and XOS have garnered considerable

attention due to their unique properties. At present, it is
unclear whether the combination of CSB and XOS could
get better effects, and the research on the relevant mech-
anism is relatively lacking. Therefore, the purpose of this
study was conducted to evaluate the effects of XOS,
CSB and their combination on the growth performance,
intestinal morphology, digestive enzyme activities, anti-
oxidant capacity, immune function and cecal microflora
in broilers at early stage, finally providing reference and
theoretical basis for the application of their mixed prepa-
rations in poultry.

MATERIALS AND METHODS
Animals, Diets, and Experimental Design

All animal procedures were performed in accordance
with the Guidelines for Care and Use of Laboratory Ani-
mals of Chinese Academy of Agriculture Sciences and
experiments were approved by the Animal Ethics Com-
mittee of Experimental Animal Welfare and Ethical of
Institute of Animal Science, Chinese Academy of Agri-
culture Sciences (IAS2021-105).

A total of 280 one-day-old male Arbor Acres broilers
(Beijing Huadu Broiler Company, Beijing, China) were
randomly divided into 5 treatments with 8 replicates
and 7 birds/replicate. The broilers fed a basal diet
(CON, a corn-soybean meal), CON diet supplemented
with 100 mg/kg aureomycin and 8 mg/kg enramycin
(ABX) of diet, CON diet supplemented with
1000 mg/kg CSB (CSB) of diet, CON diet supplemented
with 100 mg/kg XOS (XOS) of diet, and CON diet sup-
plemented with 1000 mg/kg CSB and 100 mg/kg XOS
(MIX) of diet, respectively. The supplementation CSB
(Beijing Shengtaiyuan Bio-Technology Co., Ltd., Bei-
jing, China) contains 54% sodium butyrate protected by
a physical and chemical matrix of buffer salts (Lan
et al., 2020a; Lan et al., 2020b), and the supplementa-
tion XOS (Longlive Biotechnology Co., Ltd., Shandong,
China) contains 95% XOS (Chen et al., 2021b; Chen
et al., 2021c).

The light schedule was 23 h of light and 1 h of dark
throughout the experimental period, for 21 d. Broilers
were given free access to water and feed. The CON diet
was formulated according to the Feeding Standard of
Broiler Chicken (China, 2004; Table 1).

Sample Collection

At 21 d of age, 1 bird per replicate close to the average
body weight (BW) was selected and weighed. Fresh blood
was collected from the jugular vein in nonheparinized cen-
trifuge tubes, and then these tubes were centrifuged at
1,700 x g for 15 min at 4°C to separate serum. The isolated
serum was stored at —20°C until analysis. Later, the birds
were killed by cervical dislocation. Open the abdominal
cavity and separate the duodenum, jejunum, ileum and
cecum. Then, about 1-cm middle portion of the duodenum,
jejunum and ileum were individually fixed in 4% parafor-
maldehyde, and stored at room temperature until analysis.
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Table 1. Composition and nutrient levels of the basal corn—soy-
bean meal diets (as-fed basis).

Items (% unless noted) Contents

Ingredients
Corn (7.9%, crude protein) 55.00
Soybean meal (43.6%, crude protein) 36.30
Soybean oil 4.15
Dicalcium phosphate 1.80
Sodium chloride 0.30
Limestone 0.90
Choline chloride (50%) 0.10
L - Lysine ® HCI (99%) 0.21
DL - Methionine (98%) 0.24
Premix’ (1%) 1.00
Total 100.00

Calculated nutrient levels
Metabolic energy (Mcal/kg) 2.97
Crude protein 21.10
Available phosphorus 0.46
Calcium 1.05
Lysine 1.32
Methionine 0.58

'The premix provided per kilogram of diets: vitamin A 12,000 IU, vita-
min B; 3.5 mg, vitamin B, 8.6 mg, vitamin By 0.02 mg, vitamin Dy
25,000 IU, vitamin E 20 IU, vitamin K3 32.5 mg, biotin 0.20 mg, folic acid
1.00 mg, D-pantothenic acid 15 mg, nicotinic acid 50 mg, Cu (as copper
sulfate) 8 mg, Fe (as ferrous sulfate) 80 mg, Mn (as manganese sulfate)
120 mg, Zn (as zinc sulfate) 110 mg, Se (as sodium selenite) 0.30 mg.

Finally, the digesta of jejunum, ileum and cecum were
removed and collected in sterile freezer tubes, snap-frozen
in liquid nitrogen, and then stored at —80°C until analysis.

Growth Performance

The BW of 1- and 21-day-old broilers was recorded as
the initial BW and the final BW (FBW). BW and feed
consumption of broilers were recorded for each replicate
throughout the experimental period. In this way, at 21 d
of age, average daily weight gain (ADG), average daily
feed intake (ADFT), and feed conversion ratio (FCR)
were calculated for every bird.

Small Intestinal Histomorphology Analysis

Samples of duodenum, jejunum and ileum fixed with
4% paraformaldehyde were dehydrated with 70, 80, and
90% alcohol, and cleaned by treating with xylene solu-
tion. Then, the tissues were embedded with paraffin and
sectioned at a thickness of 3 to 5 um. After staining with
Periodic Acid Schiff, images were captured using a
DM300 microscope (Leica Microsystems, Wetzlar, Ger-
many). The villus height (VH) and crypt depth (CD)
(Luo et al., 2021) were observed under an optical micro-
scope, and VH to CD ratio (VCR) were calculated. Ten
points of each section were randomly selected for mea-
surement and the average value was taken.

Small Intestinal Digestive Enzyme Activities
Determination

Approximately 0.5 g jejunal or ileal digesta were
homogenized by adding 9 times the volume of cold

normal saline, and then centrifuged at 1,200 x g for
10 min at 4°C to take the supernatant for analysis. The
total protein of homogenized supernatant was deter-
mined using Pierce BCA protein assay kit (Thermo Sci-
entific Inc., Waltham, MA). Trypsin, amylase and lipase
activities were measured by wusing commercial kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing,
China), and all results were normalized by total protein
of each sample for inter-sample comparison.

Serum Biochemical Analysis

Total antioxidant capacity (T-AOC), superoxide dis-
mutase (SOD), malondialdehyde (MDA), immuno-
globulin A (IgA), IgG, and immunoglobulin M (IgM)
in serum were measured using relevant reagent kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer’s instructions.
Interleukin-6 (IL-6), interleukin-10 (IL-10), tumor
necrosis factor-a (TNF-a), and transforming growth
factor-g (TGF-B) were determined according to the
manufacturer’s instructions (Beijing Jinhaikeyu Biologi-
cal Technology Development Co. Ltd, Beijing, China),
and measured with ST-360 microplate reader (Shanghai
Kehua Bio-Engineering Co. Ltd, Shanghai, China).

Microbial 16S rRNA Analysis of Cecal
Digesta

DNA was extracted according to the FastDNA SPIN
for soil kit (MP Biomedicals, Solon, OH) instructions.
DNA purity and concentration were detected by Nano-
Drop2000, and DNA integrity was detected by 1% aga-
rose gel electrophoresis. PCR was used to amplify V3-
V4 region of 16S rRNA gene with universal primers
338F (5-ACTCCTACGGGAGGCAGCAG-3') and
806R (5-GGACTACHVGGGTWTCTAAT-3'). The
reaction parameters of PCR amplification were per-
formed as follows: initial denaturation at 95°C for 3 min,
followed by 27 cycles of denaturing at 95°C for 30 s,
annealing at 55°C for 30 s and extension at 72°C for 45 s,
and single extension at 72°C for 10 min, and end at 10°
C. Purified amplicons were pooled in equimolar
and paired-end sequenced on an Illumina MiSeq
PE300 platform/NovaSeq PE250 platform (Illumina,
San Diego, CA) according to the standard protocols by
Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai,
China).

Cecal SCFAs Analysis

Acetic acid, propionic acid, butyric acid, isobutyric
acid, valeric acid and isovaleric acid were quantitatively
determined in cecum digesta by gas chromatography
(Tang et al., 2021). The standard curve was prepared by
mixing mother liquor, 25% metaphosphoric acid and
ultrapure water in different proportions. Cecal chyme
was homogenized with ultra-pure water, centrifuged,
supernatant mixed with 25% metaphosphoric acid 9:1,
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filtered by 0.45 pum Milled-LG (Millipore, Billerica,
MA), and SCFAs analysis was performed by Agilent
7890 N gas chromatograph (Agilent, Santa Clara, CA).

Statistical Analysis

The SAS 9.4 statistical software (SAS Inst. Inc., Cary,
NC) was used to analyze data, except the venn diagram,
principal co-ordinate analysis (PCoA) and community bar
plot analysis, by using 1-way ANOVA following by Dun-
can’s multiple range test among 5 groups and a 2 x 2 facto-
rial arrangement (CSB and XOS), excluding ABX, to
consider the main effects of CSB and XOS supplementation
as well as CSB x XOS interaction. Data were expressed as
mean and SEM, mean + SE or mean and value from mini-
mum to maximum only in table, bar graph or box plot,
respectively. P < 0.05 indicated statistically significant, and
0.05 < P < 0.10 was defined as a tendency towards signifi-
cance. Operational taxonomic units (OTUS) clustering
based on ribosomal database project classifier Bayesian
algorithm at 97% similarity level, venn diagram on OTU
level, community bar plot on phylum and genus level, and
PCoA analysis based on the unweighted-unifrac distance
metrics and ANOSIM test of cecal flora, were performed by
Majorbio I-Sanger Cloud Platform (www.i-sanger.com).

RESULTS
Growth Performance

As shown in Table 2, broilers fed CSB supplementation
diets showed the higher FBW and ADG, and the lower
FCR than those fed diets without CSB (P < 0.05). There
was no interaction between CSB and XOS treatments
(P > 0.05), however, the 1-way ANOVA analysis results
showed that broilers in MIX group exhibited higher FBW
and ADG as compared with those in CON and XOS groups

(P < 0.05). FCR of broilers in ABX group was lower than
CON group (P < 0.05), to a level equal to that of CSB and
MIX groups (P > 0.05). No significant difference was
observed in ADFT among the 5 groups (P> 0.05).

Small Intestinal Histomorphology

The morphology structure of duodenum, jejunum and
ileum was observed on d 21 (Figures 1A—1C). The main
effect analysis results showed that both CSB and XOS
treatments increased ileal VH and VCR (P < 0.05; Figures
1J and 1L), and dietary XOS had a tendency to decrease
jejunal CD (P = 0.05; Figure 1H). The 1-way ANOVA
results showed that broilers in MIX group showed the high-
est ileal VH and VCR among 5 groups, as well as lower ileal
CD than those in CON group (P < 0.05; Figures 1J—1L).
Meanwhile, the ileal CD in ABX group broilers were signifi-
cantly lower than that in CON, CSB and XOS groups (P <
0.05; Figure 1K). Besides, no obvious changes were found
in duodenum and jejunum among the 5 groups (P > 0.05,
Figures 1D—1I). On the whole, VH, CD and VCR were the
greatest in duodenum, followed by jejunum and ileum.

Small Intestinal Digestive Enzyme Activities

CSB had no interaction with XOS (P > 0.05; Figures
2A—2F), and the main effect analysis results showed die-
tary CSB had a tendency to increase ileal trypsin
(P = 0.08; Figure 2F). Moreover, the results of 1-way
ANOVA showed that both CSB and MIX increased ileal
lipase of broilers compared with ABX (P < 0.05;
Figure 2E), and ileal trypsin in MIX group was signifi-
cantly higher than that in ABX and XOS groups
(P < 0.05; Figure 2F).

Table 2. Effects of CSB or/and XOS on growth performance in broilers.

Treatments IBW (g) FBW (g) ADG (g/d) ADFI (g/d) FCR (g/g)
CON 46.81 599.21¢ 26.30° 33.97 1.29
ABX 46.33 619.24"> 27.280¢ 33.31 1.22"
CSB 46.44 635.18"" 28.04"" 34.22 1.22"
X0S 46.49 609.15" 26.79"° 33.45 1.25""
MIX 46.55 646.73" 28.58" 34.87 1.22"
SEM 0.08 5.60 0.27 0.26 0.01
P-value 0.38 0.04 0.04 0.32 0.01
Main effects

CSB

- 46.65 604.18" 26.55" 33.71 1.27%

+ 46.49 640.95" 28.31% 34.55 1.22%

XO0S

- 46.63 617.19 27.17 34.10 1.26

+ 46.52 627.94 27.69 34.16 1.24
P-values

CSB 0.39 0.01 0.01 0.19 0.01

X0S 0.56 0.40 0.40 0.92 0.19

CSB x X0S 0.25 0.95 0.96 0.35 0.25

Abbreviations: ABX, 100 mg/kg aureomycin and 8 mg/kg enramycin; CON, a corn-soybean meal; CSB, 1,000 mg/kg CSB; IBW, initial body weight;
FBW, final body weight; FCR, feed conversion ratio (feed: gain, g/g); MIX, 1,000 mg/kg CSB and 100 mg/kg XOS; XOS, 100 mg/kg XOS.

*beQuperseripts for means belong to 1-way ANOVA following by Duncan’s multiple range test among 5 groups (n = 8).

*YSuperscripts for means belong to 2 x 2 factorial arrangement (CSB and XOS), excluding ABX.Means in a column with different superscripts are sig-

nificantly different (P < 0.05).
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Figure 1. Effects of CSB or/and XOS on small intestinal histomorphology in broilers. The pictures of periodic acid-schiff-stained sections of
duodenum (A, x10), jejunum (B, x10) and ileum (C, x5), and villus height, crypt depth and villus height /crypt depth of duodenum (D—F), jeju-
num (G-I), and ileum (J—L). Data represent mean & SE (n = 8), and bars with different letters (a, b, ¢) analyzed by 1-way ANOVA following by
Duncan’s multiple range test among 5 groups differ significantly (P < 0.05); P values means the significant from 2 x 2 factorial analysis (CSB and
XO0S), excluding ABX. Abbreviations: ABX, 100 mg/kg aureomycin and 8 mg/kg enramycin; CON, a corn-soybean meal; CSB, 1,000 mg/kg CSB;
MIX, 1,000 mg/kg CSB and 100 mg/kg XOS; XOS, 100 mg/kg XOS.
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Figure 2. Effects of CSB or/and XOS on small intestinal digestive enzyme activities in broilers. The a-amylase, lipase and trypsin activity of
jejunum (A—C) and ileum (D—F). Data represent mean £ SE (n = 6—7), and bars with different letters (a, b, ¢) analyzed by 1-way ANOVA follow-
ing by Duncan’s multiple range test among 5 groups differ significantly (P < 0.05); P values means the significant from 2 x 2 factorial analysis (CSB
and XOS), excluding ABX. Abbreviations: ABX, 100 mg/kg aureomycin and 8 mg/kg enramycin; CON, a corn-soybean meal; CSB, 1,000 mg/kg

CSB; MIX, 1,000 mg/kg CSB and 100 mg/kg XOS; XOS, 100 mg/kg XOS.

Serum Antioxidant Status

As exhibited in Table 3, results of the main effect analy-
sis showed that both CSB and XOS increased T-AOC
concentration and SOD activity and decreased MDA con-
centration in serum (P < 0.05). CSB and XOS had no
interaction effect on serum antioxidant capacity of broilers
(P > 0.05), however, the 1-way ANOVA results showed
that the combination of CSB and XOS resulted in the
optimal antioxidant effect of broilers compared with the
other 4 groups (P < 0.05). T-AOC concentration of
broilers in ABX group was lower than that in CSB, XOS
and MIX groups (P> 0.05), but there was no difference in
SOD activity and MDA concentration (P < 0.05).

Serum Immunoglobulins and Inflammatory
Factors

This study did not find a significant difference in serum
IgG, IgA and IgM of broilers at 21 d among 5 groups (P >
0.05, Figures 3A—3C). The main effect analysis showed
that both CSB and XOS treatments down-regulated the
level of proinflammatory cytokines IL-6 and TNF-«, and
up-regulated the level of anti-inflammatory cytokines IL-
10 and TGF-B in serum (P < 0.05, Figures 3D=3G). Fur-
thermore, there was a significant interaction effect between
CSB and XOS on IL-10 (P = 0.02; Figure 3E). The 1-way
ANOVA results showed that broilers in MIX group had
the lowest concentrations of I1-6 and TNF-a and the

highest concentrations of IL-10 and TGF-B in serum
among 5 groups (P < 0.05, Figures 3D—3G). Whereas,
diet supplementation with ABX decreased the concentra-
tions of IL-10 and TGF-8 compared with the other 4
groups (P < 0.05, Figures 3E and 3G).

Cecal Microbial Diversity

The venn diagram showed 430 co-owned OTUs (clus-
tering at 97% similarity level) among 5 groups and
unique OTUs of CON, ABX, CSB, XOS and MIX group
broilers was 12, 26, 28, 21, and 26, respectively
(Figure 4A). Sobs (Figure 4B), chao (Figure 4C) and
ace (Figure 4D) indices used to characterize the « diver-
sity of cecal microorganisms increased numerically in
the other 4 groups compared with CON, which did not
reach the level of statistical significance (P > 0.05), and
a tendency of interaction between CSB and XOS in the
sobs index (P = 0.08; Figure 4A) was observed. Addi-
tionally, PCoA analysis based on unweighted-unifrac
distance metrics and ANOSIM test revealed that a clear
microbiota community shift occurred at the OTU level
among 5 groups (R = 0.116, P = 0.016; Figure 4E).

Cecal Microbial Community Compositions

Microbial community composition was analyzed at
the phylum (Figure 5A) and genus levels (Figure 5D).
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Table 3. Effects of CSB or/and XOS on serum antioxidant
capacity in broilers.

Treatments T-AOC (U/mL) SOD (U/mL) MDA (nmol/mL)
CON 7.68™ 126.07" 5.49"
ABX 7.42¢ 124.06" 5.54"
CSB 7.90" 128.81" 5.29"
X0S 7.84" 128.56" 5.32"
MIX 8.38° 134.82° 4.91"
SEM 0.08 0.93 0.06
P-value <0.01 <0.01 <0.01
Main effects

CSB

- 7.76° 127.31° 5.40"

+ 8.14* 131.82" 5.10"

XO0S

- 7.79" 127.447 5.39"

+ 8.11% 131.69% 5.12"
P-values

CSB 0.02 0.02 0.02

XO0S 0.05 0.03 0.03

CSB x XOS 0.32 0.35 0.40

Abbreviations: ABX, 100 mg/kg aureomycin and 8 mg/kg enramycin;
CON, a corn-soybean meal; CSB, 1,000 mg/kg CSB; MDA, malondialde-
hyde; MIX, 1,000 mg/kg CSB and 100 mg/kg XOS; SOD, superoxide dis-
mutase; T-AOC, total antioxidant capacity; XOS, 100 mg/kg XOS.

abeGyperscripts for means belong to 1-way ANOVA following by Dun-
can’s multiple range test among 5 groups (n = 8).

*YSuperscripts for means belong to 2 x 2 factorial arrangement (CSB
and XOS), excluding ABX.Means in a column with different superscripts
are significantly different (P < 0.05).

At the phylum level, Firmicutes were the first dominant
phyla among all 5 groups, and the 1-way ANOVA analy-
sis showed that its relative abundance in MIX group

broilers was significantly lower than that in the ABX,
CSB and XOS groups (P < 0.05; Figure 5B). However,
broilers in MIX group had higher relative abundance of
Bacteroidota than those in the other 4 groups (P < 0.05;
Figure 5C). Moreover, the main effect analysis showed
that CSB significantly increased relative abundance of
Bacteroidota (P < 0.05), and XOS had a tendency to
increased Bacteroidota abundance (P = 0.06; Figure 5C).

At the genus level, the relative abundance of Faecali-
bacterium in XOS (13.29%) and CSB groups broilers
(10.67%) was nearly twice that of MIX (5.86%), ABX
(5.79%), and CON groups (5.33%), although it did not
reach statistical significance (P > 0.05; Figure 5D). A
tended interaction of Romboutsia was observed between
CSB and XOS group broilers (P = 0.05), and the 1-way
ANOVA analysis showed that its relative abundance
increased significantly in MIX group broilers than that
in XOS, CSB and CON groups (P < 0.05; Figure 5E).
Furthermore, broilers in MIX group had higher relative
abundance of Bacteroides than those in the other 4
groups (P < 0.05; Figure 5F). The main effect analysis
results showed that XOS treatment significantly
decreased relative abundance of Shuttleworthia (P <
0.05; Figure 5G).

Cecal SCFAs

There was an interaction between CSB and XOS
treatments on increasing contents of acetic acid,

A CSB:P=0.43 B CSB:P=0.36 c CSB:P=0.32
X0S:P=0.51 X0S: P=0.44 X0S:P=0.98
. CSBXXOS: P = 0.62 ’s- CSBXXOS: P= 0.60 2o CSBXXOS: P= 0.63
I ’/y E 2.0 '7 ” 7 I
. . i / 21e .
QO 5 / < 1.04 % 2 %
(=2} O) (=)
3 / E / : /
14 Z 0.5 Z 0.5 Z
ot A 0.0t % 0.0 4
CON ABX CSB XOS MIX CON ABX CSB XOS MIX
CSB:P=0.02 CSB:P<0.01 CSB:P <0.01 CSB:P <0.01
D X0S: P=0.03 = X0S: P<0.01 F X0S: P<0.01 G X0S:P=0.01
CSBxXOS: P= 0.25 CSBxXOS: P=0.02 CSBxXOS: P=0.10 CSBxXOS: P=0.19
812 a , , 20- 40 )
I [ b b b b b
6- 15- 30 i
4—

IL-6 (pg/mL)

N
1
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5

o
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AL -
CON ABX CSB X0S MIX

o

o
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TGF-B (pg/mL)
S
1

MmN =
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Figure 3. Effects of CSB or/and XOS on serum immunoglobulins (A—C) and cytokines (D—G) in broilers. Data represent mean + SE (n = 8),
and bars with different letters (a, b, ¢) analyzed by 1-way ANOVA following by Duncan’s multiple range test among 5 groups differ significantly
(P < 0.05); P values means the significant from 2 x 2 factorial analysis (CSB and XOS), excluding ABX. Abbreviations: ABX, 100 mg/kg aureomy-
cin and 8 mg/kg enramycin; CON, a corn-soybean meal; CSB, 1,000 mg/kg CSB; IgA, immunoglobulin A; IgG, immunoglobulin G; IgM, immuno-
globulin M; IL-6, interleukin-6; IL-10, interleukin-10; MIX, 1,000 mg/kg CSB and 100 mg/kg XOS; TNF-«, tumor necrosis factor-o; TGF-8,

transforming growth factor-g; XOS, 100 mg/kg XOS.
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sis; XOS, 100 mg/kg XOS.

propionic acid, butyric acid and total SCFAs (P <
0.05; Figures 6A—C and 6G) in cecal digesta of
broilers. Moreover, the 1-way ANOVA results showed
that CSB increased contents of propionic acid (P <
0.05; Figure 6B) and XOS increased contents of
butyric acid and total SCFAs (P < 0.05; Figures 6C
and 6G) as comparing with CON and ABX group
broilers. Besides, compared with the other 4 groups,
XOS treatment also increased content of acetic acid
from the value of view, which did not reach the level of
statistical significance (P > 0.05, Figure 6A). The
main effect analysis results showed that dietary CSB
increased contents of isobutyric acid, valeric acid and
isovaleric acid (P < 0.05; Figures 6D—6F), whereas
dietary XOS had a tendency to increase contents of
valeric acid (P = 0.08; Figure 6E). In addition, the 1-
way ANOVA results showed that contents of isobuty-
ric acid, valeric acid and isovaleric acid of broilers in
MIX group were higher than those in CON and ABX
group (P < 0.05; Figures 6D—6F), and similar to those
in CSB and XOS group (P > 0.05; Figures 6D—6F).

DISCUSSION

As growth-promoting antibiotics are banned in ani-
mal feed, finding effective alternatives to enhance animal
health and maintain high-quality products is urgent. A
major focus of this study was the potential effectiveness
of CSB and XOS together in replacing growth-promot-
ing antibiotics. We found the CSB treatment increased
the FBW and ADG and decreased the FCR of the
broilers at early stage (1—21 d), which was consistent
with the previous studies (Bortoluzzi et al., 2017; Lan
et al., 2020a). However, the main effect analysis of
results demonstrated that the XOS did not affected
FBW, ADG, and FCR of the broilers at early stage,
which is contrary to previous studied suggesting that
supplementation with XOS could improve the growth
performance of broilers (De Maesschalck et al., 2015;
Suo et al., 2015; Yuan et al., 2018). One most possible
explanation is that XOS has prebiotic properties which
cannot be digested by endogenous digestive enzymes of
single-stomach animals such as broilers (Holscher,
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Figure 5. Effects of CSB or/and XOS on cecal microbial composition in broilers. Community bar plot analysis at phylum level (A) or genus level
(D). Comparative analysis of relative abundance of major bacterial at phylum level (B, C) or genus level (E—G). Data represent mean and from min-
imum to maximum (n = 7—8), and bars with different letters (a, b, ¢) analyzed by 1-way ANOVA following by Duncan’s multiple range test among
5 groups differ significantly (P < 0.05); P values means the significant from 2 x 2 factorial analysis (CSB and XOS), excluding ABX. Abbreviations:
ABX, 100 mg/kg aureomycin and 8 mg/kg enramycin; CON, a corn-soybean meal; CSB, 1,000 mg/kg CSB; MIX, 1,000 mg/kg CSB and 100 mg/kg

XO0s; X0S, 100 mg/kg XOS.

2017), and 1-21d broilers have poor microbiota and
digestive system. A more significant effect was observed
when extending the age to 35 d or 42 d in our research
(unpublished data). Even so, in this study, broilers in
the mixed group (CSB + XOS) obtained the largest BW
and ADG among the 5 groups, and significantly reduced
FCR. According to this finding, the combination of CSB
and XOS was shown to have good potential as antibiotic
alternatives for improving broiler growth. A broiler’s
growth performance was strongly related to its digestive
and absorption capacity, especially the capacity of its

small intestine (Gao et al., 2018; Li et al., 2019). There-
fore, we further analyzed the morphologic alterations of
the small intestinal and digestive enzyme activities of
broilers.

The morphologic structure of the small intestine plays
a key role in the digestion of nutrient substrates and is
closely related to the performance of broilers. Small
intestine absorption capacity can be estimated from the
VH and VCR, and a higher ratio indicates a more effi-
cient absorption rate (Olukosi and Dono, 2014; Walton
et al, 2016). Increasing pieces of evidence have
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demonstrated beneficial effects of CSB (Chamba et al.,
2014; Gonzélez-Ortiz et al., 2019) or XOS (Luo et al.,
2021; Wang et al., 2021; Yang et al., 2022) on the mor-
phology and structure of small intestine at different
phases of broiler growth, although these results had
some variations, which is accordance with the present
results that the CSB or XOS treatment elevated the VH
and VCR of ileum at broiler early stage. Additionally,
we found that the combination of CSB and XOS had a
better effect on improving mucosal morphology of the
ileum as compared with individual supplementation of
CSB or XOS without obvious synergistic effect. Tradi-
tionally, the small intestinal is responsible for the major-
ity of digested products absorption (from fat, starch,
and protein) (Oso et al., 2019). Accordingly, we hypoth-
esized that XOS or CSB may improve broiler perfor-
mance by affecting intestinal mucosa morphology and
enhancing intestinal health more efficiently. On the
other part, the level of digestive enzyme activities is one
of the important reference indexes affecting the ability
of livestock and poultry to digest and absorb nutrients.
The main analysis results in this study exhibited that
administration of CSB and XOS did not affect the diges-
tive enzyme (lipase, trypsin, and amylase) activities in
jejunum or ileum at broiler early stage, suggesting the
enhanced feed conversion efficiency and growth perfor-
mance may be independent of the alterations of digestive
enzyme activities.

Normally, animal body cells metabolize and produce
reactive oxygen species (ROS) which are maintained at

normal levels. However, external stimuli such as shock
and heat stress caused oxidative stress with excessive
ROS production which destroyed the cellular structures
of carbohydrates, nucleic acids, lipids and proteins, thus
changing their functions in the body (Song et al., 2018).
Antioxidant enzymes whose activity indirectly reflects
the ability to scavenge ROS (Liu et al., 2020) play a key
role in animal defense against oxidative stress caused by
xenobiotic (Wu et al., 2016). Lan et al. (2020a) reported
that sodium butyrate increased the activities of SOD
and glutathione peroxidase, the key antioxidant
enzymes, and decreased the content of MDA, the prod-
uct of lipid peroxided degradation (Mousavi et al., 2018;
Liu et al., 2020), in the serum of broilers. Wang et al.
(2022) reported that dietary XOS had a tendency to
increase T-AOC, and XOS +IAPS significantly
increased T-AOC activity and decreased MDA content
in the serum of broilers. Similar results of the CSB or
XOS administration in present study were observed,
exhibiting the increased antioxidant capacity of CSB or
XOS in the early stage of broiler. Besides, broilers
treated with CSB and XOS together had the highest
activities of T-AOC and SOD and the lowest content of
MDA among the 5 treatments, indicating that CSB
combined with XOS played a better antioxidant effect
to avoid the excessive energy waste in broilers.

We further evaluated the effects of CSB and XOS on
the immune function in broiler early stage. The results
in this study demonstrated that no significant altera-
tions of the immunoglobulins (IgG, IgA, and IgM),
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several globulins with antibody activity or similar chem-
ical structure to antibody (Balan et al., 2019; Megha
and Mohanan, 2021), were observed in serum of broilers
treated with CSB or XOS, meaning the CSB or XOS
might not regulate the secretion of IgG, IgA, and IgM.
However, the main analysis results in present study
demonstrated that administration of CSB and XOS
increased the anti-inflammatory cytokines IL-10 and
TGF-B, and decreased the proinflammatory cytokines
IL-6 and TNF-«. This finding was consistent with the
results that supplementary XOS modulated the level of
cytokine (increasing anti-inflammatory cytokines and
decreasing proinflammatory cytokines) in the serum or
intestine of piglets, enhancing animal immune function
in our laboratory’s previous studies (Chen et al., 2021b;
Tang et al., 2022). Additionally, we found that there
was a synergy between CSB and XOS on increasing
serum IL-10, and the 1-way ANOVA results showed
that the combination of CSB and XOS also had the best
effect for regulating the serum cytokines level to improve
the immune function of broilers.

The gut microbiota harboring the animal gastrointes-
tinal tract was involved in regulating key host metabolic
and immunologic health, including nutrient digestion
and absorption, maintaining energy balance and
immune system development (Martin-Gallausiaux
et al., 2021), and the balance of microflora is the key to
the healthy growth of animal. Therefore, we profiled the
response of cecal microbiota composition to dietary
XOS or CSB supplementation. The diversity of cecum
microbial community was not affected by dietary
changes, but there were differences in the relative abun-
dance of individual phylum and genus in this study. Sim-
ilar to previous studies (Lourenco et al., 2019),
Firmicutes was the first dominant microflora among the
cecal contents of broilers in the 5 treatment groups. In
addition, the altered relative abundance of Bacteroidota
that involved in the degradation of complex carbohy-
drates (Louis et al.. 2014) was more sensitively
responded to mix of CSB and XOS treatment without
obvious synergistic effect, suggesting that the micro-
biota utilizing XOS or CSB were mainly Bacteroidota
phyla.

Specific bacteria (e.g., Bacteroides spp., Faecalibacte-
rium spp., Shuttleworthia, etc.) were identified to be
influenced by a dietary mix of CSB and XOS in the
cecum. For instance, Bacteroides spp. (belonging to the
Bacteroidota) that could provide nutrition for other
microbial residents and protection for the host from
pathogens in the gut (Zafar and Saier, 2021) was the
highest in MIX group broilers. The Romboutsia
observed to adapt well to mixing CSB and XOS in this
study was a new genus isolated from the gut in recent
years (Gerritsen et al., 2014). Tt can utilize different and
partially redundant pathways of carbohydrates, includ-
ing diet-derived FOS and host-derived sugars released
by other microorganisms, and adapt to a nutrient-rich
environment rich in carbohydrates, amino acids, and
vitamins (Gerritsen et al., 2017), finally playing a key
role in maintaining the health of the host (Mangifesta

et al., 2018). Besides, we found that XOS administration
had significant lower cecal Shuttleworthia abundance,
the potential pathogenic genus (Zhao et al., 2019), com-
pared with broilers not treated with XOS, which was
accord with previously similar results that the intake of
isomaltose reduced the level of pathogens such as Shut-
tleworthia (Yang et al., 2021). In addition, whether CSB
and XOS affect the changes of Lactobacillus strains in
the gut of broilers at early stage is also our concern. In
this study, Lactobacillus strains, such as L. johnsonii
and L. salivarius, have been recognized as having posi-
tive effects on the intestinal health of broilers (Neveling
et al., 2020), showed no significant difference among 5
groups, indicating that Lactobacillus may be not the
main bacteria regulated by CSB or/and XOS in broilers
at early stage.

Microbial metabolites, closely related to the composi-
tion of gut microbiota, are incredibly crucial for the sys-
temic metabolism and immunologic health (Wu et al.,
2021), and the SCFA, a kind of very vital microbial
metabolites, was further analyzed in this research. Our
results demonstrated that dietary addition of CSB, XOS,
or a mixture of CSB and XOS, could increase the content
of various SCFAs in cecal contents to a certain extent,
which was similar to previous studies (Wu et al., 2018;
Chen et al., 2021¢). A large amount of evidence had shown
that SCFAs provided energy for intestinal epithelial cells
and played an important role in regulating immune func-
tion and enhancing intestinal barrier function in animals
(Parada Venegas et al., 2019). Intriguing, the addition of
CSB eliminated the increment of butyric acid content in
the cecal chyme after the supplementary of XOS, indicat-
ing that there might be also a negative feedback inhibition
pathway for butyric acid production of gut microbiota.
Besides, the alteration of the butyric acid content might
be related to the abundance of cecal Faecalibacterium
spp., one of the main components of intestinal microbiota
(Ferreira-Halder et al., 2017) related to Faecalibacterium
Prausnitzii (Oikonomou et al., 2013), that could metabo-
lize intestinal sugars unabsorbed by host to produce large
amounts of butyric acid (Flint et al., 2012). Moreover, we
observed the interaction between CSB and XOS on the
change of acetic acid, propionic acid and butyric acid con-
tent, which may be related to microbial symbiosis, but the
specific mechanism needs to be further studied.

CONCLUSIONS

Taken together, dietary supplementary of CSB, XOS,
or their combination could improve the morphology of
ileum tissue, therefore enhancing the feed utilization of
broilers at the early stage (1—21 d), which was indepen-
dent of the alterations of digestive enzyme activities.
Besides, the CSB, XOS, or their combination treatment
enhanced immunity and provided a better oxidation-
deoxidation environment and intestinal homeostasis
(microbiota composition and SCFA content), guarantee-
ing the broilers in a healthier state. Moreover, broilers
receiving the mix addition of CSB and XOS demonstrated
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the best effects on the improvement of small gut morphol-
ogy and intestinal homeostasis, and enhancement of anti-
inflammatory and antioxidant capacity, eventually elevat-
ing growth performance. These results suggested that
combination of CSB and XOS may be a potential natural
alternative to antibiotics.
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