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Beta-glucan has been shown to have a beneficial effect on gastrointestinal health. This experiment was
conducted to investigate the effects of b-glucan isolated from Agrobacterium sp. ZX09 on growth per-
formance and intestinal health of weaning pigs. A total of 108 weaned pigs (21 d of age; 6.05 ± 0.36 kg)
were randomly divided into 3 groups (6 pens/group; 6 pigs/pen), and the groups were each treated with
the following diets: 1) basal diet, 2) basal diet supplemented with 20 mg/kg olaquindox, 3) basal diet
supplemented with 200 mg/kg b-glucan, for 21 d. Compared with the control group, pigs fed with
200 mg/kg b-glucan had greaterBW, average daily gain and duodenal villus height to crypt depth ratio
(P < 0.05). Olaquindox increased the duodenal or jejunal villus height of pigs compared with b-glucan.
Compared with the control group, b-glucan tended to increase the occludin mRNA expression in the
jejunum (0.05 < P < 0.10). Beta-glucan enriched the beneficial microbiota in the ileum of pigs (P < 0.05).
In conclusion, b-glucan may promote growth performance by improving intestinal health and increasing
beneficial microbiota of weaned pigs. The study results will provide valuable theoretical guidance for the
utilization of b-glucan in weaned pigs.

© 2021 Chinese Association of Animal Science and Veterinary Medicine. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

As one of the most stressful events that the piglets confront in
swine production, weaning results in reduced feed intake and
growth rate, and increased morbidity and mortality of weaned
pigs (Pluske et al., 1997; Xiong et al., 2019). Intestinal health is
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iation of Animal Science and

vier on behalf of KeAi

nce and Veterinary Medicine. Publ
eativecommons.org/licenses/by/4.0
critically important for the digestion and absorption of nutrients
and the maintenance of the host barrier function against harmful
pathogens and antigens. Weaning impairs the intestinal
morphology, immune system, and barrier function of pigs (Hu
et al., 2013). For decades, antibiotics have been recognized as
growth promoters in animal production, however, many of them
have been banned for use due to their resistance to pathogenic
bacterial strains and residual contamination in animal production
(Han KNK et al., 2007; Xiong et al., 2015; Zou et al., 2019).
Therefore, substitutes for in-feed antibiotics have attracted the
interests of researchers.

Beta-glucans, a linear polysaccharide of D-glucose monomers
linked by b-1,3-glycosidic or b-1,4-glycosidic linkages, are abun-
dant biopolymers and are found in the cell walls of cereals,
bacteria, yeast, or fungi (Sener et al., 2007). Like dietary fibers,
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b-glucans affect host health in domestic animals or humans by
selectively stimulating the intestinal bacteria growth or activity
(Wood, 2007). Further, b-glucans have been shown to stimulate
specific or nonspecific immune responses (Suzuki et al., 1990).
However, the efficacy of b-glucans may be related to their func-
tional properties, such as purity, structure and molecular weight.
In the present study, a water-soluble b-glucan extracted from
Agrobacterium sp. ZX09 was investigated, which has a large and
complex molecular structure and is mainly composed of b-1,3-D-
glucan. Previous studies have showed that it could reduce obesity
induced by a high-fat diet (Zhang et al., 2013), enrich beneficial
flora and increase short-chain fatty acids content in the cecum of
mice (Zhou et al., 2014b). It can also alleviate the inflammation of
the colon induced by dextran sulfate sodium in mice (Zhou et al.,
2014a). Moreover, another study showed that 100 mg/kg dosage
of b-glucan from Agrobacterium sp. ZX09 (purity �90%) could
improve growth performance and intestinal function in weaned
pigs (Luo et al., 2019b). Luo et al. also reported that it could
improve growth performance, nutrient digestibility and pork
quality of finishing pigs (Luo et al., 2019c). These results indicated
that this water-soluble b-glucan might exert beneficial effects on
animal gastrointestinal health.

However, whether it can be used as an in-feed substitute for
antibiotics to improve intestinal health and growth performance in
weaned pigs remains unknown. Therefore, in this study, we
explored the effects of b-glucan as an in-feed substitute for anti-
biotics on the growth performance, intestinal morphology,
immunity and antioxidant index, and microbiota community of
weaned pigs.

2. Materials and methods

2.1. Animal ethics

The experimental design and procedures used in this studywere
approved by the Animal Care and Use Committee of the Institute of
Subtropical Agriculture, Chinese Academy of Sciences (2013020).

2.2. Materials and reagent

Beta-glucan was extracted from the fermentation broth of
Agrobacterium sp. ZX09 (Sichuan Synlight Biotech Ltd, Chengdu,
China). The average molecular weight of b-glucan was about
2,000 kDa and its purity was more than 60%. Olaquindox (purity�
98%) was purchased from Shanghai yuanye Bio-Technology
Co., Ltd.

2.3. Animals and experimental treatments

A total of 108 piglets (Duroc � [Landrace � Yorkshire];
6.05 ± 0.36 kg) weaned at 21 d of age were used in this experiment.
Pigs were blocked by sex and litter and were randomly assigned into
3 dietary treatments (6 pens/group; 6 pigs/pen) consisting of a basal
diet (control group), the basal diet supplemented with 20 mg/kg
olaquindox or 200 mg/kg b-glucan for 21 d. The basal diet was
formulated tomeet the nutrient requirements for weaned pigs (NRC,
2012), and the diet contained 54% corn (8.5% CP), 12% soybean meal
(43% CP), 2.5% glucose, 2.5% whey powder, 5% fish meal, 6% puffed
corn, 10% fermented soybean meal, 3% soybean oil, and 5% premix.
All pigs were fed in an environmentally controlled nursery barnwith
a hard-plastic slatted floor and nipple drinkers. Pigs were allowed to
drink and eat freely. The pigs were weighed and recorded at the
beginning of the experiment and on the 14th and 21st day of the
experiment.
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2.4. Sample collection

On d 22, two pigs (1 female and 1male) were randomly selected
from each pen and euthanized by injection with an overdose of
sodium pentobarbital solution (40mg/kg BW) and then bled (Xiong
et al., 2015). The liver and spleen were collected and weighed.
Duodenum, mid-jejunum, and ileumwere collected, rinsed several
times with precooled saline and then divided into 2 parts. One part
was used for collecting mucosa, the other part (approximately 1 to
2 cm) was fixed with 4% formaldehyde-phosphate buffer and kept
at 4 �C for a microscopic assessment of the intestinal morphology.
After the mucosa cell layers were scraped off, they were rapidly
frozen in liquid N. Duodenum was collected from the junction of
the stomach and the small intestine, jejunum was dissected in the
middle of the small intestine, and ileum was collected anterior to
the ileocecal junction.

2.5. Measurement of mucosal cytokines, intestinal antioxidant
capacity and morphology

Intestinal mucosa was homogenized in precooled phosphate
buffer solution, then the homogenatewas centrifuged at 10,000� g
for 10min at 4 �C and the supernatant was collected to measure the
cytokine content and antioxidant capacity. The levels of interleukin
(IL) -1b, IL-2, and IL-10 in the mucosa were measured using a
commercially available enzyme-linked immunosorbent assay
(ELISA) kit (Cusabio Biotech Co., Ltd., Hubei, China) according to the
instructions provided by the manufacturer. Antioxidant capacity in
jejunal mucosal supernatant was evaluated by determination of
superoxide dismutase (SOD), malondialdehyde (MDA), total anti-
oxidant capacity (T-AOC) and glutathione (GSH) with commercial
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
The protein concentration in each sample was quantitated and
standardized before the analysis of intestinal mucosal cytokines,
and antioxidant capacity.

The intestinal segment approximately 1 cm in length was fixed in
low melting paraffin, sliced into 5 mm thick sections, and dyed with
hematoxylin and eosin solution. The villi height and crypt depth
were measured using an optical microscope at a combined magni-
fication of 40. Ten well-oriented intact villi and their associated
crypts were detected per sample (Xiong et al., 2015).

2.6. Real-time PCR

Total RNA extraction of intestinal mucosa was performed using
TRIZOL reagent (Invitrogen, Carlsbad, CA), and then the first-
strand cDNA was synthesized using the cDNA synthesis kit
(TaKaRa, Dalian, China). Real-time PCR was performed on
QuantStudio 5 Real-Time PCR System (Applied Biosystems, Foster
City, CA, United States) for quantitative analysis of occludin and
zonula occludens-1 (ZO-1) mRNA with SYBR Green qPCR Master
Mix (Thermo Fisher, Sunnyvale, CA, United States). All of the real-
time PCR were run in triplicate, and the mRNA expressions, rela-
tive to b-actin, were calculated using the 2�DDCt method (Xiong
et al., 2015). All primers were synthesized by TsingKe Biological
Technology (Changsha, China) and their sequences are provided
in Appendix Table 1.

2.7. Ileum DNA extraction and PCR amplification

The total bacterial DNA of ileal content (approximately 0.25 g)
was extracted using a QIAamp DNA Stool Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer's instructions. Bacterial
community composition and diversity in each ileal sample were
determined by high-throughput sequencing of microbial 16S rDNA



Table 2
Effect of b-glucan on the intestinal morphology of weaned pigs1.

Item Control Olaquindox b-glucan SEM P-value

Villus height, mm
Duodenum 444.14a 500.93a 388.56b 12.94 <0.001
Jejunum 375.95b 496.76a 401.86b 14.53 0.002
Ileum 380.36b 487.83a 372.52b 14.66 <0.001

Crypt depth, mm
Duodenum 233.43a 230.30a 170.82b 7.16 <0.001
Jejunum 200.33ab 220.23a 196.26b 4.15 0.026
Ileum 166.99ab 187.70a 160.43b 5.35 0.086

Villus height-to-crypt depth ratio, mm:mm
Duodenum 2.03 2.19 2.29 0.07 0.256
Jejunum 1.88b 2.32a 2.06ab 0.07 0.036
Ileum 2.21 2.53 2.23 0.09 0.241

a,b Within a row, values with different superscripts are significantly different
(P < 0.05).

1 Six replicate pens of 2 pigs/pen for intestinal morphology data.

Table 3
Effect of b-glucan on jejunum mucosal antioxidant capacity of weaned pigs1.

Item Control Olaquindox b-glucan SEM P-value

MDA， nmol/mg protein 1.18 1.08 0.90 0.07 0.221
TSOD, U/mg protein 7.91 8.43 8.04 0.17 0.495
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genes. The V4 regions of 16S rRNA genes were amplified used a
specific primer with the barcode (515F: 50-GTGCCAGCMGCCGCGG-
TAA-30 and 806R: 50-GGACTACHVGGGTWTCTAAT-30). Paired-end
sequencing was processed on the IlluminaHiSeq2500 platform
(Novogene, Beijing, China). The paired-end reads were distributed to
the respective samples according to different marker sequences, and
FLASH software was used to perform paired-end reads (Magoc and
Salzberg, 2011). The effective tags were obtained by using the
UCHIME algorithm (v7.0.1001) compared with the reference data-
base (Edgar et al., 2011; Haas et al., 2011). Sequences were analyzed
with Uparse software (v7.0.1001) and sequences with similarity
greater than 97% were classified into the same operational taxo-
nomic units (OTU) (Edgar, 2013). OTU were assigned to a taxonomy
using the Ribosomal Database Project classifier program (v.2.20)
(http://rdp.cme.msu.edu/). Alpha diversity analysis was applied to
assess the complexity of species diversity and beta diversity analysis
was used to assess the differences in species complexity of samples.
Finally, functional metagenomes of the intestinal flora were pre-
dicted using PICRUSt based on the Greengenes 16S rRNA database
(http://greengenes.secondgenome.com/) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) orthologs (Parks et al., 2014).

2.8. Statistical analysis

All data were verified for normal distribution by the UNIVARI-
ATE procedure and analyzed by the PROC MIXED using SAS soft-
ware (Version 9.2; SAS Institute Inc., Cary, NC, USA). The treatment
was regarded as the fixed effect, and blocks and pigs were regarded
as random effects in the statistical model. Least squares mean of
treatment effect were calculated and the mean separation was
performed through PDIFF function when significant treatment ef-
fect was detected. The statistical significance criterion was P-value
< 0.05, whereas 0.05� P-value < 0.10 was considered to have trend
towards significance.

3. Results

3.1. Growth performance, organ index, and intestinal morphology

On d 21, pigs fed with b-glucan had greater BW and average
daily gain (ADG) than pigs in the control group (P < 0.05). Pigs fed
with b-glucan tended to decrease the feed-to-gain (F:G) ratio
compared with pigs in the control group (0.05 < P < 0.10; Table 1).
Table 1
Effect of b-glucan on the growth performance and organ weight of weaned pigs1.

Item Control Olaquindox b-glucan SEM P-value

IBW, kg 6.01 6.09 6.04 0.02 0.531
BW at 14 d, kg 7.90 7.99 8.15 0.07 0.487
BW at 21 d, kg 9.46b 9.80ab 10.09a 0.18 0.029
ADG from 1 to 14 d, g 135.17 143.91 151.19 4.63 0.541
ADG from 14 to 21 d, g 222.22b 256.13ab 276.79a 15.91 0.030
ADG from 1 to 21 d, g 164.19b 176.63b 193.06a 8.36 0.011
ADFI from 1 to 14 d, g 215.88 212.22 230.26 5.52 0.358
ADFI from 14 to 21 d, g 297.62b 307.95ab 311.02a 4.05 0.034
ADFI from 1 to 21 d, g 237.82 238.85 253.28 4.99 0.185
F:G from 1 to 14 d, g/g 1.62 1.50 1.52 0.04 0.365
F:G from 1 to 21 d, g/g 1.44 1.34 1.30 0.04 0.062
Organ weight, g
Liver 279.06 273.23 306.17 7.53 0.161
Spleen 19.06 22.68 22.68 1.09 0.295

IBW ¼ initial body weight; ADG ¼ average daily weight gain, ADFI ¼ average daily
feed intake, F:G ¼ feed:gain.
a,b Within a row, values with different superscripts are significantly different
(P < 0.05).

1 Six replicate pens of 6 pigs/pen for performance data.
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Pigs fed with b-glucan significantly reduced crypt depth compared
with the olaquindox group in the duodenum and jejunum
(P < 0.05; Table 2). Pigs fed with laquindox had greater jejunal villus
height-to-crypt depth (VH:CD) ratio than that in the control group
(P < 0.05; Table 2).

3.2. Antioxidant index, intestinal barrier function, and mucosal
cytokine

There was no significant change on jejunal antioxidant index
among the 3 groups (Table 3). Dietary supplementation with b-
glucan tended to increase the mRNA expression of occludin on the
jejunum compared with the other groups (0.05 < P < 0.10; Table 4).
Compared with the control group, dietary supplementation with
olaquindox tended to increase the IL-10 concentration on the ileum
(0.05 < P < 0.10; Table 5).
GSH, mmol/g protein 7.63 8.74 8.02 0.29 0.331
TAOC, U/mg protein 1.01 1.41 1.31 0.11 0.339

MDA ¼ malondialdehyde; GSH ¼ glutathione; TAOC ¼ total antioxidant capacity;
TSOD ¼ total superoxide dismutase.

1 Six replicate pens of 2 pigs/pen for antioxidant capacity data.

Table 4
Effect of b-glucan on occludin and ZO-1 mRNA expression in intestinal mucosal of
weaned pigs1.

Item Control Olaquindox b-glucan SEM P-value

Duodenum
Occludin 1.00 0.90 1.10 0.07 0.516
ZO-1 1.00 1.30 1.34 0.09 0.281

Jejunum
Occludin 1.00 1.08 1.42 0.08 0.051
ZO-1 1.00 0.88 1.34 0.09 0.101

Ileum
Occludin 1.00 1.58 0.71 0.18 0.118
ZO-1 1.00 1.22 0.75 0.12 0.326

ZO-1 ¼ zonula occludens-1.
1 Six replicate pens of 2 pigs/pen for mRNA expression data.

http://rdp.cme.msu.edu/
http://greengenes.secondgenome.com/


Table 5
Effect of b-glucan on intestinal mucosal IL-1b, IL-2 and IL-10 of weaned pigs1.

Item Control Olaquindox b-glucan SEM P-value

IL-1b, pg/g of protein
Duodenum 3.20 7.28 5.33 1.17 0.116
Jejunum 4.59 5.03 4.47 0.70 0.809
Ileum 4.74 6.39 4.62 0.90 0.339

IL-2, pg/g of protein
Duodenum 31.16 74.29 61.38 13.75 0.140
Jejunum 37.74 43.64 43.59 4.60 0.510
Ileum 46.93 62.11 48.65 12.70 0.667

IL-10, pg/g of protein
Duodenum 7.51 12.98 12.38 1.64 0.115
Jejunum 9.85 10.07 9.85 1.22 0.983
Ileum 7.29b 16.16a 10.53ab 2.11 0.051

IL ¼ interleukin.
a,b Within a row, values with different superscripts are significantly different
(P < 0.05).

1 Six replicate pens of 2 pigs/pen for enzyme-linked immunosorbent assay data.

Fig. 1. Alterations in ileal microbiota composition among 3 groups. (A) Principal coordina
Unweighted Pair-group Method with Arithmetic Mean (UPGMA) analysis based on bray_curt
groups and their phylogenic relationships. The z-score indicates the richness and according
of different microorganism classification levels (linear discriminant analysis score ¼ 2.0). (
group; AT: group with 20 mg/kg olaquindox; GL: group with 200 mg/kg b-glucan. PC ¼ pr
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3.3. Composition of the ileal microbiota of pigs

The analysis showed that there were no significant differences
in the sample diversity (Shannon, Simpson) and abundance indices
(Chaol, ACE) among the 3 groups (Appendix Table 1). The principal
coordinate analysis (PCoA) based on BrayeCurtis revealed that
there were differences in microbiota among groups (Fig. 1A). Fir-
micutes, Bacteroidetes and Proteobacteria were dominant microbial
divisions (Fig. 1B). The heatmap plot (according to the top 30, the
most different genera) showed the relative abundance of genera in
different groups (Fig. 1C). Linear discriminant analysis effect size
(LEfSe) analysis of the ileal bacterial community showed that there
were compositional differences between the b-glucan and control
group (Fig. 1D). The relative abundance of Fournierella, Oscillospira,
Terrisporobacter and Negativibacillus in the b-glucan group was
higher than those in the control group (P < 0.05) and the relative
abundance of Fournierella in the olaquindox group was higher than
that in the control group (P < 0.05, Fig. 1E).
te analysis (PCoA) analysis based on the operational taxonomic units (OTU) table. (B)
is and OTU abundance at phylum level. (C) Heatmap tree shows the top 30 genera of all
to the Bray Curtis distance to cluster the genera in the clustering tree (D) LEfse analysis
E) The t-test bar plot with significantly different genera between groups. CN: control
incipal component.



Fig. 2. Functional differences in ileal microbiota among groups. (A) Principal components analysis (PCA) plot of functional profiles. (B) The functional profile significantly different
among groups at the third level of Kyoto Encyclopedia of Genes and Genomes (KEGG) (metabolism related pathways only) and their phylogenic relationships was showed in the
Heatmap tree. The z-score indicates the richness and according to the Bray Curtis distance to cluster the genera in the clustering tree. (C) The t-test bar plot with significantly
different pathways between glucan group and control group at the KEGG level 3 (D) The t-test bar plot with significantly different pathways between antibiotic group and control
group at the KEGG level 3. CN: control group; AT: group with 20 mg/kg olaquindox; GL: group with 200 mg/kg b-glucan. PC ¼ principal component.
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3.4. Changes in the metabolic functions of ileal microbiota

The principal component analysis based on KEGG annotation
showed that the metabolic functions of ileal microbiota differed
among groups. Twenty-two KEGG level 3 pathways that differed
significantly among groups were observed via PICRUSt v1.1.3
(Appendix Table 2). Compared with the control group, pyrimidine
metabolism, purine metabolism, peptidoglycan biosynthesis and
fructose and mannose metabolism were increased in the b-glucan
group (P < 0.05, Fig. 2B and C). Glycerophospholipid metabolism
was decreased, and Zeatin biosynthesis was increased in the ola-
quindox group (P < 0.05, Fig. 2D).

4. Discussion

Weaning stress is generally accompanied by low growth, diar-
rhea and increased intestinal dysfunction. Olaquindox, as one of the
quinoxaline-N, N-dioxides, was used as a therapeutic medicine to
prevent bacterial enteritis in weaned pigs. Beta-glucans play an
important role in modulating immunity function and promoting
beneficial intestinal microflora growth (Suzuki et al., 1990; Wood,
2007). The weaning period is a critical phase for the functional
differentiation of the immunity in pigs. In a previous study, weaned
pigs supplemented with b-glucan had higher BW and ADG
compared with pigs supplemented with a basal diet, and tended to
decrease the F:G after 21 d feeding period. Therewas higher growth
performance in weaned pigs supplemented with 200 mg/kg b-
glucan than those with 100 mg/kg (data not shown), and we chose
the weaned pigs supplemented with 200 mg/kg b-glucan for
further analysis. In addition, we did not find any significant differ-
ences in growth performance after 21 d feeding period between the
olaquindox and the control group, however, pigs fed with b-glucan
had greater BW and ADG than pigs in other groups. These results
showed that b-glucan could improve the growth rate of weaned
pigs, which was consistent with the previous study on LPS-
challenged pigs (Luo et al., 2019a). However, no significant differ-
ence was found on growth performance between the olaquindox
and the control group; the reason may be attributed to the feeding
time (21 d) or dosage of the olaquindox in the present study.

The principal function of the intestine focuses on the absorption
of nutrients generated from intestinal digestion. Weaning stress
usually accompanies intestinal atrophy, which further limits the
digestive and absorptive capacity of the intestine in weaned pigs
(Xiong et al., 2019). The villus height and VH:CD ratio are useful
parameters for estimating the nutrient digestion and absorption
capacity of the small intestine (Montagne et al., 2003). In the present
study, compared with the control group, olaquindox significantly
increased the small intestinal villus height and jejunal VH:CD ratio.
As we know, bacterial species in the intestine compete with the host
for nutrients. Although olaquindox did not significantly improve the
growth performance of weaned pigs, it did increase the nutrient
absorption capacity in the present study for its antibacterial capacity.
These results indicate that the improvement of the growth rate of b-
glucan on weaned pigs might be due to the increase in the digestive
and absorptive capacity of the small intestine.

In addition to intestinal morphology analysis, intestinal anti-
oxidant capacity and tight junction were also used to evaluate the
intestinal health of weaned pigs. The epithelial barrier consists of
an intact epithelial monolayer and the intercellular junctions
(Moeser and Blikslager, 2007). Under oxidative stress conditions,
the overproduction of reactive oxygen species may cause oxidative
damage, impair the function of immune cells and cause the spread
of pathogenic microorganisms, which could subsequently result in
defects in the gastrointestinal barrier function (Gangwar et al.,
2017). Compared with the control group, b-glucan tended to
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increase the mRNA expression of occludin on the jejunum. This
result may suggest that b-glucan tended to improve the jejunal
health of weaned pigs.

Immune stress can impact animal growth performance. Cyto-
kines play a crucial role in the balance of the immune and in-
flammatory responses, which can regulate innate and adaptive
immune responses to antigens and infectious agents. Pro-
inflammatory cytokines mediate the host inflammatory response
to prevent susceptibility to infection, and anti-inflammatory cyto-
kines protect against intestinal inflammation (Praveena et al., 2010;
Xiong et al., 2015). Interleukin-10 plays a key role in the tolerance to
self- and mucosal antigens and can regulate intestinal endocrine
activity (Sanjabi et al., 2009; Latorre et al., 2013). In the present
study, olaquindox dietary supplementation up-regulated the
expression of IL-10 in the ileum of pigs. However, the present study
showed that b-glucan supplementation did not affect the secretion
of intestinal cytokines. Further research is needed on the role of b-
glucan on the intestinal immune system of pigs.

Beta-glucans, like fermentable dietary fibers, can be hydrolyzed
in the large intestine by various enzymes and exist as poly- and
oligomers. Like other b-glucans, b-glucan extracted from Agro-
bacterium sp. ZX09 is not digested and absorbed by the small in-
testine but can be fermented by the hindgut flora. Zhou et al.
showed that dietary b-glucan affected microbial communities and
increased short-chain fatty acid levels in the cecum of mice (Zhou
et al., 2014b). As we known, pigs have relatively low levels (103
to 105 cfu/g of digesta) of bacteria in the proximal gastrointestinal
tract (stomach and duodenum), and the flora in the ileum is far
more diverse (108 to 109 cfu/g) (Moughan et al., 1992). The present
results showed that there were no significant differences in the
diversity and richness of ileal microflora among the 3 groups.
However, at the genus level, the relative abundance of Fournierella,
Oscillospira, Terrisporobacter and Negativibacillus in the b-glucan
group and Fournierella in the olaquindox group were significantly
increased. Beta-glucan contains a-(1,3)-D-glycosidic bond struc-
ture, whichmay provide growth substrates for some strains with a-
glucosidase activity, including Fournierella (Togo et al., 2017), Par-
abacteria and Alistipes (Zhou et al., 2014b). Oscillospira species is a
butyrate producer, and previous studies have shown that it can
reduce intestinal inflammatory diseases (Gophna et al., 2017).
Moreover, the higher relative abundance of fructose, and mannose
metabolism in the pigs supplemented with b-glucan may indicate
that b-glucan could affect the carbohydrate metabolism of the
body. Zhang et al. showed that b-glucan enhances lipid and glucose
metabolism of mice (Zhang et al., 2013). These results may indicate
that b-glucan can be fermented and metabolized to produce vola-
tile fatty acids, therefore exerting a prebiotic promotion of benefi-
cial bacteria.
5. Conclusion

In conclusion, 200 mg/kg b-glucan or 20 mg/kg olaquindox can
improve the growth performance of weaned pigs. Beta-glucan may
improve intestinal health by increasing the ileal beneficial micro-
biota of weaned pigs.
Author contributions

Yuliang Wu, Xue Li and Xia Xiong designed the experiments;
Hongnan Liu, Xia Xiong and Yuliang Wu conducted the experi-
ments; Jian Zhou and Lijun Zou helped with animal experiments;
Yuliang Wu, Xue Li analyzed the data; Yuliang Wu wrote the
manuscript; Xia Xiong and Yulong Yin revised the manuscript. All
authors read and approved the final manuscript.



Y. Wu, X. Li, H. Liu et al. Animal Nutrition 7 (2021) 1345e1351
Conflict of interest

We declare that we have no financial and personal relationships
with other people or organizations that can inappropriately influ-
ence our work, and there is no professional or other personal in-
terest of any nature or kind in any product, service and/or company
that could be construed as influencing the content of this paper.

Acknowledgements

This work was supported by National Key Research and Devel-
opment Program of China (2018YFD0501100), Science and Tech-
nology Program of Changsha (kq2004078), Science and technology
program of Changsha (kq1907074), the Innovation Team of Key
areas of the Ministry of Science and Technology, the Science and
Technology Leadership Program of Hunan Province (2019RS3021);
Sichuan Synlight Biotech Ltd and Research Foundation of Education
Bureau of Hunan Province, China(18B476).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.aninu.2021.04.006.

References

Edgar RC. UPARSE: highly accurate OTU sequences from microbial amplicon reads.
Nat Methods 2013;10(10):996e8.

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. UCHIME improves sensitivity
and speed of chimera detection. Bioinformatics 2011;27(16):2194e200.

Gangwar R, Meena AS, Shukla PK, Nagaraja AS, Dorniak PL, Pallikuth S, et al. Cal-
cium-mediated oxidative stress: a common mechanism in tight junction
disruption by different types of cellular stress. Biochem J 2017;474(5):731e49.

Gophna U, Konikoff T, Nielsen HB. Oscillospira and related bacteriaeFrom meta-
genomic species to metabolic features. Environ Microbiol 2017;19(3):835e41.

Haas BJ, Gevers D, Earl AM, Feldgarden M, Ward DV, Giannoukos G, et al. Chimeric
16S rRNA sequence formation and detection in Sanger and 454-pyrosequenced
PCR amplicons. Genome Res 2011;21(3):494e504.

Han Knk IK, Lohakare JD, Heo S, Chae BJ. Chito-olligosaccharides as an alternative to
antim icrobials in improving performance, digestibility and microbial ecology of
the gut in weanling pigs. Asian-Austral J Anim 2007;20:556e662.

Hu CH, Xiao K, Luan ZS, Song J. Early weaning increases intestinal permeability,
alters expression of cytokine and tight junction proteins, and activates mitogen-
activated protein kinases in pigs. J Anim Sci 2013;91(3):1094e101.

Latorre E, Mendoza C, Matheus N, Castro M, Grasa L, Mesonero JE, et al. IL-10
modulates serotonin transporter activity and molecular expression in intestinal
epithelial cells. Cytokine 2013;61(3):778e84.

Luo J, Chen D, Mao X, He J, Yu B, Cheng L, et al. Purified beta-glucans of different
molecular weights enhance growth performance of LPS-challenged piglets via
improved gut barrier function and microbiota. Animals 2019a;9(9).
1351
Luo J, Liu S, Yu B, He J, Mao X, Cheng L, et al. Beta-glucan from Agrobacterium sp.
ZX09 improves growth performance and intestinal function in weaned piglets.
J Anim Physiol Anim Nutr 2019b;103(6):1818e27.

Luo J, Zeng D, Cheng L, Mao X, Yu J, Yu B, et al. Dietary b-glucan supplementation
improves growth performance, carcass traits and meat quality of finishing pigs.
Animal Nutrition 2019c;5(4):380e5.

Magoc T, Salzberg SL. FLASH: fast length adjustment of short reads to improve
genome assemblies. Bioinformatics 2011;27(21):2957e63.

Moeser AJ, Blikslager AT. Mechanisms of porcine diarrheal disease. J Am Vet Med
Assoc 2007;231(1):56e67.

Montagne L, Crevieu-Gabriel I, Toullec R, Lalles JP. Influence of dietary protein level
and source on the course of protein digestion along the small intestine of the
veal calf. J Dairy Sci 2003;86(3):934e43.

Moughan PJ, Birtles MJ, Cranwell PD, Smith WC, Pedraza M. The piglet as a model
animal for studying aspects of digestion and absorption in milk-fed human
infants. World Rev Nutr Diet 1992;67:40e113.

National Research Council. Nutrient requirements of swine. 11th ed. Washington,
DC: National Academies Press; 2012.

Parks DH, Tyson GW, Hugenholtz P, Beiko RG. STAMP: statistical analysis of taxo-
nomic and functional profiles. Bioinformatics 2014;30(21):3123e4.

Pluske JR, Hampson DJ, Williams IH. Factors influencing the structure and function
of the small intestine in the weaned pig: a review. Livest Prod Sci 1997;51(1e3):
215e36.

Praveena PE, Periasamy S, Kumar AA, Singh N. Cytokine profiles, apoptosis and
pathology of experimental Pasteurella multocida serotype A1 infection in mice.
Res Vet Sci 2010;89(3):332e9.

Sanjabi S, Zenewicz LA, Kamanaka M, Flavell RA. Anti-inflammatory and pro-
inflammatory roles of TGF-beta, IL-10, and IL-22 in immunity and autoimmu-
nity. Curr Opin Pharmacol 2009;9(4):447e53.

Sener G, Toklu HZ, Cetinel S. beta-Glucan protects against chronic nicotine-induced
oxidative damage in rat kidney and bladder. Environ Toxicol Pharmacol
2007;23(1):25e32.

Suzuki I, Tanaka H, Kinoshita A, Oikawa S, Osawa M, Yadomae T. Effect of orally
administered b-glucan on macrophage function in mice. Int J Immunopharm
1990;12(6):675e84.

Togo AH, Durand G, Khelaifia S, Armstrong N, Robert C, Cadoret F, et al. Fournierella
massiliensis gen. nov., sp nov., a new human-associated member of the family
Ruminococcaceae. Int J Syst Evol Microbiol 2017;67(5):1393e9.

Wood PJ. Cereal beta-glucans in diet and health. J Cereal Sci 2007;46(3):230e8.
Xiong X, Yang HS, Wang XC, Hu Q, Liu CX, Wu X, et al. Effect of low dosage of chito-

oligosaccharide supplementation on intestinal morphology, immune response,
antioxidant capacity, and barrier function in weaned piglets. J Anim Sci
2015;93(3):1089e97.

Xiong X, Zhou J, Liu HN, Tang YL, Tan B, Yin YL. Dietary lysozyme supplementation
contributes to enhanced intestinal functions and gut microflora of piglets. Food
Funct 2019;10(3):1696e706.

Zhang Y, Xia L, Pang W, Wang T, Chen P, Zhu B, et al. A novel soluble b-1, 3-d-glucan
Salecan reduces adiposity and improves glucose tolerance in high-fat diet-fed
mice. Br J Nutr 2013;109(2):254e62.

Zhou M, Wang Z, Chen J, Zhan Y, Wang T, Xia L, et al. Supplementation of the diet
with Salecan attenuates the symptoms of colitis induced by dextran sulphate
sodium in mice. Br J Nutr 2014a;111(10):1822e9.

Zhou MY, Pu CL, Xia L, Yu XH, Zhu B, Cheng R, et al. Salecan diet increases short
chain fatty acids and enriches beneficial microbiota in the mouse cecum. Car-
bohydr Polym 2014b;102:772e9.

Zou LJ, Xiong X, Liu HN, Zhou J, Liu YH, Yin YL. Effects of dietary lysozyme levels on
growth performance, intestinal morphology, immunity response and micro-
biota community of growing pigs. J Sci Food Agric 2019;99(4):1643e50.

https://doi.org/10.1016/j.aninu.2021.04.006
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref1
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref1
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref1
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref2
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref2
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref2
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref3
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref3
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref3
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref3
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref4
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref4
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref4
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref4
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref5
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref5
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref5
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref5
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref6
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref6
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref6
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref6
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref7
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref7
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref7
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref7
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref8
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref8
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref8
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref8
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref9
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref9
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref9
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref10
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref10
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref10
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref10
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref11
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref11
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref11
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref11
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref12
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref12
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref12
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref13
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref13
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref13
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref14
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref14
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref14
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref14
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref15
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref15
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref15
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref15
http://refhub.elsevier.com/S2405-6545(21)00155-4/optrSRFd2yND6
http://refhub.elsevier.com/S2405-6545(21)00155-4/optrSRFd2yND6
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref16
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref16
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref16
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref17
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref17
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref17
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref17
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref17
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref18
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref18
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref18
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref18
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref19
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref19
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref19
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref19
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref20
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref20
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref20
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref20
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref21
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref21
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref21
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref21
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref22
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref22
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref22
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref22
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref23
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref23
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref24
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref24
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref24
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref24
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref24
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref25
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref25
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref25
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref25
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref26
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref26
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref26
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref26
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref27
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref27
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref27
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref27
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref28
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref28
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref28
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref28
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref29
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref29
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref29
http://refhub.elsevier.com/S2405-6545(21)00155-4/sref29

	A water-soluble β-glucan improves growth performance by altering gut microbiome and health in weaned pigs
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics
	2.2. Materials and reagent
	2.3. Animals and experimental treatments
	2.4. Sample collection
	2.5. Measurement of mucosal cytokines, intestinal antioxidant capacity and morphology
	2.6. Real-time PCR
	2.7. Ileum DNA extraction and PCR amplification
	2.8. Statistical analysis

	3. Results
	3.1. Growth performance, organ index, and intestinal morphology
	3.2. Antioxidant index, intestinal barrier function, and mucosal cytokine
	3.3. Composition of the ileal microbiota of pigs
	3.4. Changes in the metabolic functions of ileal microbiota

	4. Discussion
	5. Conclusion
	Author contributions
	Conflict of interest
	Acknowledgements
	Appendix A. Supplementary data
	References


