
Citation: Han, Q.; Huang, X.; Yan, F.;

Yin, J.; Xiao, Y. The Role of Gut

Microbiota in the Skeletal Muscle

Development and Fat Deposition in

Pigs. Antibiotics 2022, 11, 793.

https://doi.org/10.3390/

antibiotics11060793

Academic Editor: Max Maurin

Received: 17 May 2022

Accepted: 8 June 2022

Published: 11 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

antibiotics

Article

The Role of Gut Microbiota in the Skeletal Muscle Development
and Fat Deposition in Pigs
Qi Han 1, Xingguo Huang 1, Fuyong Yan 2,*, Jie Yin 1 and Yingping Xiao 3,*

1 College of Animal Science and Technology, Hunan Agriculture University, Changsha 410128, China;
18404985053@163.com (Q.H.); hxg68989@hunau.edu.cn (X.H.); yinjie@hunau.edu.cn (J.Y.)

2 Hunan Jiuding Technology (Group) Co., Ltd., Changsha 410007, China
3 State Key Laboratory for Managing Biotic and Chemical Threats to the Quality and Safety of Agro-Products,

Institute of Quality and Standard for Agro-Products, Zhejiang Academy of Agricultural Sciences,
Hangzhou 310021, China

* Correspondence: yanyong0729@163.com (F.Y.); xiaoyp@zaas.ac.cn (Y.X.)

Abstract: Pork quality is a factor increasingly considered in consumer preferences for pork. The
formation mechanisms determining meat quality are complicated, including endogenous and ex-
ogenous factors. Despite a lot of research on meat quality, unexpected variation in meat quality is
still a major problem in the meat industry. Currently, gut microbiota and their metabolites have
attracted increased attention in the animal breeding industry, and recent research demonstrated
their significance in muscle fiber development and fat deposition. The purpose of this paper is to
summarize the research on the effects of gut microbiota on pig muscle and fat deposition. The factors
affecting gut microbiota composition will also be discussed, including host genetics, dietary composi-
tion, antibiotics, prebiotics, and probiotics. We provide an overall understanding of the relationship
between gut microbiota and meat quality in pigs, and how manipulation of gut microbiota may
contribute to increasing pork quality for human consumption.
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1. Introduction

Pork, a vital source of animal protein for human growth and development, is one
of the most commonly consumed meats in the world. According to the UN’s Food and
Agriculture Organization, a powerful growth with an expected increase of 13% by 2030 will
occur in pig husbandry [1], indicating that the pig industry plays a crucial role in the
food supply chain and possesses a high economic impact. It is well known that pork
quality determines the purchase decision of consumers and affects producers and retailers.
However, meat quality defects still exist, which bring great economic losses to the fresh
meat market [2]. Hence, guaranteeing an adequate supply of safe and high-quality pork
has increasingly attracted global attention [3]. Meat quality is a complicated trait, which is
controlled by multiple factors and mechanisms. Although there are many research studies
on many different aspects of pork quality, unexpected variation in pork quality remains a
major problem in the meat industry. The key parameters of pork quality, including color,
pH, water holding capacity, tenderness, flavor, and juiciness, are mainly associated with the
development of muscle fiber, the type of muscle fiber and the deposition of intramuscular
fat. Thus, more insight into the factors and related mechanisms affecting pigs muscle
development and fat deposition are needed to improve meat quality.

Like other farm animals and humans, the gastrointestinal tract of pigs contains trillions
of commensal microorganisms, mainly bacteria, which constitute the gut microbiota and are
closely associated with host physiological functions [4], feed efficiency, lipid metabolism,
immune system development, and gut health [5–8]. Recently, gut microbiota have been
considered as an important factor affecting complicated traits such as meat quality. Indeed,
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accumulating evidence suggests that gut microbiota regulate muscle development and fat
deposition through metabolite–host interactions in humans [9,10], mice [11,12], and farm
animals [4,6,13]. Notably, a variety of environmental factors, such as diet [14,15], stress,
and medication [16], can govern the composition of the gut microbiota, thus providing a
unique opportunity to improve the physiological condition of the host by regulating gut
microbial communities, which may improve the production of high-quality meat. This
review focuses mainly on how gut microbiota affect muscle growth, development, and
fat deposition in pigs, as well as the factors influencing gut microbiota composition and
diversity, providing a vital theoretical basis for future research.

2. Gut Microbiota Linked to Muscle Growth and Development

Skeletal muscle accounts for approximately 50% of body mass in mammals and its
growth and development affect indirectly the quantity and quality of pork (pH, meat color,
drip loss, tenderness, and juiciness) [17–19]. In general, muscle growth and development
are governed by multiple factors, such as breed, genotype, sex, diet, muscle location,
hormones, exercise, and ambient temperature. Interestingly, recent studies have suggested
that stable and diverse gut microbiota can govern muscle development, growth, and
function [20–22]. Therefore, it is considered that the gut microbiota are expected to become
potential biological targets for increasing muscle quantity and improving muscle quality.

2.1. Muscle Mass and Composition

Gut microbiota are involved in maintaining skeletal muscle mass. For example, germ-
free mouse skeletal muscle showed a reduction in skeletal muscle mass compared to
the pathogen-free mouse skeletal muscle. However, the mouse muscle mass lost could
be restored partially following fecal microbiota transplantation from pathogen-free mice
into germ-free mice [11,23]. Similarly, germ-free piglets exhibit lower body weight and
lean mass than normal piglets with intestinal microbiota [20]. Fiber type composition
is markedly different between muscles, both within and between animals. In general,
muscle fiber is divided into four types, namely type I or slow-oxidative, type IIA or fast
oxidative-glycolytic, and fast glycolytic IIX or IIB, which are encoded by MYH7, MYH2,
MYH1, and MYH4 genes, respectively [24]. Importantly, increasing the proportion of
slow-twitch or oxidative muscle fibers with a higher ability of oxidative metabolism con-
tributes to better meat quality than those with fast-twitch or glycolytic fibers [25]. Growing
evidence indicates that gut microbiota exert profound effects on muscle fiber formation.
The relationship between the gut microbiota and muscle fiber has been unraveled using
fecal microbiota transplantation. After receiving a gut microbial community obtained from
obese Rongchang pigs, germ-free mice displayed a higher slow-contracting fiber level, a
reduced fiber size, and fast IIB fiber ratio [26]. Moreover, Qi et al. [20] found that germ-free
piglets colonized with microbiota harvested from normal piglets can be reliably expected
to restore the slow-twitch muscle fibers partially in piglets. Such findings underscore a role
for gut microbiota in influencing muscle fiber characteristics and open the door to study
the effect of gut microbiota on meat quality. The mechanisms underlying the association
between the microbiome and skeletal muscle function have been gradually found. More
recently, bacterial metabolite contributions to the transformation of muscle fiber types have
also been studied [20].

Intramuscular fat (IMF), deposited among muscle fibers or within muscle cells, is a
vital factor influencing pork quality. With the development of omics technology, the gut
microbiota associated with IMF deposition have been gradually elucidated. For instance,
Fang et al. revealed that the vast bulk of the IMF-associated operational taxonomic units
(OTUs) belonged to bacterial genera such as Prevotella, Treponema, Bacteroides, and Clostrid-
ium, which are involved in polysaccharide degradation and amino acid metabolism [27]. A
further study revealed that some genera (such as Prevotellaceae UCG-001, Alistipes in the ce-
cum and Clostridium sensu stricto 1 in the jejunum) were identified to be highly positively cor-
related to IMF by 16S rRNA gene sequencing [28]. Further investigation indicated that mice
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receiving Jinhua pig-derived microbiota enhanced IMF deposition [29]. The above observa-
tions suggest that gut microbiota play a pivotal role in porcine intramuscular adipogenesis.

2.2. Effects of SCFAs on Skeletal Muscle Metabolism

Short-chain fatty acids (SCFAs) (principally acetate, propionate, and butyrate) are
gut-derived metabolites produced by anaerobic microbes through fermentation of indi-
gestible dietary fiber in the host [30]. These SCFAs facilitate glucose uptake and promote
glycogen synthesis in skeletal muscle. Studies in vitro showed that acetate or propionate
administration can enhance insulin-independent glucose uptake in L6 or C2C12 myotubes,
respectively [31,32]. Furthermore, emerging studies of various murine models have sug-
gested that acetate also contributes to glycogen synthesis by inhibiting glycolysis and
reducing the consequent accumulation of glucose 6-phosphate [33–35]. In addition, acetate
treatment increased skeletal muscle Glut4 mRNA and protein levels in L6 myotubes and
rats [31,36]. Importantly, Glut4, a primary glucose transporter protein, exerts an essential
role in glucose uptake and metabolism into skeletal muscle [37]. Therefore, the glucose
metabolism-related effects of SCFAs might be due to the Glut4 expression.

It is known that changes in protein metabolism ultimately result in the changes in
skeletal muscle mass and phenotype. Therefore, changes in mass and phenotype can be
used to infer changes in protein metabolism within skeletal muscle. Mounting evidence
suggested that SCFAs supplementation influences skeletal muscle mass in mice [31,38,39].
Moreover, emerging evidence points out that the addition of SCFAs contributes to the
formation of oxidative skeletal muscle phenotype, including enhanced oxidative capacity,
increased mitochondrial content and a higher proportion of type I in rodents [38,40]. Simi-
larly, a study on germ-free piglets showed that the decreased SCFAs content in circulation
in muscle can, at least in part, result in the reduction in slow-twitch muscle fibers propor-
tion [20], and the potential mechanisms are likely to be through upgrading the expression
of myofiber type-related microRNAs and PGC-1α, eventually contributing towards good
pork quality [41]. The observations mentioned above highlight the importance of SCFAs in
protein metabolism within skeletal muscle. Nevertheless, the underlying mechanisms for
this effect requires further exploration.

Similarly, the direct impacts of the SCFAs on skeletal muscle lipid metabolism have
been documented in vivo and in vitro studies. In L6 myotubes, butyrate or acetate treat-
ment was able to enhance fatty acid oxidation or uptake, respectively [31,42]. Studies per-
formed on mice have demonstrated that the addition of butyrate also increased fatty acid
oxidation and decreased the concentration of triglyceride and cholesterol within skeletal
muscle [39,42,43]. Likewise, a pig-to-mouse fecal microbiota transplantation (FMT) study
demonstrated that FMT from obese Jinhua pigs into recipient mice caused an accumulation
of lipid and triglyceride, and increased the lipoprotein lipase activity in gastrocnemius
muscles, which can be attributed, in part, to the reduction in acetate and butyrate of colon.
Accordingly, SCFAs are of great importance in modulating skeletal muscle lipid uptake,
storage, and oxidation. Collectively, intestinal microbiota exert an intrinsic impact on
skeletal muscle growth, development, and metabolism. Thus, the underlying relationship
between skeletal muscle and gut microbiota merits future investigation to produce high
quality pork.

3. The Role of Gut Microbiota in Fat Deposition

Globally, the incidence of obesity and obesity-related complications is increasing
quickly [44], which has attracted more and more attention. Consequently, people are often
consciously controlling lipids intake for health [45]. Simultaneously, excessive fat accu-
mulation induces a huge waste of dietary energy in animals, severely affecting economic
returns in animal husbandry [13]. Accordingly, it is significant to investigate the factors af-
fecting porcine fat deposition. Indeed, porcine fat accumulation is affected by many factors,
including genetics, feed, and management. Nowadays, cumulating evidence in humans
and mice points strongly to the relationship between gut microbiota and host fat accumu-
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lation [9,15]. Furthermore, the gut microbiota, including Lachnospiraceae, Ruminococcaceae,
Prevotella, Treponema, and Bacteroides, have been shown to significantly influence fatness
in pigs [13,46]. Therefore, it may be possible to develop novel strategies to regulate the
porcine fat accumulation by altering intestinal microbiota, and the underlying mechanisms
linking intestinal microbiota and fat accumulation is warranted to further investigation, as
summarized in Figure 1.
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Figure 1. The mechanism of gut microbiota regulates pig fat deposition. Microbiota-derived metabo-
lites such as SCFAs or lipopolysaccharide (LPS) affect satiety, food intake, or energy homeostasis
directly via the vagus nerve (VN) or indirectly blood–brain barrier (BBB) and systemic circulation.
L-cells are activated by these microbial metabolites through activation of different receptors, resulting
in the production of gut hormones such as glucagon-like peptide-1 (GLP-1) and peptide YY (PYY).
These intestinal hormones signal from the gut to the nucleus tractus solitarius in the brain via the VN
and direct secretion into the circulatory system. Additionally, fecal microbiota transplantation (FMT),
where fecal microbiota from a donor is transplanted into a recipient GI tract, has the potential to be
an effective option to regulate fat deposition.

3.1. Gut Microbiota Metabolites

Gut microbiota are essential to host health and well-being [47], depending heavily
on the microbial metabolism [48]. Indeed, mounting evidence suggests that metabolites
derived from gut microbiota, e.g., SCFAs, amino acids and their derivatives, and bile acids
(BAs) and their derivatives, have been implicated in modulating host lipid metabolism [49].

SCFAs are the ligand of G protein-coupled receptors 43 (GPR43) or GRP41 on en-
teroendocrine cells [30], and its combination with GPR43 or GRP41 can induce the secretion
of glucagon-like peptide-1 (GLP-1) or peptide tyrosine tyrosine (PYY), respectively [50],
thus indirectly affecting satiety and insulin secretion, and eventually regulating body
fat deposition. SCFAs have also been suggested to be involved in pig lipid metabolism.
Specifically, Jiao et al. demonstrated that SCFAs treatment could suppress fat accumulation
by the inhibition of lipogenesis and promoting lipolysis of different tissues in weaned
pigs [51,52]. Similarly, SCFA exogenously introduced into the ileum regulates expression
levels of lipogenesis and lipolysis related genes in the longissimus dorsi muscle, abdominal
fat, and liver of growing pigs, improving meat quality [53]. These studies give novel in-
sights into the action of SCFA in swine production as feed additives to achieve high-quality
pork production.
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It was reported that the ability to produce branched-chain amino acids (BCAAs,
including valine, leucine, and isoleucine) and aromatic amino acids (AAAs, including
phenylalanine, tyrosine, and tryptophan) by gut microbiota of obese individuals was higher
than that of lean controls [54], implying a correlation between these gut microbiota-derived
amino acid and lipid metabolism. In addition, Chen et al. revealed that Prevotella copri
triggered chronic inflammation through promoting the production of several metabolites
(LPS, BCAA, AAA, and arachidonic acid), resulting in porcine fat deposition [13]. In pigs,
addition of BCAA into a low-protein diet alters body fat condition; however, the change of
skeletal muscles [55], liver [56], subcutaneous adipose, abdominal subcutaneous adipose,
and perirenal adipose [57,58] are different, perhaps as a result of the expression of regulators
of lipid metabolism in these tissues in a depot-specific manner. The gut microbiota can
convert tryptophan into indole and related derivatives, e.g., indole-3-aldehyde, indole-3-
acid-acetic, indole-3-propionic acid, indole-3-acetaldehyde, and indole acrylic acid [59],
some of which serve as endogenous ligands of the aryl hydrocarbon receptor (AhR). In
addition, previous studies indicated that the AhR performs essential roles in regulating lipid
or fatty acid metabolism [60]. Similarly, evidence in mice and rats suggested tryptophan and
its derivatives can affect lipid metabolism [61,62]. In animal production, as a feed additive,
tryptophan can regulate animal lipid metabolism and improve animal growth performance
and product quality. For example, Wang et al. found that dietary supplementation reduced
the abdominal fat content of male broilers [63]. The above observation indicates that BCAA
or AAAs supplementation exert effects on lipid metabolism; however, additional research
is needed to systematically clarify the role of gut microbiota.

The primary bile acids (BAs) are synthesized from cholesterol and essential for
lipid/vitamin digestion and absorption, and are subsequently converted into secondary
bile acids by microbial deconjugation, dehydrogenation, dihydroxylation, and epimer-
ization [64]. Bacterial bile salt hydrolase (BSH), a deconjugation enzyme, lies in many
bacteria, including Bacteroides thetaiotaomicron, Bifidobacterium longum, Enteroccocus faecalis,
Ligilactobacillus salivarius, and Clostridium perfringens [65]. Critically, Joyce et al. demon-
strated that bacterial BSH activity significantly affects the lipid metabolic processes and
adiposity in the host [66], which indicates indirectly that gut microbiota is vital for lipid
metabolism. Additionally, Bas can serve as important signaling molecules that regulate host
lipid metabolism by activating the cellular farnesoid X receptor (FXR) or G protein-coupled
receptor 5 (TGR5) [67,68]. Indeed, a previous study in mice indicated that microbiota cause
weight gain, steatosis, and inflammation by activating FXR signaling [69]. However, future
investigation is still required to elucidate whether gut microbiota affect host metabolism
via TGR5.

3.2. Microbiota–Gut–Brain Axis in Fat Deposition

It is well known that several avenues, including the immune system, direct enteric
nervous system routes and the vagus nerve, can be a bridge of bidirectional communi-
cation between the microbiota and the brain [70]. They can integrate the distal and local
regulatory networks to regulate many physiological processes of the host, then influence
the overall metabolism.

Metabolites derived from gut microbiota can modulate brain function by the vagus
nerve (VN), blood–brain barrier (BBB), and immune system [70,71]. Notably, the vagus
nerve is important for gut microbiota–brain crosstalk [72], as inferred by studies on gut
microbiota, including Bifidobacterium longum, Lactobacillus rhamnosus, and Limosilactobacillus
reuteri. However, these effects are blunted after vagotomy [73–76]. SCFAs control the
secretion of gut hormones from enteroendocrine cells (EECs), including PYY, GLP-1, chole-
cystokinin (CCK), ghrelin, and leptin, which affect the vagal afferent pathway and thus
regulate host ingestion, energy balance, and circadian rhythm [77,78]. In addition, evidence
also suggests that SCFAs contribute to the inhibition of food intake via the activation of
VN [79]. Moreover, evidence from high fat fed rats showed that increased acetate pro-
duction can activate the parasympathetic nervous promoting an increased secretion of
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glucose-stimulated insulin and ghrelin, which induces liver and muscle insulin resistance,
hyperphagia, hypertriglyceridemia, and ectopic lipid deposition within liver and skeletal
muscle [80]. Apart from gut hormones, the peripheral terminals of vagal afferent also
respond to lipopolysaccharide (LPS). Specifically, a previous study suggested that chronic
exposure to low-dose LPS caused leptin resistance of vagal afferent neurons and reduced
sensitivity to CCK-induced satiation, leading to the loss of vagal afferent plasticity [81].
This demonstrated that the change of microbiota may contribute to hyperphagia and
further result in obesity. Interestingly, monocarboxylate transporters are located on the
endothelial cells of the BBB, thus SCFAs are able to cross the BBB [82], indicating critical
roles of BBB in gut microbiota–brain cross talk. Indeed, after intraperitoneal injection of
acetate, decrease in food intake has been associated with acetate entering the brain over
the BBB and directly activating hypothalamic neurons [83]. Importantly, gut microbiota
are intimately associated with the maturation and function of microglia, which are the
main neuroimmune cells [71,84]. Specifically, in vivo studies using germ-free mice or
antibiotic-treated mice found that intestinal microbiota disorder caused microglia with an
immature phenotype [85]. These studies showed that an intimate connection exists between
gut microbial metabolites and brain inflammation. In addition, recently, hypothalamic
inflammation has been demonstrated to break the energy homeostasis, thereby leading to
development of glucose intolerance, insulin resistance, and obesity [86]. Nevertheless, the
pathogenesis of hypothalamic inflammation has not been fully understood, the metabolites
derived from gut microbiota may be involved.

Collectively, the study of microbiota–gut–brain axis is of great significance to the
regulation of nutrient metabolism in animals. Dietary behavior controlled by the central
system can be regulated through the microbiota–gut–brain axis to affect the body lipid
metabolism. In addition, the regulation of the microbiota–gut–brain axis provides ideas
to cure metabolic diseases (such as obesity) or to improve animal fat deposition related to
meat quality.

3.3. Fecal Microbiota Transplantation (FMT)

FMT has been used to treat multiple diseases in humans including obesity related
complications [87]. FMT is an effective and promising therapy, as the entire gut microbiota
and metabolites can be transferred from donor to the recipient.

Interestingly, FMT from obese humans or mice into germ-free or antibiotic treated
mice leads to body fat accumulation [88,89], implying that FMT can be used as a means
to investigate the impact of gut microbiota on fat deposition. Mounting evidence sug-
gests that the composition of the intestinal microbiota is different between obese and
lean pigs [4,26]. For instance, obese Rongchang pigs presented a remarkably higher Fir-
micutes/Bacteroidetes proportion and obvious genera differences compared with lean
Yorkshire pigs [26]. Xiao et al. also revealed that bacterial taxa were different in obese
Jinhua and lean Landrace pigs [90]. Nevertheless, the extent of the contribution of gut
microbiota to porcine lipogenic characteristics are still unclear. Accordingly, many studies
further explored the mechanism of gut microbiota affecting fat deposition via FMT. Pigs-
to-germ free mice FMT has provided evidence for the fact that the gut microbiota of pigs
inherently influence lipid metabolic profiles and fat deposition. Yan et al. indicated that
Rongchang pigs and their recipients (germ-free mice) displayed higher body fat mass and
stronger lipogenesis in the gastrocnemius muscle than Yorkshire pigs and their germ-free
mouse recipients [26]. In line with the above observation, the mice receiving Jinhua pigs’
“obese” microbiota had increased lipid and triglyceride levels and the lipoprotein lipase
activity in the liver relative to those receiving Landrace pigs’ “lean” microbiota [4]. These
studies demonstrate that lipogenic properties from pigs are moved to germ free mice by
FMT. Although its potential is exciting, there are obstacles to the use of FMT in practical
applications. Factors restricting wider application of FMT include problems with donor
selection, a lack of optimized methods for the preparation of the FMT, recipient genetics,
lifestyle, and microbiota composition. Indeed, both microbial diversity and the presence
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of specific species in the recipient microbiota have been suggested to affect FMT engraft-
ment [91]. Thus, FMT efficacy is highly linked with donors, appropriate FMT protocol, and
recipient clinical status.

In conclusion, gut microbiota contribute to the fat deposition in pigs, and their fat
deposition phenotype can be transferred across species. Therefore, transplantation of gut
microbiota will provide new approaches to change host metabolism and adipogenesis, with
a huge significance in the improvement of meat quality.

4. Factors Affecting Gut Microbial Composition and Function
4.1. Host Genetics

Host genetics are crucial to shape the composition gut microbiota [92]. Mounting
evidence also suggests that some bacterial taxa were identified as heritable in human and
pigs [92–97]. In pigs, previous reports suggest that the intestinal microbiota from obese
and lean pigs are not exactly the same [4,26,90]. The existance of different core microbiota
has been confirmed between Rongchang pigs (obese) and Yorkshire pigs (lean) by high-
throughput pyrosequencing [26]. Additionally, the first four genera in Jinhua pigs (obese)
are different from those in Landrace pigs (lean) [4]. A recent study also suggested that obese
Shaziling pigs possess a higher α-diversity and higher abundances of probiotics, including
Lactobacillus amylovorus, Lactobacillus johnsonii, and Clostridium butyricum, compared with
Yorkshire pigs [7]. Interestingly, when different purebred pigs were randomly assigned to
cohouse for several weeks, their gut microbial communities became more similar, while
the distinguishable breed-particular proportions were retained [98], which imply that
host genetics play a causal role in gut microbiota differences. Furthermore, a total of
52 single-nucleotide polymorphisms (SNPs) distributed in 17 regions along the pig genome
were associated with the relative abundance of six genera, including Akkermansia, CF231,
Phascolarctobacterium, Prevotella, SMB53, and Streptococcus [99]. Recently, Reverter et al.
identified SNPs with pleiotropic effect associated with the relative abundance of butyrate
producer bacteria (Faecalibacterium, Butyrococcus, and Coprococcus) and identified candidate
genes previously reported as associated with microbiota profile in mice and human, such
as SLIT3, SLC39A8, NOS1, IL1R2, DAB1, TOX3, SPP1, THSD7B, ELF2, PIANP, A2ML1,
and IFNAR1 [100]. Moreover, a study in two herds of pigs which were kept on same
farm conditions and fed with the same diet identified tens of heritable bacterial taxa by
heritability estimates and 37 candidate genes associated with gut microbiota. Interestingly,
13 out of these 37 candidate genes are associated with metabolism, including circulating
glucose and insulin level and obesity [97]. Consequently, the effect of gut microbiota on fat
deposition in obese and lean pigs may be regulated by host genetics.

Such data confirm the significance of host genomics in regulating the microbiota
composition. This area merits further research to understand the complicated interplay
between the host genotype and gut microbiota taxa, identifying genetic markers and
candidate genes that can be used to incorporate in pig breeding program to reshape
microbial composition, and thus improving host performance.

4.2. Diets

However, previous study suggested that host genetics play a secondary role in shaping
microbiota composition, perhaps because conditions are difficult to standardize between
individuals. Recently, a study showed that environment dominates over host genetics
in determining host gut microbiota [101]. Among environment factors, dietary factors, a
powerful shaper of microbiota composition, rapidly and reproducibly alter gut microbial
community structure [14]. In addition, diet can improve pig performance and pork quality
via modulating gut microbial diversity and composition [102,103].

Importantly, dietary fat quantity has been reported to consistently influence gut micro-
biota composition. For instance, a large-scale meta-analysis of sequencing-based studies
suggested from rodents and humans that a high-fat diet (HFD) influence microbial diversity
and reproducibly changes gut microbial community structure, including the increase in
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Firmicutes/Bacteroidetes ratio, which was significantly correlated with fat content [104].
This may be the reason why pigs become obese after consuming HFD [105]. Further, Kong
et al. suggested that the consumption of a HFD has been shown to reduce several beneficial
bacteria, e.g., Lactobacillus, Prevotella, Alloprevotella, and Clostridium sensu stricto, but increase
opportunistic pathogen including Bacteroides, Alistipes, and Anaerotruncus [106]. Therefore,
when designing pig feed formula, fat should be added appropriately to maintain the balance
of gut microbiota. In addition to dietary fat quantity, the consumption of different dietary
fat type differently shifts gut microbial composition and function [107,108]. Currently, SC-
FAs and middle chain fatty acids (MCFA) are known to have antimicrobial properties. For
example, diet with such lipids inhibit the growth of common causative agents (Salmonella
and E. coli), thereby reducing the odds of gastrointestinal infections [109,110]. Moreover,
there are three main types of fat in mammals diet based on saturation: saturated fatty
acids (SFA), monounsaturated fatty acids (MUFA), and polyunsaturated fatty acids (PUFA),
which potentially regulate pig gut microbiota composition. For instance, pigs fed palm oil
had marked changes in the bacteria community structure through raising the abundance
of Proteobacteria as well as decreasing the abundance of Firmicutes [108]. Additionally,
pigs fed with oleic acid had higher abundance of Prevotella [111]. Moreover, a flaxseed oil
supplemented diet may enhance intrauterine growth retardation in pigs’ gut immunity
and health, which was attributed to the changed gut microbiota and mucosal fatty acid
profile [112]. Together, dietary fat types are closely related to gut microbiota structure,
offering a novel insight into the reasonable application of fat in diet.

In addition, recently, due to the critical role in shaping gut microbiota, dietary fiber
has increasingly attracted the attention of researchers. Dietary fiber, a feed component
that cannot be digested effectively by monogastric digestive enzymes, serves as the major
energy source for gut microbiota, which implies that intake of the right amount of dietary
fiber could enhance the abundance of specific microbiota [113]. As recently reviewed by
Pu et al. [102], adding fiber to a diet not only promotes the increase in the a few fiber-
degrading bacteria taxa, but also the functional activity of the microbiota and SCFA in
finishing pigs. In addition, they found that elevating the proportion of fiber in the diet
increases the α-diversity and β-diversity indices of the porcine gut microbiota [102]. Im-
portantly, dietary fiber supplementation not only upregulates the proportion of beneficial
bacteria but also diminishes the proportion of pathogenic bacteria in the gut [114–116],
which may be conducive to the improvement of intestinal health and meat quality of
pigs [117,118]. Nevertheless, dietary fiber from different sources has been investigated to
have different effects on microbial composition and diversity. Indeed, a previous study
showed that xylan is beneficial for the proliferation of Bifidobacterium, whereas glucan
is unfavorable for it in the ileum and cecum of pigs [119]. Moreover, a study reported
that alfalfa diets increase the relative abundance of Firmicutes and Bacteroidetes in weaned
piglets compared with wheat bran [120]. The above research studies show a close relation-
ship between dietary fiber and gut microbiota, yet the specific mechanism of dietary fiber
affecting porcine gut microbiota needs to be further studied.

Collectively, the available evidence suggests that manipulation of the dietary com-
position can influence the gut microbiota structure and function in pigs and thus could
contribute a key role to the pig growth and development, and thus, reasonable diet formula
is conductive to the production of better pork in pig industry.

4.3. Antibiotic

In intensive swine husbandry systems, antibiotics are often added to porcine feed or
water to fight against the infections of the respiratory system and gastro-intestinal tract,
and promote pig’s growth and development. In addition, the use of different types of
antibiotics is associated with specific diseases, age, or farm management. For example,
penicillins were widely used for prophylaxis and treatment of septicaemia and respira-
tory and urinary tract infections in various animal species. Tetracyclines were commonly
used to treat respiratory diseases caused by Actinobacillus pleuropneumonia and Pasteurella
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multocida. Colistin was most commonly used in gastrointestinal conditions of piglets and
weaners, while tylosin was used in fatteners and sows [121]. However, large volumes of
antibiotics used in food animals contribute to the emergence and spread of antimicrobial
resistant (AMR) that lie in the food chain to propagate to consumer [122]. Thus, a detailed
understanding of the current pattern of antibiotic use in livestock is essential to support
optimal antibiotic use. This could decelerate the emergence of AMR in animal production.
Additionally, renewed attention has been dedicated the association between antibiotic
exposure and host physiology, acknowledging the critical role of gut microbiota in host
physiology deciphered in recent years. A study reported that antibiotic treatment influences
porcine growth performance, myofiber composition, and lipid metabolism, which could
be related to alteration of gut microbiota [123]. However, long-term use of subtherapeutic
doses of antibiotics can increase the proportions of pathogenic microorganisms that inhibit
the normal intestinal function, leading to an adverse impact on the commensal bacterial
population and triggering diseases [124–126]. Specifically, long-term exposure to antibiotics
may result in the generation of intestinal pathogens and postweaning diarrhea by reducing
bacterial diversity and stimulating gut inflammation [127]. Studies in piglet showed that
the addition of subtherapeutic antibiotic from postnatal day 7 to 42 differently altered the
microbial composition in the small and large intestines, e.g., a reduction in Clostridium,
Bacillus, and Sharpea in the digesta of the stomach, duodenum, and jejunum as well as a
minor decrease in Prevotella in colon, thus affecting metabolic phenotype [128,129]. Several
antibiotics, including penicillin, tylosin, sulfamethazine, and chlortetracycline, have been
demonstrated to alter markedly the gut microbiota composition and thus break the balance
in growing pigs [130–132]. However, the number of strains resistant to antibiotics are
increasingly found in swine production [133]. Additionally, antibiotic use in early life could
interfere with the precedence effect of early colonizers, slow down normal maturation
of gut microbiota, and possess a long-lasting effect on intestinal microbiota [134,135]. As
Schokker et al. reported, piglets that received a subcutaneous injection with tulathromycin
on day 4 after birth exhibited a reduction in the microbial diversity and a change microbial
composition in jejunum on day 176, but had limited effect on day 56 [136]. The dysbiosis
can influence host the nutrient absorption and utilization, as well as life-long metabolism
phenotype and diseases, including obesity [137–140]. Due to the increasing safety concerns
of antibiotics, the use of antibiotics in animal feed have been restricted in many coun-
tries. Consequently, understanding the post-term effect and specific mode of action of the
antibiotics is of great importance to better design antibiotic alternatives in pigs.

4.4. Prebiotics and Probiotics

Prebiotics and probiotics have been applied as functional feed additives to improve
animal health and production performance for many years. Prebiotics were defined as “a se-
lectively fermented ingredient that allows specific changes, both in the composition and/or
activity in the gastrointestinal microflora, thus conferring benefits upon host wellbeing
and health” [141]. So, prebiotics have the ability to enhance the growth of beneficial resi-
dent gut bacteria. Well-known effective prebiotics include inulin, galacto-oligosaccharides,
xylo-oligosaccharides, pectin, beta-glucans, and resistant starch, and supplementation of
these prebiotics in porcine diet has been confirmed to improve microbiota composition
and functionality, and is beneficial for intestinal barrier functions and growth performance
(Table 1). From these observations, the benefits of prebiotics are usually attributable to
the following aspects: (a) stimulating beneficial bacteria and SCFAs production and, ac-
cordingly, improving barrier function, and anti-inflammatory stimuli; and (b) decreasing
levels of some pathogenic organisms (such as Defluviicoccus and Gardnerella) that cause gut
dysbiosis. Additionally, prebiotics can modulate lipid metabolism and result in a higher
IMF level in finishing pigs [142], possibly by inhibiting lipogenic enzymes activity, and
subsequently reducing production of lipoproteins and TGs [143]. In brief, the action of
prebiotics is exerted via altering the certain bacteria abundance and the metabolites that
are produced.
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Table 1. Effects of different prebiotics on gut microbiota and their impact on host health.

Dietary Sources of
Prebiotics Study Model Effect on Gut Microbiota Effect on Host Health Effect on Growth

Performance Reference

A diet supplemented
with 5% microcrystalline

cellulose or inulin for
72 days

Pig

Alter the composition of
ileal and colonic

mucosal microbiota
↑Akkermansia and

↑production of butyrate

Enhance sulfomucin
production and mucosal

barrier function
Not mentioned [144]

A basal diet
containing 2.5, 5.0, and

10.0 g/kg inulin

Thirty-two male
weaned pigs

↑Lactobacillus population
↓Escherichia coli population

in the caecum
↑Production of acetic and

butyric acid

Elevate serum insulin-like
growth factor-1 concentration

but reduced diamine
oxidase concentration;

2.5 g/kg inulin increase
the average daily feed

intake (ADFI) and
average daily body
weight gain (ADG)

of pigs

[145]

A basal diet containing
0.5% inulin for 21 days Twenty growing-pigs

↑Lactobacillus spp. in the
ileum and ↑Bacteroides spp.

in the cecum
↑Production of acetate and

butyrate in cecum

Increase villus height and the
abundance of zonula

occludens-1;
Decrease IL-6 and

TNFαexpression, and reduce
gut epithelial cell apoptosis in

ileum and cecum

Not mentioned [146]

The combined of
the early-life

galacto-oligosaccharides
(GOS) and postweaning

GOS intervention

Weaning Piglets
↑ The abundances of (SCFA)

producers
↑Total SCFA concentration

Reduce the expression of
MyD88-NF-κB

signaling and the
proinflammatory cytokines

Not mentioned [147]

Piglets in the GOS group
were given 10 mL of GOS

solution daily
Neonatal Porcine Model

↑Lactobacillus and
unclassified Lactobacillaceae,
↓Clostridium sensu stricto
on day 8 and day 21 after

GOS intervention.
↓Escherichia on day 21

following the early-life GOS
intervention

Increase microbial metabolites
(such as SCFAs, and Lactate),
endocrine peptides, and the

mRNA expression of
anti-inflammatory cytokines
and antimicrobial peptides

Not mentioned [148]

xylo-oligosaccharides
group (basal diet + 250 g

t-1 XOS)
weaned piglets

↑The concentrations of
butyrate in the ileum and

tryptamine and spermidine
in the colon

↓The concentration of indole
in the colon

Improve the growth
performance

Increase the ADFI
and ADG [149]

Piglets were fed a
low-methyl esterified
pectin enriched diet, a
high-methyl esterified
pectin enriched diet, a
hydrothermal treated

soybean meal enriched
diet or a control diet

weaning pigs
↓Abundance of the genus
Lactobacillus ↑Abundance

of Prevotella

Affect the digestion processes;
Shape the colonic microbiota

from a Lactobacillus-
dominating flora to a
Prevotella-dominating

community, with potential
health-promoting effects

Not mentioned [150]

piglets were fed with
yeast-derived β-glucans piglets

↓Abundance of
Methanobrevibacter

↑Abundance of genera
Fusobacterium and

Ruminococcaceae_UCG-002

Did not affect the
vaccination response;
Affect modestly fecal

microbiota composition and
immune parameters

Not mentioned [151]

Pigs received a diet
amended with 5%

resistant potato starch
piglets ↑anaerobic Clostridia and

↑Production of butyrate

Increase the abundance of
regulatory T cells

in the cecum;
Modulate the microbiota and
host immune status, altering

markers of cecal
barrier function and

immunological tolerance

Not mentioned [152]

Piglets fed a diet with
0.5% PD weaned piglets

↓Abundance of pathogenic
organisms, such as

Defluviicoccus and Gardnerella
↑Psychrobacter and Prevotella
↑SCFA-producing bacteria

Increase the concentration of
SCFAs in the feces

At 42 days of age, dietary
PD supplementation

increase the body weight
(P = 0.06);

Increase the
feed efficiency

[153]

↑, increased; ↓, decreased.

Probiotics applied in animal diets are predominantly bacterial strains of Gram-positive
bacteria, and are already widely used for replenishing the gut microbial population and
modulate gut microbiota composition imbalance [154], while restoring host immune system
and for weight gain in farm animals [155]. Highly diverse organisms of the genera Lactobacil-
lus, Bacillus, Enterococcus, and Pediococcus are already widely used in swine production [156].
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Owing to the main goals of applying probiotic vary by growth phase, appropriate probi-
otics strains should be selected at different stages of life. The use of probiotics for weaning
piglets has been widely reported in the literature. For example, many studies demonstrated
that probiotics, such as lactic acid bacteria and Saccharomyces cerevisiae, can prevent ETEC
K88/F4 colonization [157–159], which enhance immunity, balance the environment in the
gastrointestinal tract and decrease the occurrence of diarrhea, thus improving production
performance. In addition, L. rhamnosus, L. plantarum, and Bacillus has been reported to clear
pathogens via triggering host immune response [160–162]. During the growing–finishing
stage, pigs get more protection from a mature immune system, so the purpose of using
probiotics is to improve growth performance and produce better pork. Bacillus subtilis,
L. plantarum, L. acidophilus NCDC-15, and P. acidilactici FT28 exhibited beneficial impact
on growth performance of grower–finisher pigs [163]. Samolińska et al. indicated that
a multispecies probiotic preparation supplementation has a positive on fattening perfor-
mance and health status of growing pigs [164]. In conclusion, prebiotics and probiotics
are microbiota-management tools for improving pig gut health, energy metabolism, and
growth performance, which are closely associated with meat quality.

5. Conclusions

It is generally acknowledged that there is a complex relationship between gut micro-
biota and the pig, suggesting that microbiota modifications induce alternations in the pig
growth and metabolism, which potentially contribute to changes in fiber characteristics,
fiber type distribution, and lipid metabolism in skeletal muscle, and regulation of fat de-
position. Hence, factors affecting gut microbiota composition and function have taken a
pivotal role in pig production (Figure 2).
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Figure 2. Factors affecting porcine muscle growth and development, and fat deposition via regulating
gut microbiota. The diversity of gut microbiota can be influenced by many factors. Both host genetics
and diet composition (such as dietary fat, fiber) play a pivotal role in shaping the gut microbiota.
Moreover, subtherapeutic doses of antibiotics applied in commercial farming can negatively impact
the microbiota. The addition of probiotics and prebiotics could improve gut microbiota diversity.
Ultimately, these factors can affect the growth and development of muscle, and fat deposition in
pigs by regulating the composition and metabolites (such as SCFAs, bile acids and BCAA) of gut
microbiota. SCFAs, short-chain fatty acids; BCAA, branched-chain amino acids.
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The gastrointestinal tract of pigs harbors a rich and highly complicated microbiota,
affecting digestion and absorption of nutrients; however, the composition and function of
the gut microbiota are dynamic and regulated by many factors, such as host genetics, diet
properties, antibiotic, prebiotics, and probiotics. Dietary compositions have been shown
to significantly affect gut microbiota composition in terms of richness and diversity. On
one hand, consumption of HFD (particularly saturated fat) may induce the growth of
pathogenic bacteria, while suppressing the growth and reproduction of beneficial bacteria,
resulting in gut microbiota dysbiosis. On the other hand, the consumption of different
dietary fat type has been proven to differently change gut microbial composition and
function. Moreover, the consumption of dietary fiber may increase the number of the
of beneficial bacteria, promoting SCFAs production and subsequently affecting energy
metabolism. Although antibiotic administration reduced pathogens colonization, the ex-
tensive and long-term use of antibiotics caused the generation of resistant bacteria and
antibiotic residue in pigs. Therefore, alternative sources to antibiotics are urgently need
to discover promoting the development of pig industry. More recently, prebiotics and
probiotics, which reinforce the gut microbiota for improved animal health and colonization
resistance to gut pathogens, show promise as alternatives for antibiotics for growth promo-
tion in swine industry. Therefore, modifying the gut microbiota via dietary interventions is
a vital strategy to improve the health and meat quality of the pig.

Future investigation on the association between specific gut microbiota and pig skele-
tal muscle development, fat deposition, and further exploration of factors affecting gut
microbiota composition, structure, and function would be beneficial to better understand
the role of gut microbiota in pigs, which would contribute to the production of better pork.
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142. Grela, E.R.; Świątkiewicz, M.; Florek, M.; Bąkowski, M.; Skiba, G. Effect of Inulin Source and a Probiotic Supplement in Pig Diets

on Carcass Traits, Meat Quality and Fatty Acid Composition in Finishing Pigs. Animals 2021, 11, 2438. [CrossRef] [PubMed]
143. Brahe, L.K.; Astrup, A.; Larsen, L.H. Can We Prevent Obesity-Related Metabolic Diseases by Dietary Modulation of the Gut

Microbiota? Adv. Nutr. 2016, 7, 90–101. [CrossRef] [PubMed]
144. Xia, B.; Wu, W.; Zhang, L.; Wen, X.; Xie, J.; Zhang, H. Gut microbiota mediates the effects of inulin on enhancing sulfomucin

production and mucosal barrier function in a pig model. Food Funct. 2021, 12, 10967–10982. [CrossRef] [PubMed]
145. Wang, W.; Chen, D.; Yu, B.; Huang, Z.; Mao, X.; Zheng, P.; Luo, Y.; Yu, J.; Luo, J.; Yan, H.; et al. Effects of dietary inulin

supplementation on growth performance, intestinal barrier integrity and microbial populations in weaned pigs. Br. J. Nutr. 2020,
124, 296–305. [CrossRef]

146. He, J.; Xie, H.; Chen, D.; Yu, B.; Huang, Z.; Mao, X.; Zheng, P.; Luo, Y.; Yu, J.; Luo, J.; et al. Synergetic responses of intestinal
microbiota and epithelium to dietary inulin supplementation in pigs. Eur. J. Nutr. 2021, 60, 715–727. [CrossRef]

147. Tian, S.; Wang, J.; Wang, J.; Zhu, W. Differential Effects of Early-Life and Postweaning Galacto-oligosaccharide Intervention on
Colonic Bacterial Composition and Function in Weaning Piglets. Appl. Environ. Microbiol. 2022, 88, e0131821. [CrossRef]

148. Tian, S.; Wang, J.; Yu, H.; Wang, J.; Zhu, W. Changes in Ileal Microbial Composition and Microbial Metabolism by an Early-Life
Galacto-Oligosaccharides Intervention in a Neonatal Porcine Model. Nutrients 2019, 11, 1753. [CrossRef]

149. Ding, H.; Zhao, X.; Azad, M.A.K.; Ma, C.; Gao, Q.; He, J.; Kong, X. Dietary supplementation with Bacillus subtilis and xylo-
oligosaccharides improves growth performance and intestinal morphology and alters intestinal microbiota and metabolites in
weaned piglets. Food Funct. 2021, 12, 5837–5849. [CrossRef]

150. Tian, L.; Bruggeman, G.; van den Berg, M.; Borewicz, K.; Scheurink, A.J.; Bruininx, E.; de Vos, P.; Smidt, H.; Schols, H.A.;
Gruppen, H. Effects of pectin on fermentation characteristics, carbohydrate utilization, and microbial community composition in
the gastrointestinal tract of weaning pigs. Mol. Nutr. Food Res. 2017, 61, 186. [CrossRef]

151. de Vries, H.; Geervliet, M.; Jansen, C.A.; Rutten, V.; van Hees, H.; Groothuis, N.; Wells, J.M.; Savelkoul, H.F.J.; Tijhaar, E.; Smidt,
H. Impact of Yeast-Derived β-Glucans on the Porcine Gut Microbiota and Immune System in Early Life. Microorganisms 2020,
8, 1573. [CrossRef]

152. Trachsel, J.; Briggs, C.; Gabler, N.K.; Allen, H.K.; Loving, C.L. Dietary Resistant Potato Starch Alters Intestinal Microbial
Communities and Their Metabolites, and Markers of Immune Regulation and Barrier Function in Swine. Front. Immunol. 2019,
10, 1381. [CrossRef] [PubMed]

153. Zhu, L.; Liao, R.; Tu, W.; Lu, Y.; Cai, X. Pyrodextrin enhances intestinal function through changing the intestinal microbiota
composition and metabolism in early weaned piglets. Appl. Microbiol. Biotechnol. 2020, 104, 4141–4154. [CrossRef] [PubMed]

154. Azad, M.A.K.; Sarker, M.; Li, T.; Yin, J. Probiotic Species in the Modulation of Gut Microbiota: An Overview. Biomed. Res. Int.
2018, 2018, 9478630. [CrossRef]

155. Lopreiato, V.; Mezzetti, M.; Cattaneo, L.; Ferronato, G.; Minuti, A.; Trevisi, E. Role of nutraceuticals during the transition period
of dairy cows: A review. J. Anim. Sci. Biotechnol. 2020, 11, 96. [CrossRef]

156. Wang, W.; Gänzle, M. Toward rational selection criteria for selection of probiotics in pigs. Adv. Appl. Microbiol. 2019, 107, 83–112.
[CrossRef]

157. Guerra-Ordaz, A.A.; González-Ortiz, G.; La Ragione, R.M.; Woodward, M.J.; Collins, J.W.; Pérez, J.F.; Martín-Orúe, S.M. Lactulose
and Lactobacillus plantarum, a potential complementary synbiotic to control postweaning colibacillosis in piglets. Appl. Environ.
Microbiol. 2014, 80, 4879–4886. [CrossRef]

158. Yang, G.Y.; Zhu, Y.H.; Zhang, W.; Zhou, D.; Zhai, C.C.; Wang, J.F. Influence of orally fed a select mixture of Bacillus probiotics on
intestinal T-cell migration in weaned MUC4 resistant pigs following Escherichia coli challenge. Vet. Res. 2016, 47, 71. [CrossRef]
[PubMed]

159. Trevisi, P.; Latorre, R.; Priori, D.; Luise, D.; Archetti, I.; Mazzoni, M.; D’Inca, R.; Bosi, P. Effect of feed supplementation with live
yeast on the intestinal transcriptome profile of weaning pigs orally challenged with Escherichia coli F4. Animal 2017, 11, 33–44.
[CrossRef]

160. Upadhaya, S.D.; Shanmugam, S.K.; Kang, D.K.; Kim, I.H. Preliminary assessment on potentials of probiotic B. subtilis RX7 and B.
methylotrophicus C14 strains as an immune modulator in Salmonella-challenged weaned pigs. Trop. Anim. Health Prod. 2017, 49,
1065–1070. [CrossRef]

161. Zhou, D.; Zhu, Y.H.; Zhang, W.; Wang, M.L.; Fan, W.Y.; Song, D.; Yang, G.Y.; Jensen, B.B.; Wang, J.F. Oral administration of a
select mixture of Bacillus probiotics generates Tr1 cells in weaned F4ab/acR- pigs challenged with an F4+ ETEC/VTEC/EPEC
strain. Vet. Res. 2015, 46, 95. [CrossRef]

162. Li, X.Q.; Zhu, Y.H.; Zhang, H.F.; Yue, Y.; Cai, Z.X.; Lu, Q.P.; Zhang, L.; Weng, X.G.; Zhang, F.J.; Zhou, D.; et al. Risks associated
with high-dose Lactobacillus rhamnosus in an Escherichia coli model of piglet diarrhoea: Intestinal microbiota and immune
imbalances. PLoS ONE 2012, 7, e40666. [CrossRef] [PubMed]

http://doi.org/10.1007/s00253-019-10165-x
http://doi.org/10.1038/srep41778
http://doi.org/10.1093/jn/137.3.830S
http://doi.org/10.3390/ani11082438
http://www.ncbi.nlm.nih.gov/pubmed/34438895
http://doi.org/10.3945/an.115.010587
http://www.ncbi.nlm.nih.gov/pubmed/26773017
http://doi.org/10.1039/D1FO02582A
http://www.ncbi.nlm.nih.gov/pubmed/34651635
http://doi.org/10.1017/S0007114520001130
http://doi.org/10.1007/s00394-020-02284-3
http://doi.org/10.1128/AEM.01318-21
http://doi.org/10.3390/nu11081753
http://doi.org/10.1039/D1FO00208B
http://doi.org/10.1002/mnfr.201600186
http://doi.org/10.3390/microorganisms8101573
http://doi.org/10.3389/fimmu.2019.01381
http://www.ncbi.nlm.nih.gov/pubmed/31275319
http://doi.org/10.1007/s00253-020-10419-z
http://www.ncbi.nlm.nih.gov/pubmed/32125479
http://doi.org/10.1155/2018/9478630
http://doi.org/10.1186/s40104-020-00501-x
http://doi.org/10.1016/bs.aambs.2019.03.003
http://doi.org/10.1128/AEM.00770-14
http://doi.org/10.1186/s13567-016-0355-8
http://www.ncbi.nlm.nih.gov/pubmed/27424033
http://doi.org/10.1017/S1751731116001178
http://doi.org/10.1007/s11250-017-1278-8
http://doi.org/10.1186/s13567-015-0223-y
http://doi.org/10.1371/journal.pone.0040666
http://www.ncbi.nlm.nih.gov/pubmed/22848393


Antibiotics 2022, 11, 793 19 of 19

163. Dowarah, R.; Verma, A.K.; Agarwal, N.; Patel, B.H.M.; Singh, P. Effect of swine based probiotic on performance, diarrhoea scores,
intestinal microbiota and gut health of grower-finisher crossbred pigs. Livest. Sci. 2017, 195, 74–79. [CrossRef]
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