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Gut microbiota is generally recognized to play a crucial role in maintaining host health and metabolism.
The correlation among gut microbiota, glycolipid metabolism, and metabolic diseases has been well
reviewed in humans. However, the interplay between gut microbiota and host metabolism in swine
remains incompletely understood. Given the limitation in conducting human experiments and the high
similarity between swine and humans in terms of anatomy, physiology, polyphagy, habits, and meta-
bolism and in terms of the composition of gut microbiota, there is a pressing need to summarize the
knowledge gained regarding swine gut microbiota, its interplay with host metabolism, and the under-
lying mechanisms. This review aimed to outline the bidirectional regulation between gut microbiota and
nutrient metabolism in swine and to emphasize the action mechanisms underlying the complex
microbiomeehost crosstalk via the gut microbiotaegutebrain axis. Moreover, it highlights the new
advances in knowledge of the diurnal rhythmicity of gut microbiota. A better understanding of these
aspects can not only shed light on healthy and efficient pork production but also promote our knowledge
on the associations between gut microbiota and the microbiomeehost crosstalk mechanism. More
importantly, knowledge on microbiota, host health and metabolism facilitates the development of a
precise intervention therapy targeting the gut microbiota.

© 2020, Chinese Association of Animal Science and Veterinary Medicine. Production and hosting
by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The mammalian gastrointestinal tract hosts trillions of micro-
organisms. These microorganisms together with their genes are
known as the microbiome, which encodes 3.3 million genes and
carries genetic messages that are 140 times greater in number than
those carried by the human genome (Qin et al., 2010). Accumu-
lating evidence had revealed that gutmicrobiota plays a pivotal role
in maintaining the host physiological homeostasis, in promoting
immune system development, and in regulating host metabolism
iation of Animal Science and
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(Kim et al., 2012; Maynard et al., 2012; Sommer and B€ackhed, 2013;
Tremaroli and Backhed, 2012). In recent decades, the maturity of
high-throughput sequencing and multi-omics techniques has
greatly expanded our knowledge of microbial communities in a
complex environment and has made it possible to clarify the in-
teractions between gut microbiota and host metabolism homeo-
stasis. The gut microbiota regulates the metabolism of glucolipids
(Yin et al., 2018), amino acids (Kawase et al., 2017; Zhang et al.,
2020), vitamins (Caesar, 2019), bile acids (Ramírez-P�erez et al.,
2018), and other nutrients (Pathak et al., 2020) through the
microbiotaegutebrain axis (Carabotti et al., 2015). Conversely, the
dysbiosis of gut microbiota leads to metabolic diseases, such as
obesity, cardiovascular disease (hyperlipidemia, atherosclerosis
and hypertension), insulin resistance, type 2 diabetes, gout, and
hyperuricemia (Fan et al., 2018; Liu et al., 2020; Mandal andMount,
2015; Mendes-Soares et al., 2019; Novoseletskyi, 2013). Fortu-
nately, the homeostasis of gut microbiota can be manipulated by
diet, faecal microbiota transplantation, and other approaches
(Fuentes et al., 2017; Kelly et al., 2014; Liu et al., 2017; Lee et al.,
2019; Thomas and Versalovic, 2010). Further, a well-designed gut
uction and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
censes/by-nc-nd/4.0/).
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microbiota community can be used to improve the human health
condition and to promote production efficiency in animal hus-
bandry. Several studies have reviewed the interaction between gut
microbiota and human metabolic ability (Cani, 2019b; Karlsson
et al., 2013; Rusch and Dave, 2018; Salvatore et al., 2017; Sohail
et al., 2017; Vajro et al., 2013; Yolanda et al., 2010). However,
most of these works focused on nutrient metabolism and host
metabolic diseases in the context of maintaining health. Moreover,
most of the trials were carried out on mice or rats. Given the high
similarity between swine and humans in terms of anatomy, phys-
iology, polyphagy, habits, and metabolism, swine is possibly one of
the most appropriate models that can be used to study nutrient
metabolism and health in humans (Olayanju et al., 2019; Walters
and Prather, 2013). Research had revealed that the interspecies
transplantation of gut microbiota to pig gut produced a donor-like
stable microbial community and the microbial ecosystem's suc-
cession (Pang et al., 2007). Besides, given that swine is one of the
most important food animals worldwide, studies on swine intes-
tinal microbiota and host metabolism will greatly promote the
development of swine production.

Although mounting evidence indicated that multilateral cross-
talks occur via the gut microbiotaegutebrain axis (Collins et al.,
2014; De Vadder et al., 2018; Frost et al., 2014; Mayer et al.,
2014), the mechanisms underlying the functions of the gut micro-
biota on host metabolism remain incompletely understood. Of
note, new evidence has indicated that the composition and func-
tion of gut microbiota display diurnal rhythmicity in a given day
(Leone et al., 2015; Liang et al., 2015; Thaiss et al., 2014, 2016;
Zarrinpar et al., 2014), implying that time factor should be taken
into consideration in studying the gut microbiota. Thus, this review
aimed to elucidate the interplay between gut microbiota and host
nutrient metabolism in swine. Additionally, the underlying action
mechanisms of gut microbiota via the microbiotaegutebrain axis
were outlined. Finally, we systematically reviewed studies on mi-
crobial diurnal rhythmicity. A deeper understanding of the inter-
play between gut microbiota and host metabolism can facilitate
progress in the accurate regulation of gut microbiota in order to
promote human health and production efficiency in animal
husbandry.

2. Swine gut microbiota and their influencing factors

Despite the similarity between humans and swine in terms of
anatomy and physiology, considerable interspecies variations in
the composition and functions of their gut microbiota exist. Xiao
et al. had profiled the gut microbiota of 287 swine fecal samples
from France, Denmark, and China. According to the research, a
total of 7.7 million non-redundant genes representing 719 meta-
genomic species were identified. Ninety-six percent of the func-
tional pathways detected in humans are present in the catalogue
of pig gut microbiota community, implying the possibility that the
human gut microbiota may be investigated using pig models.
However, only 78% of the pathways identified in the pig gut
metagenome are present in humans, which suggested a more
powerful and specific functionality of pig gut microbiota. Of note,
the meta-analysis conducted by Holman et al. (2017) revealed that
the core genera Prevotella, Clostridium, Alloprevotella, Rumino-
coccus, and the RC9 were detected in 99% of the faecal samples
obtained from commercial swine worldwide. The symbiosis of
these core microbiome plays an important role in regulating
nutrient metabolism and immunity of the host, ultimately
contributing to the health and production performance of pigs
(Geng et al., 2018; Kang et al., 2017). To date, a myriad of studies
have reported that gut microbiota has a high correlation with the
immunity, intestinal development, and production performance
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of swine (Arnal et al., 2014; McCormack et al., 2017; Saavedra and
Dattilo, 2012; Wan et al., 2019; Yang et al., 2018a, 2018b). Spe-
cifically, Mach et al. (2015) found that Prevotella was positively
correlated with the luminal secretory immunoglobulin A con-
centrations. Moreover, the gut microbiota of newborn piglets with
intrauterine growth restriction demonstrated a lower diversity
and a different taxonomic profile; consequently, the piglets dis-
played a limited production performance (Zhang et al., 2019). Pigs
with an extreme feed conversion ratio differed both in terms of
composition and abundance of gut microbiota. These differential
microbes were mainly enriched in the metabolic pathways of di-
etary polysaccharides and proteins (Quan et al., 2018; Tan et al.,
2018). Also, even when exposed to the same condition, litter-
mates with different birth weights have distinct microbiota
communities (Lee et al., 2019).

Interestingly, the distribution and composition of gut micro-
biota might co-evolve with the host and may be subtly influenced
by various factors (Fig. 1). It has been well established that the in-
testinal tract of pigs is characterized by distinct compartmentali-
zation due to differences in anatomical structures, environments,
physiological functions, and gut microbiota communities. For
instance, the microorganisms in the small intestine (duodenum,
jejunum, and ileum) are mainly involved in the digestion and ab-
sorption of nutrients (e.g. most of the proteins, lipids, amino acids,
monosaccharides, and some oligosaccharides). By contrast, the
microorganisms in the large intestine (colon and cecum) aremainly
involved in the degradation of nutrients that are indigestible in the
small intestine, for instance insoluble cellulose (resistant starch and
lignin). The number of microorganisms expands geometrically from
the small intestine to the large intestine, and the microbial
composition of the ileum significantly differs from that of the
cecum and colon. Specifically, the genera Escherichia-Shigella
(23.1%), Terrisporobacter (17.9%), Romboutsia (13.7%) and Clostridium
sensustricto 1 (12.9%) are more abundant in the ileum than in the
cecum and colon. Alloprevotella (7.2%), Lactobacillus (5.0%), and the
Prevotellaceae NK3B31 group (4.4%) are the 3 most prevalent
genera in the cecum. Streptococcus (10.4%), Lactobacillus (8.8%), and
Clostridium (8.0%) are the 3 most prevalent genera in the colon
(Quan et al., 2018).

Age is one of the determinant factors affecting the succession of
gut microbiota in neonatal piglets (Bian et al., 2016). For instance,
bacterial abundance and diversity increase with age (Wang et al.,
2019b). Although controversial, the gut of neonate piglets before
birth is generally believed to be sterile and then it becomes
immediately occupied by the microbiota encountered in the envi-
ronments (Funkhouser and Bordenstein, 2013). Moreover, the
faecal bacterial composition of swine varies significantly in
different growth stages (Kim et al., 2015b). Being one of the
important landmarks of the production stage, the weaning transi-
tion was found to significantly alter the swine gut microbiota
composition and the pathways concerning nutrient metabolism
(Meng et al., 2020).

In addition, pigs of different breeds had a distinct gut microbiota
composition (Cheng et al., 2017). Guevarra et al. (2015) found that
white-coloured breeds, such as Landrace, displayed a higher
abundance of cellulolytic bacteria, which possibly indicates a
higher fibre digestion efficiency. More specifically, a distinct dif-
ference in the composition of gut microbiota was observed
amongst Rongchang pig, Tibetan pigs, and Large White pigs (Diao
et al., 2016). Further, Crespo-Piazuelo et al. (2019) had revealed
that the relative abundance of Akkermansia, CF231, Phascolarcto-
bacterium, Prevotella, SMB53 and Streptococcuswas associated with
several single-nucleotide polymorphisms.

Gender is also one of the determining factors that shape the gut
microbiota composition. Veillonellaceae, Roseburia, Bulleidia and



Fig. 1. The gut microbiota communities of swine are subtle to several endogenous and exogenous factors: host factors, diet, feeding management and environment, and additives.
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Escherichia had a higher abundance in boars, and Treponema and
Bacteroides were over-represented in gilts, indicating that castra-
tion significantly shifted the faecal microbiota composition of the
boars towards that of gilts (He et al., 2019). Moreover, the biogeo-
graphic and geographic distributions of intestinal microbiota vary.
For instance, differences in the composition and abundance of gut
microorganisms attached to the digesta or intestinal mucosa were
observed evenwhen the investigated hosts were found in the same
biogeographical area (Adhikari et al., 2019). The gut microbiota of
swine was also significantly affected by the geographical differ-
ences in the distribution of the phyla Actinobacteria, Verrucomi-
crobia, Firmicutes, and Fibrobacteres (Kim et al., 2015a).

Diet is one of the most important determinants that shape the
profile of gut microbiota communities. Dietary changes including
changes in diet composition (Liu et al., 2018; Yu et al., 2019; Zhou
et al., 2016), nutritional levels (Lin et al., 2019), energy resources
(Papadomichelakis et al., 2012), and diet types (Huang et al., 2020)
had been widely proven to shape the gut microbiota communities.
Antibiotics (Schweer et al., 2017), prebiotics (Tian et al., 2019; Zhu
et al., 2016), probiotics (Cao et al., 2016; Lv et al., 2015), organic
acids (Wang et al., 2019a; Yu et al., 2017), essential oils (Li et al.,
2018), lactoferrin (Hu et al., 2020), and milk-replacer may also
regulate the gut microbiota communities and thus exert beneficial
effects on piglets. In addition, other intervention approaches (e.g.
faecal microbial transplantation and early feeding) affect the
composition and function of gut microbiota (Cheng et al., 2018; Lin
et al., 2018; Shi et al., 2018; Wan et al., 2019; Xu et al., 2020).

3. Bidirectional regulation between gut microbiota and swine
nutrient metabolism

3.1. Carbohydrate metabolism

Carbohydrates, which are mainly contained in cereals (e.g. corn,
wheat and oat), are one of the most important nutrients in feed
formulations for swine, accounting for 60% to 70% of the total
components of feed formulations. The metabolic pathways of
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carbohydrates differ depending on their physicochemical charac-
teristics, such as fermentability and water solubility. Water-soluble
carbohydrates can be hydrolysed by digestive enzymes, absorbed
in the small intestine, and finally metabolized in the entire body. By
contrast, insoluble carbohydrates (e.g. non-starch polysaccharides,
fibres, and resistant starch), which cannot be digested in the small
intestine, pass through the large intestine and are fermented by the
gut microbiota. Short-chain fatty acids (SCFA) are microbial metab-
olites that can be absorbed by the colonic epithelial, hepatic, fat or
muscle cells and can further systematically exert physiological ef-
fects. Among the SCFA, butyrate is reported to accommodate 10% to
15% energy required by the host and can repair damaged intestinal
mucosa, whereas acetate and propionate are involved in liver energy
metabolism (Duncan et al., 2004; Tremaroli and Backhed, 2012).

Accumulating evidence had revealed that the gut microbiota
plays a key role in fibre metabolism (Yang et al., 2016; Fu et al.,
2020). However, studies focused on the relationship between
microbiota and fibre fermentation mainly in ruminants (Belanche
et al., 2012; Patel et al., 2014). Millions of fibre-degrading micro-
biota thrive in the large intestine of swine as well as in the rumen of
cattle (Metzler and Mosenthin (2008)). Interest on fibre fermen-
tation in the distal gut of swine has increased as dietary fibres play a
crucial role in energy homeostasis, in gut development, and in
health (Ferrandis Vila et al., 2018; Soto et al., 2019). Metagenomics
analysis results showed that the microbiome in the cecum of
growing Laiwu pigs had a strong ability to degrade xylan, pectin,
and cellulose (Yang et al., 2016). Moreover, Chen et al. (2017) re-
ported that faecal inocula dominated by different fibre-utilizing
bacteria belonging to the genera Prevotella or Bacteroides showed
differential abilities to ferment fibres with different chemical
structures and thus producing different metabolites. Meanwhile, an
in vitro study had shown that dietary fibres could specifically and
selectively promote the growth of bacteria in the intestines (Yang
et al., 2013). For instance, Bifidobacterium was preferably
increased by pectin, and Bifidobacterium adolescentis type-2 was
increased by resistant starch, and a negative correlation was
detected between inulin utilization and Subdoligranulum (Yang
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et al., 2013). These findings not only implied the direct effects of the
gut microbiota on fibre fermentation, but also indirectly provided a
theoretical basis for the precise regulation of intestinal microbes to
promote homeostasis and health of the gut.

Numerous studies had reported that gut microbes can be
domesticated with different carbohydrates, which ultimately in-
fluence the feed intake, digestion, absorption, metabolism of nu-
trients, and physiology of the host (Moran et al., 2016; CWang et al.,
2018a). The results of our previous study suggested that raw potato
starch significantly changed the profile of gut microbiota in both
colon and cecum by increasing the abundance of Coprococcus,
Ruminococcus, and Turicibacter, and by decreasing the abundance of
Sarcina and Clostridium (Sun et al., 2016a). We also found that long-
term addition of raw potato starch had a profound effect on the
composition of colonic microbiota as well as on the metabolome
and transcriptome of the liver in pigs (Sun et al., 2015, 2016b).
Specifically, the relative abundance of Clostridium, Treponema,
Oscillospira, Phascolarctobacterium, RC9, and S24-7 was decreased,
whereas the relative abundance of Turicibacter, Blautia, Rumino-
coccus, Coprococcus, Marvinbryantia, and Ruminococcus bromii was
increased (Sun et al., 2015). Fu et al. (2020) had also shown that
guar gum and its derivatives could enhance the abundance of
Clostridium sensu stricto 1 and Bifidobacterium in vitro. Pectin is also
believed to promote the growth and activity of Prevotella, Lacto-
bacillus, and Faecalibacterium, which were found to promote gut
health (Chung et al., 2017; Tian et al., 2017). The appropriate per-
centage of fibre in a diet could stimulate the flourishing of several
genera of fibre-degrading bacteria, resulting in increased produc-
tion of SCFA (e.g. acetic, propionate, and butyrate) that could afford
more energy to the host metabolisms in growing Suhuai pigs (Pu
et al., 2020). Given its high insoluble dietary fibre content, alfalfa
had exerted remarkable impacts on cecal microbiota composition
and butyrate concentration (J Wang et al., 2018b). It has been re-
ported that the fibre digestibility of pigs increases with age, and this
trend is probably correlated with the abundance of Proteobacteria,
Tenericutes and TM7 (Niu et al., 2015). Additionally, Loh et al.
(2006) found that inulin alters the colonic microbiota composition
no matter the basal diet. By contrast, other researchers had found
that the addition of inulin does not affect the gut microbiota
composition (Eberhard et al., 2007; Xu et al., 2019). The difference is
mainly because of the ages of investigated pigs and the degree of
inulin degradation in the porcine upper small intestine (B€ohmer
et al., 2005). Besides, studies hadshown that addition of 5% di-
etary corn bran or wheat bran could improve the growth perfor-
mance of weaned piglets by changing the gut microbiota profile
and by improving butyrate production in suckling and weaned
piglets (Mu et al., 2017; Zhao et al., 2018).

3.2. Amino acid metabolism

Both the host and the symbiotic bacteria in the gastrointestinal
tract require nitrogen sources for metabolism. The major nitrogen
sources of the gut microbiota are dietary proteins, amino acids,
peptides, endogenous secreted protein, and recycled urea. How-
ever, the composition of a nitrogen source might affect the net
utilization of amino acids.

Research has revealed that remarkable quantities of protein-
fermenting bacteria and amino acid-fermenting bacteria, mainly
including Clostridium bifermentans, Peptostreptococcus spp., Fuso-
bacterium spp., Bacteroides spp., Veillonella spp., Megasphaera els-
denii, and Selenomonas ruminantium, are found in the large intestine
(Smith and Macfarlane, 1998). The small intestine also hosts
different species of amino acid-fermenting bacteria, mainly Escher-
ichia coli, Klebsiella sp., Streptococcus sp., M. elsdenii, and Acid-
aminococcus fermentans (Dai et al., 2010). Such microorganisms
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simultaneously synthesize amino acids and microbial proteins,
which could feed the host in return (Wang et al., 2011). Using
isotope labelling technique, Dai et al. (2012) found that both pure
cultures of E. coli, Klebsiella sp., andmixed bacterial cultures isolated
from porcine small intestine could rapidly utilize glutamine, lysine,
arginine, and threonine. Over 10% of these amino acids are used for
protein synthesis; however, the percentage is dependent on the
species of the amino acid-fermenting bacterium and on the gut
compartment. These findings may provide new insights into the
first pass effects reported previously (Stoll et al., 1998). Further, over
90% of the valine needed for bacterial protein synthesis in the small
intestine is derived from the diet and from endogenous sources
rather than through de novo synthesis (Libao-Mercado et al., 2009).
Also, the availability of amino acids not only affects host amino acid
metabolism, but also significantly affects the utilization of amino
acids by gut microbiota (Libao-Mercado et al., 2009).

The addition of amino acids and their derivatives reshapes gut
microbiota communities. Studies on mice and rabbits had found
that the addition of some functional amino acids affected the in-
testinal microbiota composition and ultimately improved gut
health and function (Ren et al., 2014; Chamorro et al., 2010; Wada
et al., 2013). Xu et al. (2014) had also found that supplementation
with N-acetyl cysteine increased the Lactobacillus and Bifidobacte-
rium counts and decreased the E. coli counts in the gut. Moreover,
dietary supplementation of L-glutamine alleviated the constipation
in sows during late gestation by balancing the compositional
structure of the gut microbiota communities (Zhang et al., 2017).
Interestingly, Yin et al. (2020a) had found that the balance in
branched-chain amino acids (especially leucine and valine) signif-
icantly alleviates the detrimental effects on the production per-
formance induced by the protein-restricted diet, and these effects
can be modulated by altering the composition of gut microbiota
communities, especially the abundance of Spirochaetales, Gam-
maproteobacteria, Lactobacillales, and Aeromonadales. The
conformation of amino acids also affects the gut microbiota com-
munities (Li et al., 2019). Meanwhile, a series of in vitro studies in
pigs had shown that the gut microbiota in the small intestine
(duodenum, jejunum, and ileum) participated in essential amino
acid metabolism (Dai et al., 2010, 2012). Puiman et al. (2013)
revealed an increase in plasma threonine concentrations, turn-
over, and whole-body protein synthesis and proteolysis after an
antibiotic intervention to suppress bacterial activity, suggesting
that intestinal microbiota can participate in host amino acid
metabolism in vivo. Of note, Saraf et al. (2017) found that diet-
induced compositional changes in colonic gut microbiota in
neonatal piglets mediated the increase of tryptophan metabolism
from serotonin to tryptamine. Together, the abovementioned
findings have indicated the bidirectional regulatory relationship
between the host and the gut microbiota communities.

3.3. Lipid metabolism

Abnormal fat metabolism in humans leads to a series of nutri-
tional metabolic diseases, including hyperlipidemia and hyper-
tension (Ferrario et al., 2002). To date, findings seem to suggest that
the gut microbiota is highly correlated with host lipid metabolism
(Velagapudi et al., 2010; Caesar et al., 2010; Yang et al., 2018a,b).
However, only a few studies had investigated the effects of intes-
tinal microorganisms on fat metabolism in pigs. Given the market's
preference for lean pork and the development of various high-
quality pork products, it is of great practical significance to inves-
tigate the relationship between intestinal microorganisms and fat
metabolism in pigs. Comparative analysis had shown that low-fat
pigs had a higher abundance of Bacteroidetes and a lower abun-
dance of Firmicutes. Meanwhile, differential functions rich in
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adipocytokine signalling pathway were detected in the cecum
(Yang et al., 2016). Nuclear magnetic resonance based metabo-
nomic results showed that the metabolic pathways involved in
lipogenesis, lipid oxidation, energy utilization and partition, pro-
tein and amino acid metabolism, and fermentation of gastrointes-
tinal microbes in obese piglets were distinct from those in lean pigs
(He et al., 2012). He et al. (2016) suggested that the gut microbiome
was an important target in modulating fatness in pigs. Additionally,
Guo et al. (2008) had suggested that fat storage could affect the
relative abundance of Bacteroidetes in the gut. Interestingly,
different breeds of pigs with different body masses showed distinct
diversity and numbers of faecal methanogens as was observed in
the lean breed Landrace pigs and in the obese breed Erhualian pigs
(Luo et al., 2012). The fatty acid composition in the adipose tissue of
pigs, however, could be regulated by the oral administration of
Bifidobacterium breve NCIMB 702258 (Wall et al., 2009). The inter-
play between gut microbiota and swine lipid metabolism warrants
further investigation.

Bile acid, which is derived mainly from cholesterol metabolism,
plays a crucial role in fat metabolism and in maintaining metabolic
homeostasis in host. Mainly composed of bile acids, the bile juice is
stored temporarily in the gallbladder and is secreted into the gut
that hosts trillions of microorganisms. In the gut, most of the bile
acid is reabsorbed in the distal part of ileum and is finally recycled
by the liver, completing the hepato-intestinal circulation. Part of
the remaining bile acids undergoes a series of biotransformation,
including deconjugation to liberate free bile acids, reversible epi-
merization between the a and b orientations, and the oxidation of
the 3-, 7-, and 12-hydroxy groups by the gut microbiota (Gerard,
2014; Midtvedt, 1974). The transformation occurs after the decon-
jugation from a ligand (e.g. glycine and taurine) facilitated by the
bile salt hydrolases produced by themicrobiota, such as Bacteroides,
Clostridium, Lactobacillus, Bifidobacterium, and Listeria (Ridlon et al.,
2006). Li et al. (2020) found that, compared with the germ-free
piglets, the faecal transplanting group displayed an increased
secretion of bile acid and its biotransformation, resulting in a
distinctive bile acid profile. Bile acid has been reported to inhibit
bacterial growth. Meanwhile, the bacteriostatic effects of deoxy-
cholic acid derived from the bacterial transformation of bile acid
were 10-fold higher than those of bile acid, indicating that the
profile of bile acid can exert survival pressure on some particular
microbes (Kurdi et al., 2006). In relation to this finding, Kusumotoa
et al. (2017) had reported that the addition of bile acid-binding
resin increased the abundance of Firmicutes and decreased that
of Bacteroides. The probable reason as to why high-fat diets impair
the abundance and richness of gut microbiota is the increased
excretion of bile acids (Yokota et al., 2012).

4. Microbialehost crosstalks through the
microbiotaegutebrain axis

The brain, gut, and the microbiota that had colonized the gut
had coevolved into an interactive organic system, and the ho-
meostasis and crosstalks in this system play a vital role in host
health, immunity, and nutrient metabolism (Cani et al., 2019a; Cani,
2019b; Krautkramer et al., 2017). It has been suggested that the
microbiota functions through the microbiotaegutebrain axis, and
dysbiosis in the composition and functions of the gut microbiota
have been implicated in various immunologic, neurologic, meta-
bolic, and psychiatric conditions (El Aidy et al., 2016; Turroni et al.,
2018). This multi-lateral network of communication between the
gut microbiota and the central nervous system (CNS, representing
the headquarters of the body) is mediated by the autonomic ner-
vous system (ANS), enteric nervous system, immune system and
bacterial metabolites (Junges et al., 2018). The complex
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microbiomeehost crosstalk via the microbiotaegutebrain axis is
shown in Fig. 2.

4.1. Signalling from the gut microbiota to the brain

4.1.1. Gut microbiota affects the host nervous system development
and neurotransmitter secretion

Most of the neurons and different brain structures and cell
nuclei in the CNS are well formed at the end of the perinatal period
(Van Dyck and Morrow, 2017; Watson et al., 2006). However,
several studies had indicated that the microbiota can modulate the
development, maturation, and function of the CNS (Collins et al.,
2014; De Vadder et al., 2018). A decrease in nerve density and in
the number of neurons per ganglion together with an increase in
the proportion of myenteric nitrergic neurons were found in the
jejunum and ileum of germ-free mice. These results suggested that
early exposure to intestinal bacteria in the mid to distal small in-
testine is essential for the postnatal development of the enteric
nervous system (ENS) (Collins et al., 2014). Moreover, trans-
plantation of normal mouse gut microbiota into germ-free mice
significantly modified the neuroanatomy of the ENS and increased
the intestinal transit rates, and these results might have been
mediated by the increased production of neuronal and mucosal 5-
hydroxytryptamine (5-HT) and by the proliferation of enteric
neuronal progenitors in the adult intestine (De Vadder et al., 2018).
Another study demonstrated that early-life gut microbiota regu-
lates the hippocampal serotonergic system (Clarke et al., 2013). The
results of the use of broad-spectrum antibiotics to deplete the gut
microbiota had shown that specific microbiota possibly influences
the physiology and neurochemistry of the CNS (Smith, 2015).
Further studies found that the lack of specific microbiota causes
neurological deficiencies in learning, memory, recognition, and
emotional behaviours (Gareau, 2011) as well as causes abnormal
variations in neurotransmitters (Foster et al., 2017). However,
infusion of antibiotics into the distal-ileal T cannula decreased the
concentrations of 5-HT and dopamine in the hypothalamus and
upregulated the gene expression levels of neurotransmitter
transporters and synthetases accompanied by remarkable changes
in the composition of large intestinal microbiota communities
(Gao et al., 2018).

4.1.2. Short-chain fatty acids play a key role in signalling from gut
microbiota

As signallingmolecules, SCFA are considered to play a key role in
microbiotaegutebrain crosstalk; SCFA are the main metabolites
produced during bacterial fermentation of dietary fibres in the
gastrointestinal tract. Mounting evidence had shown that SCFA can
cross the bloodebrain barrier, although the SCFA uptake is quite
minimal (Frost et al., 2014; Kekuda et al., 2013; Mitchell et al., 2011).
Accordingly, free fatty acid receptor 2 (FFAR2) and FFAR3, the main
SCFA receptors, are expressed in the CNS and in the peripheral
nervous system. FFAR3 is highly expressed in rat brain tissue and in
sympathetic ganglia (specifically in the superior cervical ganglion)
in adult mice, and it has been reported to control the sympathetic
nerve activity (Kimura et al., 2011). For instance, reduced nerve
activities were found in Ffar3�/� mice (Kimura et al., 2011). FFAR3 is
also expressed in the superior cervical ganglion and in the sym-
pathetic ganglia of the thoracic and lumbar sympathetic trunk in
mice (Nøhr et al., 2015). Results of extensive studies indicated that
SCFA regulate gene expression and chromatin transcription by
inhibiting histone deacetylases (HDAC) (Lin et al., 2015; Schilderink
et al., 2013). HDAC are a series of key enzymes that have high
correlations with the development of the brain and of several
neuropsychiatric diseases, such as depression, schizophrenia, and



Fig. 2. The microbiome-host crosstalk via microbiotaegutebrain axis. The mammalian gastrointestinal tract hosts trillions of microorganisms. The symbiotic gut microbiota could
promote host nervous system development and neurotransmitter secretion. Besides, the bacterial metabolites might cross the bloodebrain barrier and directly modulate signaling
in the brain. Meanwhile, the central nervous system in the brain adjust host behavior (e.g. appetite) to change the composition and function of the gut microbiota in turn. The gut
affords the nutrients for the microbiota and thus shaping the scenery of its habitat, while the microbiota promotes the differentiation of intestinal epithelial cell, stimulate intestinal
peptide secretion, and regulate gut signaling in return. The central nervous system controls the motility and secretion of the gut, while the gut affects the signaling and neuro-
transmitter expression in the brain. EEC ¼ Enteroendocrine cells; SCFA ¼ short-chain fatty acids.
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Alzheimer's disease (Volmar andWahlestedt (2015)). The activity of
HDAC had been reported to be inhibited by intracellular butyrate,
propionate, and acetate (Soliman and Rosenberger, 2011;
Waldecker et al., 2008). Injection of sodium butyrate caused his-
tone hyperacetylation in the hippocampus and frontal cortex,
whereas intraperitoneal injection of sodium butyrate caused
chronic inhibition of HDAC, improving learning and memory in
wild-type mice and mice with brain atrophy (Fischer et al., 2007).
Furthermore, acting as endogenous ligands for orphan G protein-
coupled receptors, SCFA might affect inflammation and hormonal
regulation and thus interact with vagal afferents (Kimura et al.,
2011). Additionally, intestinal bacteria can synthesize neurotrans-
mitters (5-HT and dopamine) and neural regulators (D-lactic acid
and ammonia) that play a key role in complex communication
networks, and the secretion of gut hormones that could directly
participate in the gutebrain axis is also affected by the SCFA.

4.1.3. Tryptophan metabolites mediate the signalling from the gut
microbiota to brain

Being one of the essential amino acids in animals, tryptophan
plays a key role in maintaining development, growth, health, and
immunity (Kim et al., 2010; Wen et al., 2014). Results of extensive
studies indicated that the gut microbiota exerts profound effects on
the metabolism of aromatic amino acids (Gao et al., 2018, 2019).
Importantly, being the sole precursor of the neurotransmitter 5-HT,
tryptophan and its metabolites play a crucial role in themodulation
of neuronal differentiation and migration, axonal outgrowth,
myelination, and synapse formation (Gaspar et al., 2003; Homberg
et al., 2013; O'Mahony et al., 2015). Although most of the trypto-
phan derived from the diet is absorbed in the small intestine, the
unabsorbed residues enter the large intestine and are then
metabolized by the gut microbiota (Agus et al., 2018; Kaluzna-
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Czaplinska et al., 2019). Specifically, germ-free mice lacking gut
microbiota expressed lower tryptamine levels in the gut and higher
serumal tryptophan levels in blood circulation compared with
normal mice (Marcobal et al., 2013; Clarke et al., 2013). Also, our
previous results suggested that increasing hindgut carbohydrate
availability to the gut microbiota promotes the synthesis of hypo-
thalamic neurotransmitters; our results had further indicated that
aromatic amino acids are possibly the mediator between the gut
microbiota and brain (Gao et al., 2019). These findings suggested
that themetabolism of aromatic amino acidsmediates the crosstalk
between the microbiota in the distal intestine and the host brain.

4.2. Signalling from the brain to the gut microbiota

The brain has been shown to directly and indirectly control the
gut microbiota (Cerd�o et al., 2019). A growing body of evidence
had indicated that the composition of the gut microbiota is dras-
tically changed under stress (Aguilera et al., 2013; Tannock and
Savage, 1974). Specifically, the composition of the gut microbiota
shifts within only 2 h of stress (Galley et al., 2014). These effects
might have been mediated by the host neuroendocrine system
mainly under the control of the CNS (Santos et al., 1998), which
could communicate with the gut microbiota more directly through
the intraluminal release of host neurotransmitters and neural
regulators, mainly including catecholamines, 5-HT, dynorphin,
cytokines, from neurons, and immune cells (Lyte, 1993; Mayer
et al., 2014). Knecht et al. (2016) have found that increased sero-
tonin could reinforce quorum sensing in Pseudomonas aeruginosa
in both in vitro and in vivo experiments. Further, the increasing
serotonin levels could rescue the ability of the avirulent quorum-
sensing P. aeruginosa mutant to cause intestinal infection in mice
(Knecht et al., 2016).
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Mayer (2011) had well established that both branches of the
ANS could regulate gut functions and gut physiology (mainly gut
motility; secretion of gastric acid, bicarbonate, gut peptides, and
antimicrobial peptides; intestinal permeability; and mucosal im-
mune response), thereby significantly influencing the microbial
habitat and thus modulating the microbiota composition and ac-
tivity. Interestingly, a plethora of studies revealed that the
composition and functions of the gut microbiota are highly related
to intestine motility (Roager et al., 2016; Saad et al., 2010;
Vandeputte et al., 2016). Also, it has been reported that the secre-
tion of mucus by intestinal goblet cells is under the modulation of
the ANS. By contrast, in a brain injury mouse model, the increased
sympathetic nervous system signalling altered the mucoprotein
production and goblet cell population size and thus changed the
microbiota composition (Houlden et al., 2016; Kim and Ho, 2010).

5. Diurnal rhythmicity of gut microbiota and host
metabolism

The homeostasis of intestinal microbiota communities over a
given period and the homeostasis is susceptible to diets, to feeding
mode, and to the environment is considered to be an important
indicator of host health (Liu et al., 2017; Lee et al., 2019). However,
growing shreds of evidence had indicated that bacterial biogeog-
raphy and the composition and function of the gut microbiota
undergo diurnal fluctuation in a given day (Leone et al., 2015; Liang
et al., 2015; Thaiss et al., 2014, 2016; Zarrinpar et al., 2014). In mice,
the relative abundance of over 15% of the detected operational
taxonomic units (OTU) was indicated to be involved in rhythmic
oscillations under ad libitum feeding with normal chow, whereas a
high-fat diet would weaken the proportion of the cycling OTU
(Thaiss et al., 2016; Zarrinpar et al., 2014). Besides, the abundance of
gut microbiota that adhered to the epithelial layer in the dark phase
was up to 10 times higher than that in the light phase in mice
subjected to ad libitum feeding (Thaiss et al., 2016). By contrast, the
relative abundance of symbiotic lactobacillus in the gut of humans
and mice increases in the resting phase (the light phase of mice)
and decreases in the active phase (Thaiss et al., 2014). Parts of
nutritional substrates and metabolites of gut microbiota also un-
dergo diurnal rhythmic changes (Leone et al., 2015; Thaiss et al.,
2016). With the fluctuation in the abundance of gut microbiota,
the functions of gut microbiota shift diurnally; this shift coincides
with detoxification and chemotaxis, which mainly occur during the
resting phase, and with energy collection, DNA repair, and cell
growth, which mainly occur during the active phase (Thaiss et al.,
2014). Therefore, the gut microbiota itself and its diurnal rhyth-
micity play a pivotal role in maintaining the normal rhythmicity of
physiology, resteactivity cycle, and host metabolism. Thaiss et al.
(2016) have indicated that the host acquired compensatory oscil-
latory in metabolic pathways, such as pyruvate metabolism,
glutathione metabolism, and the tricarboxylic acid cycle, upon
microbiota depletion, implying the potential effects of the oscilla-
tion of gut microbiota towards the host metabolism. Besides, the
diurnal fluctuation of gut microbiota could influence the circadian
transcriptions of chromatin in the liver, which is essential to the
host metabolism. Conversely, the dysbiosis of microbiota rhyth-
micity reprograms the normal rhythmic transcription of chromatin,
particularly including intriguing the genome-wide de novo oscil-
lations in periapical tissue, thereby affecting the normal bio-
rhythms of host physiology and metabolism that lead to obesity
and other metabolic syndromes (Thaiss et al., 2016; Voigt et al.,
2016). Also, Gong et al. (2018) have indicated that the diurnal
rhythmicity of gut microbiota is considered to mediate the diurnal
variation of acute liver injury caused by acetaminophen overdose
(this drug was taken at night, causing more severe liver damage).
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Expectedly, the diurnal rhythmicity of gut microbiota highly
depends on host circadian rhythms. In Per1/2�/� mice, where the
core molecular clock gene was deleted, bacterial oscillations were
remarkably lost (Thaiss et al., 2014). However, a regular feeding
pattern could rescue the rhythmic oscillations of gut microbiota
(Leone et al., 2015). Both studies indicated that, although affected
by host circadian rhythms, the gut microbiota spontaneously
oscillated within a day depending on the host feeding time.
Feeding time leads to rhythmic changes in the enteric environ-
ment, including the richness of nutrient (metabolites), concen-
trations of digestive enzymes, and pH of the intestinal contents.
Besides, the type of diet as a modulator of microbiota composition
plays a critical role in shaping the intestinal microbial ecology. Of
note, the rhythmicity of bacterial metabolites could in turn drill
the oscillating transcription of peripheral clocks, suggesting the
mutual relationship between the host and the gut microbiota.
However, little is known about the diurnal rhythmicity of gut
microbiota in pigs.

Our on-going research has indicated that the relative abundance
of gutmicrobiota in the colonic digesta of growing pigs also showed
rhythmic fluctuations (unpublished data). We further found that
over 8% of the detected OTU underwent diurnal fluctuation at the
phylum level, particularly Firmicutes, Bacteroidetes, Proteobacteria,
and Cyanobacteria (unpublished data). Interestingly, the proportion
of OTU that demonstrate rhythmicity was quite lower than that
reported in mice, suggesting that species specificity exists between
mice and pigs concerning this value. However, more work should
be done to shed light on the patterns of microbiota diurnal rhyth-
micity and its effects on a host.

A high-fat diet is one of the most typical characteristics of
modern western lifestyle, causing not only a series of metabolic
diseases, such as hypertension and hyperlipidemia, but also
dampening the cyclical fluctuation of the gut microbiome
(Zarrinpar et al., 2014). However, knowledge on the mechanism of
the diurnal rhythmicity of gut microbiota and its effects on host
metabolism remains incomplete. Li et al. (2019) have found that
Lactobacillus reuteri could partly alleviate the metabolic disorder
caused by high-fat diets and could modulate the high-fat diet-
induced a and b diversity of colonic microbiota in a time-of-day-
dependent manner. Moreover, Yin et al. (2020b) have found that
exogenous melatonin administration could improve the diurnal
rhythms of the gut microbiota in mice fed a high-fat diet. These
studies have shed light on new therapies that target the diurnal
rhythmicity of gut microbiota. Also, jet lag and shift work had been
found to cause a phase shift in the rhythmic fluctuation of the gut
microbiota as well as to cause gastrointestinal disturbance,
insomnia, hormone secretion disorder, and even cognitive impair-
ments (Waterhouse et al., 2016; Hulsegge et al., 2019), suggesting
that the microbiota diurnal rhythmicity is intertwined with the gut
microbiotaebrain axis.

6. Conclusions and perspectives

Our knowledge concerning swine gut microbiota and its in-
teractions with host metabolism has been greatly expanded over
the past several years. The swine gut harbours a powerful gut
microbiota that is more similar to that of humans than to that of
mice. The gut microbiota plays a crucial role in host nutrient
metabolism, including carbohydrate, amino acid, and lipid metab-
olisms. Further, the microbiota in different part of the intestine
demonstrates different ability in the metabolism of various nutri-
ents. For example, the microbiota in the proximal intestine is
mainly involved in amino acid metabolism, whereas that in distal
intestine mainly participates in dietary fibre fermentation. Inter-
estingly, the gut microbiota may in turn be domesticated by these
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nutrients from the host. The complexmicrobiomeehost crosstalk is
accomplished via the gut microbiotaegutebrain axis. As key mes-
sengers, microbial metabolites play crucial roles in the complex
communication network. Although numerous studies have focused
on the gut microbiota of swine, the action mechanism of the gut
microbiota remains incompletely understood. The species-specific
response of the gut microbiota to various diets remains unknown.
Of note, the existence of the microbiota diurnal rhythmicity has
been fully proven in mice; however, the mechanism of diurnal
rhythmicity of gut microbiota and its effects on host metabolism
remain incompletely understood. Anyhow, these results may imply
that the time factor should be taken into consideration during
sampling in studies on gut microbiota. Moreover, the diurnal
rhythmicity of the intestinal microbiota may be intertwined with
the microbiotaegutebrain axis. Thus, studying the interplay be-
tween microbiota diurnal rhythmicity and microbiotaegutebrain
axis is likely to lead to a better understanding of the mechanism of
the microbialehost crosstalk and its effects on host health and
metabolism as well as to the development of precise intervention
targeting the gut microbiota of pigs.
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