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ABSTRACT

It is well established that pig gut microbiota plays a critical role in maintaining metabolic home-
ostasis as well as in a myriad of physiological, neurological and immunological functions; includ-
ing protection from pathogens and digestion of food materials — some of which would be
otherwise indigestible by the pig. A rich and diverse gut microbial ecosystem (balanced micro-
biota) is the hallmark of good health; while qualitative and quantitative perturbations in the
microbial composition can lead to development of various diseases. Alternatively, diseases caused
by stressors or other factors have been shown to negatively impact the microbiota. This review
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focuses primarily on how commensal microorganisms in the gastrointestinal tract of pigs influ-
ence biochemical, physiological, immunological, and metabolic processes within the host animal.

Introduction

‘Microbiota’ is defined as all microbes, including
their genomes and extra-chromosomal elements,
present in and on the host animal; and their interac-
tions within the gastrointestinal tract (GIT), skin,
and genital environments."” The terms “microbiota”
(the microbial taxa associated with host) and “micro-
biome” (the catalog of these microbes and their
genes) are often used interchangeably.” The organ-
isms comprising the gut microbiota reside outside
the mucosal layer and play a role in triggering the
host immune response and in communication
between the gut and brain.*> The GIT is not only
the largest interface between the external and inter-
nal environments of animals, but it also contains the
largest amount, and the greatest diversity of micro-
organisms. The GIT microbiota is defined as an
ecological community made up of commensal, sym-
biotic and pathogenic microorganisms, including
bacteria, viruses, parasites, fungi, archaea and pro-
tists, that inhabit the mammalian gut.®” Such
a mammalian GIT is estimated to host approxi-
mately 10'*  bacterial organisms comprising
500-1000 unique species, which form a synergistic
relationship with the host.*'® Co-evolution of gut

microorganisms with their hosts has led to the acqui-
sition of microbial roles in digestion, nutrient utili-
zation, toxin removal, protection against pathogens
and regulation of the endocrine and immune
systems.'' > Hence, the abnormal intestinal func-
tions observed in germ-free (GF) animals have
been attributed to the absence of these essential
GIT microbes.'*

A healthy intestinal microbial community is
diverse, stable, resistant (to minor changes) and
resilient.'> Human and mouse studies have shown
that dysbiosis, which consists of disequilibrium of
the microbial community in the GIT microbiota is
associated with the development of several acute
and chronic inflammatory conditions, bowel dis-
eases, metabolic syndromes and diabetes.'®

As hosts mature, the organisms comprising the
microbiota begin to sense their environment
through toll-like receptors (TLR) and short chain
fatty acid (SCFA) receptors on the gut epithelial
surface enabling them to detect incoming nutri-
ents and microbial components. Specifically, they
sense structural molecules such as lipopolysacchar-
ides (LPS), flagellins, and peptidoglycans; metabo-
lites such as SCFAs and microbial secretions such
as toxins or polyphosphate chains.'”'®
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In the animal husbandry sector, immense potential
has been described for manipulating the GIT micro-
biota to improve nutritional and immunological activ-
ities within the host to boost livestock productivity.
However, the GIT microbiota has not yet been fully
explored in many of the prominent livestock species.
The study of pigs has great potential to inform human
research due to the many similarities identified in the
physiological attributes of these two species.
Moreover, pigs exhibit similar susceptibilities and
clinical manifestations to pathogens that are the etio-
logical agents in certain human intestinal
disorders."”*® Xiao et al.*' reported that although the
homology between human and pig microbiomes was
quite modest at the gene level, it was significant at the
level of KEGG orthology functions. This same study
identified more similarity between human and pig
microbiomes than between human and mice micro-
biomes; and reported that approximately 96% of the
functional pathways described in the human gut
microbiome are common to the pig as well”!
Further, it has been shown that humans share more
similarities with pigs in terms of anatomy, genetics,
physiology, pharmaceutical bioavailability and nutri-
ent digestibility than with rodents.” Hence, the pig is
a superior model to rodents for studying human phy-
siology and pathology as it pertains to enteric health.

However, it has not yet been determined quali-
tatively or quantitatively what constitutes a healthy
microbial community in the GIT of pigs or other
mammals. It is, therefore, imperative to conduct
statistically powerful studies to characterize the
microbiome diversity in pigs and to determine
how this diversity can be utilized to improve the
performance and health of pigs. Toward this end,
a study recently reported that the genome com-
prising the microbiome of pigs, at various stages of
development, contained more than twice the num-
ber of genes as that of the actual pig genome.*?

In this review, we examine how changes in the
GIT microbiota may influence biochemical, phy-
siological, immunological, and metabolic processes
within the host and vice versa. Most of the micro-
biota studies in farm animals have focused on the
effects that treatments with antibiotics, prebiotics,
probiotics and feed additives have on the animals;
while fundamental studies focusing on how the
host-microbe relationships affect the physiology
and immunology of farm animals, are scarce.
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Gastrointestinal tract

The GIT is a functionally and anatomically diverse
organ comprising the mouth, esophagus, stomach,
small intestine, large intestine and anus.*> Culture-
independent techniques have revealed that the
GIT contains a dynamic microbial population
with unique organisms located in the different
organ sections,”**> with the most diverse group
of microbes inhabiting the colon in pigs.*
Specifically, within the colon of healthy adult
pigs, the taxonomical composition of the bacterial
community has been described as 35% Firmicutes,
21% Bacteroidetes, 3% Proteobacteria and 2%
Spirochetes.”” > In the jejunum and ileum,
Proteobacteria account for about 70% of the
microbes, followed by Firmicutes which are about
20%. In contrast, in the cecum and colon, the
Firmicutes ~ dominate  with  >75%  and
Proteobacteria are about 13%.***° Nevertheless,
high microbial diversity identified within the
small intestine is thought to minimize the negative
effects of certain pathogenic bacterial strains that
are often found within this organ. The microbiota
colonizes the mucosal entry sites of pathogens,
where it occupies biological niches and prevents
invasion by foreign pathogens — known as coloni-
zation resistance.”

Brain-gut-microbiome axis

Several studies have shown that GIT microbiota
contributes significantly to maintenance of normal
physiological and metabolic functioning of mamma-
lian hosts (Figure 1). Furthermore, the gut micro-
biota has been shown to contribute to
neurophysiological regulation, which subsequently
governs neurotransmission, cognition, and beha-
vior. This is achieved through regulation of the
immune and endocrine systems via release of bac-
terial metabolites.”’  Although the brain-
gut-microbiome axis has not yet been thoroughly
examined in pigs, through analysis of this system in
other mammalian species, we have hypothesized
that this axis would also play a key role in pigs.
Microbes in the gut communicate with the central
nervous system through at least 3 parallel and inter-
acting channels, which involve mechanisms encom-
passing the nervous system, endocrine system and
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Figure 1. A systems biology model for the brain-gut-microbiome interactions in mammals. The interconnected structural networks
of the central nervous system influence via the autonomous nervous system to alter microbiota composition and function indirectly
by regulating the microbial environment in the gut. The brain communicates with the gut microbiota indirectly through gut-derived
molecules via afferent vagal and spinal nerve endings, or directly through microbe-generated signals. Alterations in these
bidirectional interactions in response to perturbations like diet, medication, infections, and stress can alter the stability and behavior

of this system resulting in brain-gut disorders.

immune signaling. The brain can affect the commu-
nity structure and function of the gut microbiota via
the autonomic nervous system, by modulation of
local gut motility, intestinal transit and secretion,
and gut permeability. It is thought to be accom-
plished through the luminal secretion of hormones
that directly modulate microbial gene expression.>
Through release of metabolites, the gut microbiota
communicates with a network of neuronal, glial,
endocrine, and immune cells.”” Microbiota and
their metabolites have, therefore, been described as
associated with the modulation of behavior and
brain processes, including emotional behavior,
brain biochemistry, responses to stress and pain,
and GIT functioning.>* The latter is due to changes
in intestinal permeability, mucosal immune func-
tioning, and activity of the enteric nervous system.
A recent systems biology model postulated that
circular communication loops exist between the
brain and the gut microbiome, and that perturbations
to any of these factors can lead to dysregulation of the
circuit.”> Many studies, primarily in rats and mice,
have implicated alterations in the brain-
gut-microbiome axis in the pathogenesis and patho-
physiology of irritable bowel syndrome (IBS), obesity,
as well as several psychiatric and neurological
disorders.”> Similar studies relating to the brain-
gut-microbiome in pigs have not yet been reported.

Age, birth, and breed-related microbiota
Birth

The structure and composition of the gut micro-
biota in animals are determined by many factors
(Figure 2), such as genetics, age, phylogeny, diet,
and surrounding environmental conditions dur-
ing birth.>>*® For example, in mammals, the
initial exposure to microbes occurs at parturition
in the birth canal. The mode of delivery, vaginal
or cesarean section (CS), along with the nutri-
tion provided during early stages of life, have
a significant influence on the intestinal micro-
biota. Furthermore, a recent study on the micro-
bial composition of the umbilical cord found
that maternal transfer is possible and that it
may occur during gestation. Additionally, pigs
born vaginally have a higher bacterial density
and higher concentration of SCFAs including
acetate, propionate, and butyrate, compared to
pigs born via CS.”” Moreover, a study examined
the effects of inoculating CS-born piglets with
either a placebo containing simple-composition
microbiota, or complex fecal microbiota from
adult sows, which would mimic the microbial
environment acquired through vaginal deliveries.
The results showed that the adult pigs inoculated
with the placebo contained a less diverse fecal
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Figure 2. Factors affecting the gut microbiota in pigs. The diversity of gut microflora can be affected by a variety of factors. Sub-
therapeutic doses of antibiotics used in commercial farming can negatively affect the microbiota. Similarly, different stressors such as
high temperature, transportation, weaning, and overcrowding can also change the diversity of the microbiota for the worse. The
inclusion of probiotics, prebiotics, and fiber appear to nullify these effects and improve diversity. Other factors, such as the age of the
animal, its mode of the birth, breed and the environment it lives in, can influence the microbiota. Potentially pathogenic microbes
are depicted in red and beneficial (and other commensals) microbes in green. The red arrows indicate a negative impact and a green
arrow a positive impact. The gray arrows are an indication that different factors can affect the microbiota differently, either positively
(e.g., if animals are bred in a healthy, growth-conducive environment) or negatively (e.g., following cesarean birth, devoid of any

natural mother’s microbiota).

microbiota compared to piglets inoculated with
complex microbiota.’® Further, the placebo pigs
exhibited poor health and transient diarrhea.
These results suggest that the adult pig microbial
community is primarily influenced by the
microbes that the piglet encounters during the
earliest stages of its life. Pre-Labor CSs were seen
to decrease bacterial diversity and density in
piglets compared to normal vaginal delivery.”
Also, within the livers of piglets delivered via
CS, lower expression of interferon (IFN),
NKp80, and C-reactive protein (CRP) was
observed.** Microbial colonization, therefore,
begins at birth and continues to diversify in the
initial days of life based on exposure to environ-
mental microbiota, which depends on the host
habitat, diet, and physiology.*'

Breed

The prevalence of Firmicutes and Bacteroidetes within
the fecal bacterial community varies between certain
pig breeds. Specifically, in Chinese Jinhua pigs 70.4%
of the fecal bacterial population is composed of

Firmicutes whereas 14.4% are Bacteroidetes.”
Alternatively, western breeds such as the Duroc,
Yorkshire, and Landrace contain 39.6%, 42.0%, and
45.6% Firmicutes and 57.0%, 51.4%, and 47.6%
Bacteroidetes, respectively.”>** The  Firmicutes/
Bacteroidetes ratio changes with increase in age® and
has an impact on the breakdown of polysaccharides,
nutrient absorption, gut permeability, and inflamma-
tory response.*® Bacteroidetes have been shown to
participate in carbohydrate degradation, yet, in pigs,
the proportion of bacterial species belonging to this
phylum decreases with age, causing subsequent weight
gain.*’ Further, Prevotella spp. have been shown to
account for 26% of the bacterial content in the feces of
10-week-old piglets, but only 4% in 22-week-old pigs.
The fecal microbial composition continuously
changes until the animal reaches 6 months of age, at
which point it is seen to stabilize.*> However, as pigs
move through their life, it is not only their age that
changes but also the composition of their feed, wean-
ing practices and the mixing patterns in their pens.*®
Hence, the relationship between the growth of pigs
and the diversity of the intestinal microbiota remains
complex.
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Age

The density and species diversity of the gut
microbial population in the different compart-
ments of the GIT are in constant flux as pigs
develop.’®* The composition of the microbiota
also becomes increasingly diverse with progres-
sion through the pig GI tract.”’>' Lactobacilli,
Bifidobacterium,  Streptococcus,  Bacteroides,
Clostridium perfringes, and Escherichia coli are
the major taxa identified in the pig GIT; how-
ever, the specific makeup changes with age.>
The earliest colonizers of the pig gut, between
birth and 2 days, are primarily of the genera
Escherichia, Clostridium, Fusobacterium,
Streptococcus, and Enterococcus. It is further esti-
mated that 34% of the total microbial population
present at 6h of age is from the family
Clostridiaceae, which is seen to reduce to 1%
by 20 days, while Enterobacteriaceae are not
detected during these early days.”> Rather,
a steady increase in Enterobacteriaceae occurs
from weaning (approximately 28 days) to
5 days post-weaning; however, they are seen to
significantly decline after day 11 post-weaning.>
Thus, the microbial community may differ
between siblings in the first two days following
birth but begins to stabilize by day 28.
Moreover, by day 36, substantial similarities are
observed in the intestinal microbial community
of cohabiting non-sibling piglets, however, not
necessarily between siblings if separated from
the sow within 3 days of birth.*' In the first
5 days after birth, the microbial community is
dominated by strict aerobes and facultative anae-
robes, which are gradually replaced almost
entirely by strict anaerobes (starting from day 7
up to day 22).°> The first significant change in
intestinal microbial diversity occurs in piglets on
days 4-7 when the number of Clostridium per-
fringens organisms declines due to the activity of
IgA inherited from the mother. The develop-
ment of major immune system induction ele-
ments occurs approximately 2 weeks after birth,
and by 4 weeks significant concentrations of
sIgA are evident.”> Hence, microbial intestinal
colonization affects susceptibility and tolerance
to not only intestinal pathogens but also to sys-
temic infectious and noninfectious diseases.

Genetics

It is well established that host genetics and the
lean/obese nature of a particular breed of pig
play an important role in the GIT microbiome/
metabolome profiles. When maintained on the
same diet, significant differences have been
observed in Meihua piglets (fatty-type, slow-
growing Chinese breed) and Landrace piglets
(lean-type fast-growing European breed) in the
production of SCFAs and secondary bile acids,
including deoxycholic acid and lithocholic acid,
all of which are naturally occurring within the
GIT lumen, however, at high concentrations can
cause oxidative/nitrosative stress, DNA damage,
apoptosis, and mutation.”® Specifically, accumula-
tion of SCFAs and secondary bile acids was found
to be higher in the colon lumen of Landrace
piglets.”” Moreover, a comparative study showed
that Jinhua pigs exhibited better growth perfor-
mance, lower diarrhea rates, and lower immune
activation in response to challenge with an enter-
otoxigenic E. coli (ETEC) K88 species compared to
Landrace pigs. The Landrace pigs also had a higher
overall proportion of Lactobacilli spp., as well as
a higher ratio of Lactobacilli to E. coli, and more
tight junction proteins.”® The Lactobacillus,
Bacteroides, Prevotella, and Ruminococcus species
were found to increase in abundance throughout
the colonization process; however, the exact pro-
portions were dependent on the pig breed.”
Additionally, when different purebred pigs were
cohabitated for several weeks, their gut microbial
communities shared more similarities yet retained
the distinguishable breed specific proportions.*’ It
has also been reported that the abundance of the
methanogenic  anaerobe,  Methanobrevibacter
smithii, significantly increased over the first
14 days of life in two pig breeds, namely,
Meishan (obese) and  Yorkshire (lean).®
However, the level in the lean breed was found
to be significantly higher than that in the obese
pigs. Methanogens such as M. smithii help to
remove hydrogen and carbon dioxide, forming
methane, thereby preventing the accumulation of
hydrogen in the gut and the subsequent decrease
in microbial fermentation efficiency and energy
yield. Hence, methanogens are an important com-
ponent of the gut microbial community.®" In



a study by Guo et al.®* on Bama mini pigs, it was
found that obese pigs contained approximately
61% fewer Bacteroidetes and approximately 56%
fewer Bacteroides spp. than lean pigs. Hence, the
authors concluded that elevated proportions of
Bacteroidetes and Bacteroides species negatively
impacted body weight.”*"!

The housing conditions, rearing density, environ-
mental temperature and time of sampling can also all
significantly affect the intestinal gut microbiota
diversity.”” For example, the intestinal microbiota
diversity has been reported to change 3 times from
birth to after weaning in young piglets.”

Effect of diet on the gut microbiome

The diet of the sow affects the piglet microbiota
and the fermentation end-products profile.** Diet
significantly impacts gut microbial diversity and is
extremely important in maintaining health by pre-
venting the development of dysbiosis, an etiologi-
cal factor in many chronic diseases.®” For dietary
nutrients to be efficiently metabolized,
a population of healthy GIT microbes is highly
important, as this can lead to improved digestion
and efficient absorption/utilization of nutrients via
the pig gut mucosal membrane. When the GIT
immune system, which accounts for approximately
70% of the total immune cell population, is acti-
vated in response to a stressor, a diverse set of
specialized immune cells and signaling molecules
are produced, sometimes at the expense of diges-
tive efficiency.”® A recent study’” found that
Ruminococcaceae spp., which produce SCFAs and
Lactobacillus spp., which produce lactic acid, have
an important role in suppressing swine feed
intake, whereas Prevotella may have the opposite
effect. These authors,®” therefore, postulated that
Prevotella may be the keystone bacteria for porcine
appetite control. These results suggest that the pig
intestinal microbial community may contribute
a vital role to the host’s feeding behavior; and
thus, modulation of gut microbiota can be bene-
ficial for the control of feed intake in the swine
industry.”” Interestingly, a recent study showed
that the largest change in bacterial composition
occurs in pigs that are between 21 and 33 days of
age, which is the period of time that the animal
transitions from a primarily milk-based diet to one

GUT MICROBES (&) 315

containing solid feed. These results were consistent
across all examined GIT sites, namely, duodenum,
ileum, cecum, and colon.®®

Dietary fiber (DF)

Dietary fiber is a feed constituent that cannot be
digested efficiently by monogastric digestive
enzymes. However, it selectively stimulates the
growth and activity of one or more bacteria within
the GIT, resulting in microbiota-fermented DF in
the distal aspect of the colon. The main products of
such bacterial fermentation are short chain organic
acids (SCOA) such as lactate, acetate, propionate,
and butyrate. These SCOA assist in the development
of the digestive tract by influencing gut epithelial cell
proliferation.®® Further, the acidic properties asso-
ciated with SCOA act to impede the growth of
enteric bacterial pathogens such as Salmonella,
E. coli, and Clostridia.”® Additionally, soluble non-
starch polysaccharides stimulate the growth of com-
mensal gut microorganisms, which increase SCOA
production, thereby lowering the pH in the colon.”’
Conversely, the inclusion of insoluble non-starch
polysaccharides such as pectin, cellulose, gums, and
hemicelluloses in the diet can serve to increase the
villus length and delay GIT transit time, thereby
allowing a longer period for degradation of fibrous
material by microbiota in the colon.”” Lindberg, in
2014, having reviewed different references,”"”>”*
suggested that the various types of plant carbohy-
drates behave differently in the GIT depending on
their structural characteristics. Inclusion of soluble
NSP (non-starch polysaccharides) in the diet can
stimulate the growth of commensal gut microbes,
leading to increased production of short chain
organic acids (OA), and a lower pH in the large
intestine. Insoluble NSP reduce the transit time and
provide substrate that is slowly degradable by the
microbiota in the distal large intestine and modulate
gut morphology by increasing villus length.”

It is well established that lactobacilli supplementa-
tion in neonates aids in the early development of stable
gut microflora, stimulates the immune system, and
prevents diarrhea.”® Recently, it was also reported
that by including xylanase in pig diet, the fecal and
ileal counts of beneficial lactobacilli could be increased
while simultaneously reducing the E. coli counts.”
The GIT microbial community adapts to variations
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in the host animal’s diet although the host diet also
influences the distribution of microbiota within the
GIT.”® The gut microbiota is an environmental regu-
lator of fat storage and adiposity’’. Bacteroidetes con-
tain fewer genes for enzymes involved in carbohydrate
and lipid metabolism, as compared to Firmicutes.
Hence, the abundance of Firmicutes is higher is
obese animals.”” Thus, reduction in their numbers
following the feeding of DF consolidates our under-
standing of the positive effects that these fibers exhibit
in controlling obesity in higher mammals such as the
pig and humans. In another study, when pigs were fed
‘low fat and high fiber’ (LF) or ‘high fat and low fiber’
(HF) diets, the gene copy numbers for Lactobacilli
spp., Bifidobacterium and Faecalibacterium prausnitzii
were observed to be higher in LF-diet-fed pigs, while
HEF-diet-fed pigs contained more
Enterobacteriaceae.”® The LF diet containing higher
amounts of DF was able to stimulate the growth of
beneficial bacteria in the microbiota and increase the
production of SCFAs, especially butyrate. In contrast,
the HF diet increased the number of potentially patho-
genic organisms. Spurlock and Gabler (2008) pre-
sented a review of literature wherein swine were used
as a model to study human obesity. Some breeds of
swine such as the Ossabaw breed from the United
States of America readily become obese in the absence
of high-fiber diets.”

Dietary copper

In the swine industry, feed is commonly supple-
mented with copper (Cu) because of its antimicro-
bial properties and potential to promote growth.
However, the nutritional requirement for Cu to
swine varies from 5 mg/kg feed in piglets to
20 mg/kg in lactating sows.”® However, when
weaned piglets were fed 175 mg/kg CuSO,, the
populations of lactic acid bacteria, Lactobacilli
and Streptococci in the GIT were reduced.®’ Such
high amounts of Cu in the feed can also function
to increase the content of unsaturated fatty acids,
which can result in softer pork fat®>. High levels of
dietary zinc (Zn) and Cu can also serve to decrease
the commonly observed spike in plasma cortisol
levels on day 9 and 19 when pigs are subjected to
an LPS challenge. Further, high concentrations of
dietary Zn, and particularly Cu, have been shown
to significantly reduce the diversity of ileal

microbiota. However, this effect was reversible,
which suggests that microbiota diversity was
restored following the removal of additional Zn
and Cu from the diet*> Enterococci has been
shown to develop resistance to antibiotics such as
macrolides and glycopeptides, including vancomy-
cin, following exposure to high Cu concentrations.
Such resistant enterococci, which are a part of the
Lactobacillales order and are quite frequently
found in the gut microbiota of mammals including
pigs, may get transferred to humans that consume
the meat of such animals.**

Prebiotics and probiotics

Probiotics (group of microorganisms which ‘when
administered in adequate amounts, confer a health
benefit on the host'®®) can correct the imbalance of
microbiota in the GIT and improve the overall
health of humans and animals. Introduction of
such beneficial microbes can serve to repair and
reinforce the numbers of commensal microorgan-
isms within the gut to restore or improve animal
resistance to diseases. Simultaneously, probiotics
also improve the efficacy of nutrient digestion,
absorption, and utilization with subsequent
improvement in production performance.*
However, the positive effects of probiotics in ani-
mals are strain-dependent.”” One study reported
that in weaned pigs, the lactobacilli counts in the
GIT increased while Clostridia, E. coli, and
Enterobacterium spp. counts decreased, following
administration of probiotic therapy.*®
Lactobacillus, a component of the Firmicutes
phylum, is a Gram-positive, facultative anaerobe
or microaerophilic bacterium that improves feed
conversion efficiency in animals. Furthermore,
lactobacilli produce lactic acid, which elicits an
inhibitory  effect  against E. coli and
Enterobacteria.”” Administration of a cocktail of
complex lactobacilli containing Lactobacillus
johnsonii and L. mucosae, previously isolated
from healthy pig feces was shown to promote
a healthy gut by reducing the number of poten-
tial entero-pathogens such as Clostridia and
E. coli.”® Similar effects were observed in weaned
piglets administered lactic-acid bacteria (LAB)
complexes containing Enterococcus faecium
6H2, Lactobacillus acidophilus C3, Pediococcus



pentosaceus D7, L. plantarum 1K8 and L. plan-
tarum 3K2.”' Moreover, the administration of
L. salivarius UCC118 WT was found to signifi-
cantly decrease the number of Spirochetes in the
GIT of pigs. Moreover, administration of
L. salivarius UCC118, which is well studied for
its probiotic properties, positively influenced
Firmicutes genus members, while production of
bacteriocin Abpl18 by L. salivarius affected
gram-negative microorganisms, even though
Abpl18 is not normally active in vitro against
this group of microorganisms. Hence, this strain
has the potential to significantly affect pig
microbiota through a partial bacteriocin-
dependent mechanism.”® Lactobacillus reuteri is
also a probiotic strain that has been shown to
alter the abundance of several bacterial taxa,
such as Enterobacteriaceae including E. coli.
This lactobacilli strain, which produces reuteri-
cyclin, increases the abundance of two strict
anaerobes of phylum Firmicutes, while produc-
tion of reuteran affects colonization with ETEC
without affecting other dominant members of
the fecal microbiota.”

Supplementation of weaning pig diets with probio-
tics functions to compete with pathogenic bacteria for
nutrition resulting in competitive exclusion of the
harmful bacterial strains.”* The inclusion of specific
probiotics, namely, L. casei ssp. casei, L. reuteri and
L. acidophilus, during the suckling period and fortifi-
cation of the piglet diet with probiotics and prebiotics
during the post-weaning period serves to markedly
improve growth rate and body weight gain.”> Higher
counts of Lactobacillus spp. and lower E. coli counts in
feces were also observed in these animals. Further, in
pigs, the diversity of anaerobic bacteria was found to
increase from day 13 to day 16 after birth, with detec-
tion of dominant anaerobes such as Eubacterium,
Fusobacterium and Propionibacterium.”> This was
attributed to the introduction of milk replacer
from day 14 onwards. The same study also found
changes in the intestinal microbiota after the intro-
duction of the weaning diet beginning 35 days after
birth.

Prebiotics (compounds found within foods
which can induce the growth/activity of beneficial
micro-organisms®), have been shown to promote

GUT MICROBES (&) 317

the growth of specific groups of commensal gas-
trointestinal microbiota. Numerous metabolites
are subsequently produced by these microorgan-
isms, of which the SCFAs are transported across
the epithelium by diffusion, low-affinity transport
mechanism such as HCO; /SCFA exchange, med-
ium-affinity transport mechanism involving
monocarboxylate transporter 1 [MCT1], or via
high-affinity transport mediated by sodium-
coupled monocarboxylate transporter 1 (SMCT1
or SLC5A8) into the colon® . There is also
increased production of interleukin following sup-
plementation of pig diets with prebiotics alone”®”’
or in combination with probiotics, known as
synbiotics.loo’lo1 Further, lactulose (a prebiotic)
supplementation of the feed of weaned piglets
orally challenged with S. enterica subspecies enter-
ica serovar Typhimurium served to improve the
immunoglobulin IgG antibody responses as well
as the total serum IgM and IgA levels.'” Lactose,
which is a major sugar present in milk, acts as
a prebiotic and can elicit the development of
a highly diverse microbiota in the prenatal GIT
of growing animals.'” Although the mechanisms
by which lactulose and other prebiotics affect the
immune system are not fully understood, it is
postulated that they may act indirectly by altering
the indigenous microbiota of the GIT and causing
changes in microbial metabolite production.'**
Numerous previous studies have identified
Lactobacillus as one of the core genera in the
GIT of pigs, accounting for approximately 15%
of 16S rRNA gene sequences from swine intest-
inal samples, irrespective of age.'®® Lactobacilli
occur in both the proximal and distal regions of
the swine digestive tract, and begin colonizing
soon after birth.'®® Improvement in overall
health, growth performance and an increase in
the productivity of swine husbandry are some
of the key benefits of administration of probio-
tic lactobacilli to pigs.'”” The LAB are also
capable of suppressing microorganisms that
are lethal to the host’s health. The lactic acid-
related trophic chain in LAB, is one of the
major metabolic pathways in the mammalian
gut.'*®1% Increased abundance of Lactobacillus
spp. in the cecum of pigs directly correlates
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with high feed efficiency.''” Recent research has
also shown that certain strains of lactobacilli,
namely L. reuteri ZLR003 and L. salivarius
ZLS006, can increase the average daily weight
gain, feed conversion ratio and nitrogen digest-
ibility in growing pigs. They also help to sig-
nificantly reduce the total cholesterol, alanine
transferase, aspartate transferase, blood urea
nitrogen, and haptoglobin levels in serum.'''

As has been suggested by several studies,
administration of lactobacilli to pigs improves
meat quality. Administration of L. plantarum
Z]J316, which is a potential probiotic isolated
from fecal samples of piglets, to newly weaned
pigs had promising results. Most notably, it
served to improve several meat texture indices,
promoted increased villus height and also
appeared to inhibit the growth of opportunistic
pathogens.''> Moreover, the administration of
probiotics containing L. amylovorus into post-
weaning pigs has been shown to increase
monosaturated and polyunsaturated fatty acids
in muscles, suggesting potential usefulness of
probiotic administration in improving the fatty
acid profile of pig meat.''” In addition, analysis
of the immune health-promoting properties eli-
cited by L. jensenii TL2937 illustrated that the
use of immunobiotic strains as supplemental
additives to piglet feed significantly reduced
tenderness while improving juiciness and palat-
ability of pork meat, along with reducing back-
fat thickness.'"* In pigs fed a diet high in
calcium-phosphorus content, a 1.4-fold increase
in lactobacilli was observed in the gastric pars
nonglandularis of the stomach.'"

Due to a high level of variation in growth
and feed conversion between individual pigs in
commercial production systems, it is difficult
to accurately measure the impact of probiotics
on gut health. To fully elucidate the effect of
different variables, large-scale experiments are
required; however, to date most of the studies
have focused on assessing the effects that feed
additives have on representatives of GIT health,
including many immunological measures, in
more controlled experiments (Table 1).!1¢

Table 1 highlights pig studies in which the
diet and environmental conditions were
manipulated to determine their correlation

with changes in the gut microbiota, and subse-
quent effects on the immune response.

Antibiotics

Pig feed and water on commercial farms are often
supplemented with antibiotics to combat bacterial
infections or promote growth. Although administra-
tion of antibiotics promote piglet growth, it has
a negative effect on the commensal bacterial popula-
tion as it often leads to increased proportions of
pathogenic species that function to inhibit the nor-
mal intestinal function.'”* Specifically, antibiotics
such as penicillin, tylosin, sulfamethazine, and chlor-
tetracycline have been shown to affect the composi-
tion of the gut microbiome in growing pigs.**>>*"'*>
Moreover, simultaneous administration of multiple
antibiotics, namely, chlortetracycline, sulfametha-
zine, and penicillin (ASP250), served to markedly
increased the proportion of E. coli in the lumen
and mucosa of the ileum compared to other gut
compartments and feces in pigs.”> Many of the func-
tional changes within the metagenome were also
attributed to an increase in E. coli.”> Additionally,
a decrease in the number of LAB Streptococcus
organisms, and a simultaneous increase in
Proteobacteria, specifically in the Escherichia popu-
lation, was observed following administration of
ASP250 antibiotics to weaned piglets.””'** An addi-
tional study reported that short-term administration
of low-dose antibiotics in feed caused an increase in
the abundance and diversity of antibiotic-resistance
genes specific for antibiotics that the animals had not
previously been exposed to.””

Further, treatment with amoxicillin (600 mg/kg)
was found to increase the abundance of fecal enter-
obacteria, while decreasing the proportion of LAB
and the total bacterial viability as well as the total
serum IgM concentrations within the jejunum.'?
Additionally, Gao et al.'"*® showed that therapeutic
antibiotic administration alters the composition and
metabolism of the microbial communities within the
ileum and feces. However, the ileal microbiota was
found to be more susceptible to change than that of
fecal microbiota. Specifically, Lactobacillus and
Bifidobacterium spp. were found to decrease by an
average of 3-fold and 508-fold respectively, in the
ileum on days 2 and 13, and by an average of 45-fold
and 72-fold, respectively, in the feces on days 7 and
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Table 1. Microbiome outcomes in studies examining pigs exposed to dietary and environmental modulations.

Experiment Outcome References
Piglets removed from the sow and reared A higher concentration of desirable microbiomes evident in littermates reared with the '8
on bovine-based milk formula sow
Differences in mucosal immune system components (rapid recruitment of antigen
presenting cells [APCs], fewer T4 cells, increased antibody responses)
119-121

Pigs reared indoors and outdoors

Differences in the microbiome between the groups

Differential gene expressions of MCH-dependent antigen-presentation in intestinal

mucosa

13. Moreover, the proportion of Escherichia and
Shigella spp. were found to increase by 265-fold in
the ileum between days 2 and 13, and by 36-fold in
feces between days 7 and 13."°° This study also
suggested that changes in microbiota are closely
associated with changes in production of specific
microbial metabolites such as SCFAs, which can be
used as biomarkers for determining the stability of
the gut microbial community. The levels of total
SCFA including acetate, propionate, butyrate, and
valerate extracted from feces are regarded as effective
indicators of intestinal health. In a recent study, pigs
fed conventional diets (which included three types of
antibiotics) contained 87 more antibiotic-resistant
genes in the GIT compared to pigs fed organic
diets, although the gut microbiota of both sets of
pigs was not significantly different."*” Antibiotic-
resistance virulence factors were identified in gene
families unique to the swine fecal metagenome, exhi-
biting highest sequence homology to genes in
Bacteroidetes, Clostridia, and Methanosarcina.*®

Due to excessive antibiotic usage in pig produc-
tion, an increase in the development of immune
tolerance has been noted during the early stages of
life against a range of pathogenic microbial species.
Moreover, antibiotics have been shown to suppress
the systemic immune response in mice.'*®
Development of immune tolerance early in life can
lead to inefficient immune response later in life when
similar pathogens are encountered.'”’

Gut microbiome and intestinal physiology

Animal gut microbiota influences many physiologi-
cal functions necessary for the maintenance of
a healthy GIT. Within the GIT lumen, the micro-
biota assists in converting bile acids into secondary
forms via de-hydroxylation, dehydrogenation, and
deconjugation."*® The gut microbiota is involved in

digestion of otherwise indigestible carbohydrates to
produce SCFAs, which protect against epithelial
injury, as well as in the synthesis of essential amino
acids, regulation of fat metabolism, induction of
intestinal motility, improvement in intestinal angio-
genesis, and regulation of immune system
activation.”"'** The gut microbiota also serves to
protect against colonization by pathogenic bacteria
through the production of anti-microbial com-
pounds, while also protecting the gut epithelial bar-
rier from harmful effects of pathogens, thereby
controlling the overgrowth of bacteria, and simulta-
neously reducing the susceptibility of pigs to enteric

infections'*>.

Impact of the host on gut microbiome

The relationship between the microbiome and its
mammalian host is one of the longest surviving
symbioses, dating back to the beginning of multi-
cellular life.*” The evolution of the microbiota within
the host is driven by the need for each species to
compete and survive within the host; natural selec-
tion alone will not make the microbiota useful to the
host."** At the same time, hosts, under natural selec-
tion, appear to select for organisms beneficial to
them, and hence, the microbiota can be considered
an ecosystem held on an ever-evolving leash by the
host. The microbes are predictably controlled by the
host, as there is a single host but many microbes.
Thus, the host can influence the entire microbiome
more readily while simultaneously benefiting from
its components. Evolutionary theory has predicted
that host-to-microbe effects are of larger importance
for the microbiome form and function. The host
exerts control over the microbiota through immigra-
tion, compartmentalization, monitoring and target-
ing. This has been previously covered in detail by
Foster et al.””> However, a recent study has also
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suggested that bacterial biodiversity within the pig
GIT may be influenced by the genetics of the host
animal.** The researchers, Lu et al., used paternal
half-sib families, thus each family represented
a breeding male pig that was mated with several
female pigs to produce the offspring. The significant
variation in alpha diversity observed among the
families suggests bacterial biodiversity within the
pig gut might be influenced by the host’s genetics.*

Stressors

The composition of the GIT microbiota changes when
the host animal encounters stressful stimuli. Two-day-
old piglets host a group of bacteria comprising pri-
marily L. amylovorus, L. reuteri E. coli, and
L. acidophilus. Specifically, ileal samples of neonates
and non-weaned pigs contain approximately
7 x 10° L. amylovorus and L. reuteri cells per gram of
intestinal content.'®

Weaning
At the weaning stage, the dietary changes constitute
a major stressor and cause changes to the gut micro-
biota. Due to this weaning stress, the lactobacilli com-
munity of the pig ileum undergoes significant
change.'*® After weaning, the quantities of
L. amylovorus and L. reuteri decrease significantly to
less than 10° within the ileum; and thereafter
Clostridia and E. coli appear along with changes in
the composition and metabolic activities of the pre-
dominant microbiota.

In a study of porcine fecal microbiota, samples from
15 commercial pigs were collected during the pre-
weaning and post-weaning periods."”” The pre-
weaning microbial community consisted primarily of
the phyla Firmicutes (54%) > Bacteroidetes (38.7%) >
Proteobacteria (4.2%) > Spirochetes (0.7%) >
Tenericutes (0.2%). Although the same major phyla
prevailed post-weaning, the relative proportions var-
ied, with Bacteroidetes (59.6%) > Firmicutes (35.8%) >
Spirochetes (2.0%) > Proteobacteria (1%) and
Tenericutes (1%). Thus, Firmicutes and Bacteroidetes
accounted for more than 90% of the fecal bacterial
community during both the pre-weaning and post-
weaning stages. However, although Firmicutes
accounted for the initial prominent phyla, a shift
toward Bacteroidetes was observed after weaning.

Among the genera, Bacteroides, Blautia, Dorea,
Escherichia, and Fusobacterium were determined to
be most abundant pre-weaning; however, Prevotella
and Clostridia increased in the post-weaning pig with
a corresponding decrease in Bacteroides."®
Mechanistically, during weaning, the piglet diet
switches from easily digestible liquid milk to a less
easily digestible, more complex solid feed. This
change has significant consequences on the micro-
biota and the physiology of the GIT, which is still
not fully mature. Other changes such as inflam-
matory response pathways are activated at this
time in addition to hormonal changes, gastric
motility reduction, small intestine atrophy,
reduced height of villi, reduced absorption of
nutrients, fluids, and electrolytes, and increased
permeability to antigens and toxins.”* It is possible
that at least some, or all of the above changes are
linked to modifications in piglet intestinal micro-
biota since it has long been established that dietary
change is responsible for the etiology of post-
weaning diarrhea and enteric infections.'*

Other stresses

In addition, growth of pathogenic E. coli occurs in pigs
subjected to even mild handling stress'*’. The effect of
stress on the microbiome is now recognized as a new
field of study, called microbial endocrinology.'"'
These authors hypothesized a mechanism involving
modulation of the transcription of virulence genes in
a pathogen specifically via blocking with adrenergic
antagonists.'*" A key cascade of reactions occurs in the
hypothalamic-pituitary-adrenal (HPA) axis in
response to stress conditions resulting in release of
glucocorticoids from the adrenal cortex.'** For exam-
ple, when GF mice are subjected to restraint stress they
exhibit elevated adrenocorticotropic hormone and
corticosterone levels.'*?

Interestingly, this process can be largely reversed by
just one commensal bacterium, namely,
Bifidobacterium infantis."** A crucial observation in
this study was that the reversal of the HPA axis set-
point was influenced by these commensal bacteria
even in adults, however, this occurred only if the
colonization had taken place before the host reached
6 weeks of age and not in animals where colonization
had occurred after 14 weeks of age. It therefore
appears that early life signals elicited by indigenous



bacteria seem to exercise a long-lasting programming
effect on the HPA axis to enable the host responses to
better cope with stressful situations in later life.

Infection and inflammation

Salmonella enterica is a pathogen that can induce
substantial changes in the composition of the
intestinal microbiota. For instance, disturbances
in the porcine colon and cecal microbiota occur
when challenged with S. enterica.'*> The micro-
biota profiles in the S. enterica-challenged pigs
were similar to each other yet varied markedly
from the non-challenged controls. Statistically sig-
nificant increases were observed in proportions of
Anaerobacter, Prevotella, Barnesiella, Pediococcus,
Sporacetigenium, Turicibacter, Catenibacterium,
Xylanibacter and Pseudobutyrivibrio in the chal-
lenged pigs. Furthermore, in mice studies, inflam-
mation has been shown to be induced in response
to bacterial infection by species such as
Citrobacter rodentium or S. enterica subspecies
enterica serovar Typhimurium, or by chemical
inducers such as dextran sulfate sodium (DSS,
or in response to genetic deficiencies such as in
the interleukin-10-deficient (IL-107") mouse
model."**'*® These factors function to change
the composition of the intestinal microbiota by
reducing both the quantity and diversity of resi-
dent intestinal  bacteria.  Similarly, the
Enterobacteriaceae count has been shown to
increase in mice following the induction of colitis
by treatment with DSS.'* Enteric infections
caused by pathogens such as the porcine epi-
demic diarrhea viruses, Brachyspira hampsonii
and Lawsonia intracellularis also influence the
gut  microbial  composition  and
dysbiosis.'*>'°%!5! These viruses cause substantial
reduction in the pig microbiota diversity to one
dominated by the bacterial phylum Fusobacteria.
In contrast, control pigs that were not exposed to
the virus exhibited a rich microbial diversity with
Firmicutes in the majority.">

cause

Impact of the gut microbiome on the host
immune system

The host animal is subjected to many internal and
external stresses during its lifetime. In pigs, defects
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in genes encoding various innate and adaptive
immune cells result in dysbiosis and can induce
development of pathogenic disorders of the GIT
such as IBD."*? Further, external pressures includ-
ing infections or exposure to antibiotics can intro-
duce major disturbances to the microbiota, as is
observed in IBD development,'™> which is now
believed to occur as the result of disruption in
communication between the host and intestinal
microbiota. However, the molecular mechanism
responsible for this communication breakdown is
not fully understood. Nevertheless, it is has been
hypothesized to involve genetic susceptibility of
the epithelial barrier and innate immunity, both
of which are vital components in the host-micro-
biota relationship.">*

Many approaches have been examined, includ-
ing the use of GF animals, to demonstrate the
critical link between gut microbiota and the host
innate and acquired immune system. Since GF
animals are reared in sterile conditions from
birth and are not exposed to microbes during
their life, changes that occur in the body on expo-
sure to microorganisms from the external environ-
ment can be accurately monitored. The microbiota
is known to influence not only the local intestinal
immune system, but also systemic immunity.">>'>°

Gut bacteria monitor and regulate the immune
system in a way that allows the immune system to
distinguish between commensal microbes and
pathogenic bacteria. A healthy GIT results from
positive interactions between the microbiome and
host. In this context, the epithelial barrier function
and the mucosal immune system are vital
components.157’158 The innate immune system and
the gut are interdependent and therefore can be
influenced by a system of interactions.'> The innate
immune system relays signals to the host animal for
functional adaption at the tissue level including
influencing the composition and functional capabil-
ities of the microbiota.'® It also acts to promote the
growth of beneficial species to help maintain a stable
community of microbes. Further, during an intest-
inal infection, fucosylated proteins are shed into the
lumen of the intestine which serve as an energy
source for the GIT microbiota.'®" Thus, the innate
immune system diverts its resources to aid the
microbiota in times of perturbations of the intestinal
ecosystem. As an example, in Yersinia enterocolitica



322 (&) Y.PATILetal

infection, signaling from TLRI1 is necessary to pre-
serve the composition of the commensal microbial
community.'®*

Antigen presenting cells (APCs) help protect the
host against infections, while simultaneously
maintaining immune tolerance to the commensal
gut microbiota. The dendritic cells (DCs) of
Peyer’s patches in the gut wall generate high levels
of IL-10 compared to DCs in the spleen when
subjected to similar conditions.'®> Moreover, in
GF animals, a reduction in the number of intest-
inal DCs is observed, however, not in splenic DCs.
Escherichia coli (107 CFU of 083:K24: H31 E. coli
and O086:K24: H31 E. coli) alone are sufficient to
elicit a DC response in the GIT. In addition, fewer
intestinal and systemic macrophages are observed
in GF pigs resulting in reduced chemotaxis, pha-
gocytosis, and microbiocidal activities.'®*'®

Commensal bacteria function to regulate the
immune response in host cells, primarily through
the inflammatory cascade via the nuclear factor-
kappa B (NF-kB) pathway.'®® NF-kB regulates
transcription by translocating to the nucleus and
stimulating the production of inflammatory cyto-
kines and recruitment of immune cells. This
occurs only when NF-«xB is unbound from IkB
(inhibitor of kB). However, resident bacteria in
the gut inhibit the NF-kB-IxB dissociation thereby
halting the cascade since NF-kB is no longer able
to enter the nucleus.'®® Thus, commensal microbes
and their products may be useful in therapeutics
for inflammatory-based diseases such as IBD.

It is well-established that gut commensal
microbes, upon colonizing the neonatal mammals,
activate the systemic immune system. This is
achieved primarily by increasing the number of cir-
culating antimicrobial specific antibodies.'®” Since
the food ingested by animals contains intact mole-
cules that can retain their antimicrobial activity even
after irradiation or autoclaving, it is difficult to gen-
erate antigen-naive pigs. Moreover, the formation
and development of the mucosal immune system
in GF animals is very limited as compared to that
in conventional animals that possess hypoplastic
Peyer’s patches. GF animals also lack T cells, and
express minimal levels of heat shock proteins
(HSPs).'*® The intraepithelial T lymphocytes in the
GIT play a vital role in the defense system of the host.
As compared to conventional pigs, GF pigs only have

a fraction (approximately 35%) of the normal level of
T-lymphocytes in the jejunum and ileum.”> When
the balance between host immunity and microbiota
is disrupted, dysbiosis is created, which is a vital step
in the progression of diseases such as diarrhea and
swine dysentery.'®” However, when GF pigs are colo-
nized with even a limited, defined microbiota, most
of the functional immune system components
including APCs, T-cells, and B-cells develop similar
to that in conventional pigs.'”>'”!

Additionally, different strains of lactobacilli pos-
sess varied capacities to modulate the expression of
host immune pathways. The presence of many lac-
tobacilli species can lead to greater cross-talk
between these microorganisms and the host immune
cells. For proper development and function of the
immune system to occur, communication between
the microbiota and intestinal cells is pivotal. In pig-
lets challenged with E. coli K88ac, one probiotic
strain, L. fermentum, enhanced T-cell differentiation,
increased pro-inflammatory cytokines as well as the
proportion of CD4" lymphocytes in the ileum.'”>'”
Several studies have utilized different Lactobacillus
spp. and strains in pigs to demonstrate their effects
on the intestinal microbial communities and their
beneficial activities following ETEC, Salmonella or
rotavirus challenges. The specific Lactobacillus spp.
studied include L. plantarum, L. amylovorus DSM
16698, and L. reuteri or Lactobacillus rhamnosus GG.
The strain L. amylovorus DSM 16698 was employed
in an experiment conducted on pig intestinal
explants, where ETEC induced a higher level of
TLR4, P-IKKa, P-IkBa, and P-p65; while
L. amylovorus functioned to eliminate all these var-
iations and simultaneously upregulated the expres-
sion of TLR4 regulators Tollip and IRAK-M.''®

Pigs are the only animals that are susceptible to
HRYV (human rotavirus) initiated diarrhea. A study
was performed with neonatal gnotobiotic pigs
(born from near-term sows via CS, lacking a well-
established microbiota) inoculated orally with pro-
biotics, namely, Lactobacillus rhamnosus strain GG
and Bifidobacterium animalis lactis Bb12, which
are the primary bacterial species found in the gut
of breastfed infants. This study sought to deter-
mine the impact that an attenuated (Att) HRV Wa
strain vaccine had on B-cell responses. The
AttHRV-vaccinated piglets colonized with probio-
tics were found to exhibit considerably lower fecal



scores and reduced HRV shedding titers as com-
pared to the uncolonized, AttHRV-vaccinated pig-
lets. Further, a reduction in HRV-associated
diarrhea was noted, which was correlated with
the presence of a high number of intestinal IgA
HRYV antibodies and intestinal HRV-specific IgA
antibody-secreting cells in probiotic-treated piglets
compared to uncolonized, vaccinated pigs.'”*
Moreover, in an additional study, elevated levels
of IL-6 and IL-10 were observed in ileal mono-
nuclear cells.'” in gnotobiotic pigs inoculated with
healthy human infant gut microbiota (Firmicutes
and Proteobacteria accounting for approximately
98%). Colonization with this microbiota also pro-
moted development of the neonatal immune sys-
tem by substantially enhancing IFN-y producing
T-cell responses and by reducing T, cell differ-
entiation and their associated cytokine production
in the AttHRV-vaccinated pigs. Wu and Wu have
further summarized many additional studies in GF
rats, mice and humans, that highlight the impor-
tance of a healthy microbiota for proper develop-
ment and functioning of the acquired immune
system in mammals.'>®

Many studies have been reported on coloniza-
tion of gnotobiotic pigs with intestinal microbiota.
In a study performed by Laycock et al,'’® 24
gnotobiotic pigs were inoculated with Bristol
microbiota (a novel simple porcine microbiota).
These pigs exhibited no significant health pro-
blems and the Bristol microbiota successfully
induced up-regulation in the expression of serum
immunoglobulins IgA and IgM. However, the level
of IgG2 was much lower than in conventional pigs
that have access to colostrum, which suggests
a maternal influence on IgG2 phroduction. Thus,
the Bristol microbiota may be used to improve the
formation, and subsequent development, of the
intestinal mucosa and general immune system in
neonatal pigs.

Mechanisms of interactions between
microbiota and host components

It has been suggested that mammals possess
a developmental window (2-3 weeks in pigs and
a similar duration in other mammals) in which the
developing host-gut microbiota interactions are
easiest to manipulate and during which time it is
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susceptible to major  disturbances.*'
Although the molecular mechanisms of these
interactions are not clearly defined, limited data
in pigs suggest that intestinal alkaline phosphatase
(IAP) and inducible HSPs (iHSPs) have important
roles in this process, especially in controlling
inflammation and modulating gut function.
These two components are involved in regulating
antioxidant and anti-inflammatory reactions, by
which they confer protection to the GIT
epithelium."”

most

Inducible heat shock proteins

Pigs have been shown to express high levels of
iHSP in both the small and large intestines'”®'*°,
However, the distal ileum was noted as having
a higher relative concentration of iHSP proteins
than the proximal colon in growing pigs, suggest-
ing that higher microbial stimulation occurs in the
distal region of the ileum.'®® Oral administration
of the broad-spectrum antibiotic amoxicillin to
sows during parturition affected the sow’s fecal,
and the piglet’s gut microbiota as well as the
level of gut epithelial iHSPs.'”® The association of
gut commensal microbiota with iHSPs in growing
pigs demonstrates that colonic iHSP70 correlates
negatively with Bacteroidetes and Prevotella brevis
colonization, and positively with that of
Faecalibacterium prausnitzii, the latter of which
exhibits anti-inflammatory properties and has
been found to be depleted in pig IBD.'®' These
individual correlations are often difficult to inter-
pret as direct cause-and-effect relationships; how-
ever, they all suggest intimate associations between
iHSPs and the GIT microbiota in pigs.
A systematic study carried out by Lalles and
David'®* showed that subjecting growing pigs to
feeding or fasting for 1.5 days, or to fasting for
1.5 days followed by re-feeding for 2.5 days, that
fasting induced an increase in iHSP27, but not
iHSP70, throughout the small and large intestines.
However, as soon as feeding was restored, so too
were the intestinal and colonic concentrations of
iHSP27, however, still with no influence on
iHSP70.

Figure 3 is a diagrammatic representation of
how dietary nutrients and components from the
commensal microbiota can function to induce
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production of HSPs, while reinforcing protection
to the host against various stressors.

Many different HSPs have been described as
associated with the GIT mucosa and its function.
A transient reduction is expression of HSP70, and
in crypt depth was noted in a study performed by
Liu et al,'®® who reported that modifications to
bacterial colonization during early life functions to
control the intestinal architecture and function, at
least for a short period. Furthermore, longterm
site- and diet-specific effects are observed in the
major immune components that serve to control
intestinal homeostasis. The same study reported
an association between the cytoprotective HSP72
and the relative abundance of Lactobacillus spp. in
the small intestine, together with specific members
of clostridial clusters IV and XIVa in the large
intestine of pigs.'®®

Heat shock proteins can be induced by a broad
spectrum of stimuli, including commensal
microbes.'®* The physiological expression of mole-
cular chaperones and HSPs is dependent on diet-
ary components, commensal microbes, and
resulting metabolites to which the mucosal surface
is exposed.'®® For example, the expression of ileal
HSP27 has been correlated with inclusion of fiber
in the diet. HSPs, in addition to being protein
chaperones within cells, also function in immune
responses, cell proliferation, apoptosis, and control
of oxidation and inflammation. However, one of

the most relevant functions of HSPs is their ability
to regulate barrier function and minimize the
adverse effects associated with inflammation and
oxidative stresses on host cells. These proteins
regulate the GIT barrier by controlling the expres-
sion of tight junction proteins such as
occludins'®*. In pigs specifically, a high concentra-
tion of HSPs is present in the small and large
intestines; while an increase in duodenal and jeju-
nal HSP70 is highly associated with fetal stress.'”®

Intestinal alkaline phosphatase (IAP)

The IAP is produced by enterocytes in the small
intestine and secreted into the lumen and subse-
quently into the circulatory system, where it is
involved in detoxification of microbial components
by dephosphorylation (Figure 4). IAP confers many
physiological properties including absorption of
minerals and nutrients such as calcium and fatty
acids, and control of GIT and systemic inflammation
through detoxification of pro-inflammatory compo-
nents produced by the microbiota, such as LPS and
flagellin.'® It is also directly involved in the control
of the gut barrier.'"*® Moreover, when IAP is bound
to enterocytes it can function to delay the growth of
potential pathogens such as E. coli and, hence, influ-
ence the microbiota composition while restricting
the translocation of E. coli into the body.'®”'®®
Stressful conditions, such as weaning, significantly
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inhibit IAP production in pigs, which is responsible
for development of many post-weaning disorders as
well as an increased sensitivity of pigs to enteric
infections.'”

Both the gene expression and enzymatic activity
of IAP are influenced by the GIT microbiota, while
IAP simultaneously impacts the composition of the
gut microbiota by removing proinflammatory free
luminal adenosine triphosphate (ATP), by reducing
the level of inflammation, and by regulating intest-
inal surface pH."® Thus, the expression of iHSPs in
gut epithelial cells is proportionate to the number of
microbes present along the GIT.

Conclusion

The resident GIT microbiota is unique for each
species and has continually evolved over generations
to become more functional and relevant to their
current local environment and the host. Its promi-
nent role in stimulating the maturation of the GIT
and regulating the gut-brain axis, especially in
young pigs, represents opportunities to design effec-
tive strategies to increase animal robustness.’"”
There is, hitherto, no consensus on the definition
of balanced or favorable microbiota even though
knowledge on host-microbiota cross-talk is con-
stantly being updated, revealing a highly complex
scenario. Moreover, studies attempting to define
the factors affecting the GIT microbiota and their
subsequent roles in pig physiology and immunity are
still in progress. Future studies will serve to inform

the development of hypothesizes for effective strate-
gies to manage and restore intestinal homeostasis
after an external perturbation, such as stress, early
administration of an antibiotic, or a bacterial infec-
tion, all of which ultimately could be utilized to
improve productivity, minimize stress and prevent
diseases.
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