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General Introduction

Introduction

The world population is expected to rise to 9.7 billion by 2064 (Adam 2021), and with it
the global food demand. Together with the increasing prosperity around the world, the
consumption of meat proteins is projected to increase with 14% by 2030 (OECD/FAO 2021).
This increasing demand for meat proteins will not only have an economic impact, but will
also affect animal welfare as the number of animals needs to increase. The expanding human
population and the intensification of livestock production in many countries will likely also
impact animal and public health, due to increased pathogen flow at the wildlife-livestock-
human interface and the emergence of infectious (zoonotic) diseases (Hassell, Begon et al.
2017). In the past, in-feed antibiotics were used to control harmful microorganisms and to
increase feed efficiency in livestock. In-feed antibiotics were also extensively used in the
pig industry, as they were associated with the reduction of weaning-associated problems,
including post-weaning diarrhoea (Heo, Opapeju et al. 2013). However, the use of in-feed
antibiotics caused great concern because of the emergence and spread of antimicrobial
resistance in both human and animal pathogens. This eventually led to the European ban
on the use of in-feed antimicrobial growth promotors (AGPs) that came into effect in 2006
(Commission 2005). Hence, sustainable alternatives to in-feed antibiotics such as pre- and
probiotics gained increasing interest, as they have previously demonstrated to improve the
structure and function of the gastro-intestinal tract (GIT) and the immune system (Heo,
Opapeju et al. 2013). However, the modes of action of such dietary interventions are still
under investigation as the interaction between diet, the gut microbiota and the immune
system is extremely complex. There is increasing evidence that the gut microbiota, the gut
epithelial barrierand theimmune system are intrinsically linked to each other. In other words,
dietary interventions that influence the GIT likely also impact the host’s immune system.
Their interaction determines beneficial or disadvantageous health outcomes to the host, and
is largely dependent on other factors (e.g., genetics, sex, age, and environment). Therefore,
interdisciplinary research has become increasingly central to animal health research. In pigs,
many studies have investigated the effect of dietary interventions on the porcine GIT and
the immune system. Most of these studies investigated the effects of dietary interventions
on either the porcine gut microbiota or immune system and the majority included post-
weaning animals. However, the potential of administering dietary interventions during the
first period of life deserves further investigation, especially regarding the impact on the
developing gut microbiota, the gut epithelial barrier and the immune system.

Gut microbiota in pigs

The GIT of pigs contains (partly digested) feed components, host derived components and
gut microbiota. The host derived components consist of bile acids, digestive enzymes,
and chemical and physical components of the mucosal defense such as antibacterial
polypeptides, peptides, mucin and secretory immunoglobulin A (SIgA). The gut microbiota
consists of bacteria, archaea, viruses, protozoa and fungi. Studies on the pig gut microbiota
and associated functions have shown the importance of the microbiota for the pig host
(Knecht, Cholewinska et al. 2020). The symbiotic members of the gut microbiota play an
important role in colonization resistance against pathogens (Fons 2000). Furthermore, the
gut microbiota plays a fundamental role on the induction, training and function of the host
immune system (Zheng, Liwinski et al. 2020). Of the domains that comprise the pig’s gut
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microbiota, bacterial ecology has been the most widely studied. Important reasons for this
focus are the advance of sequencing techniques based on the bacterial 16S ribosomal RNA
gene, and the relative contribution of gut bacteria to the fermentative capacity of the pig’s
GIT. Although gut related perturbations can be caused by pathogens outside the bacterial
domain (e.g. viruses or eukaryotes), pathogens within the bacterial domain are a substantial
driver for economic losses and concerns for human and animal health (VanderWaal and
Deen 2018). The domain of bacteria is divided into taxonomic groups called phyla, and
the two most abundant phyla within the pig’s gut microbiota are the Firmicutes and the
Bacteroidetes. Similarly to humans (Risely 2020), pigs are considered to have prevalent core
bacterial species in the intestinal microbiota. At least in terms of function, pigs share a core
microbiota, with each pig harboring a diversity of bacterial species that are responsible for
the degradation of a myriad of different compounds and macromolecules. These compounds
and macromolecules can be carbohydrates, lipids or proteins, with specific bacterial species
often being specialized in the breakdown of specific macromolecules and compounds. The
pig’s GIT harbors up to 1000 bacterial species (Patil, Gooneratne et al. 2020), with the highest
density of bacteria in the pig’s colon. In absolute numbers, an adult pig’s small intestine
harbors up to 10° bacteria per gram of luminal content (Tiwari, Singh et al. 2019), while
the pig’s colon harbors around 10%°-10* bacteria per gram of luminal content (Guevarra,
Lee et al. 2019). The high bacterial counts in the pig’s proximal colon allow for the highest
fermentative capacity, consistent with observations that most fiber compounds in feed are
digested in the large bowel (Pu, Li et al. 2020). The pig’s caecum also harbors significant
amounts of gut bacteria (10° bacteria per gram of luminal content) (Allison, Robinson et al.
1979), and their fermentative capacity comprises a significant contribution to the digestion
of feed. However, the fermentative capacity of the caecum microbiota is lower than that of
the microbiota residing in the colon or rectum (Bauer, Williams et al. 2004).

In this thesis, gut ecology was studied by determining the relative composition of bacterial
species in luminal or faecal material of the intestinal tract. Throughout the thesis, the term
microbiota exclusively applies to bacterial microorganisms within the GIT.

Role of gut microbiota in pigs

Due to its high bacterial counts, the gut microbiota has a large contribution to the
presence of enzymes in the gut that help break down feed components. These enzymes
can be proteases, lipases and carbohydrate active enzymes that are added to the pool of
digestive enzymes produced by the host. The bacteria’s metabolic activity also results in
the production of bacteria-derived metabolites, notably short-chain fatty acids (SCFAs),
amino acids, vitamins such as vitamin B and K (Hill 1997), and many other metabolites.
SCFAs are an important energy source for intestinal epithelial cells (Parada Venegas, De la
Fuente et al. 2019), and the utilization of amino acids that originate from both alimentary
and endogenous proteins by gut bacteria results in amino acids becoming available to the
host (Neis, Dejong et al. 2015). Disruptions in gut microbiota composition that impact the
functional output of the gut microbiota are thought to be important drivers of gut related
disorders (Neis, Dejong et al. 2015). This underlines the importance of the gut microbiota’s
role in the digestion of feed.
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The community of gut microbiota mainly consists of non-pathogenic inhabitants of the
host’s GIT. With a well-established community of commensal bacterial species, most if not
all ecological niches in the host’s GIT are taken. This prevents the successful colonization of
bacterial newcomers and as such also prevents the successful colonization of pathogenic
microorganisms. This competitive exclusion of pathogens is most successful in adult hosts
that no longer have a highly dynamic microbiota composition, but instead have a well-
established, stable community of commensal bacterial species.

Characteristics of feed to alter gut microbiota composition in pigs

The most widely used method to alter the gut microbiota composition in pigs is by changing
the composition of components in feed. An important factor is fibre content, with a higher
fibre content promoting the growth of fibre-degrading microbiota. Since most pathogenic
bacterial species are not specialized to degrade fibres, increasing the fibre content can be
seen as increasing the selective pressure against most bacterial pathogens. Some bacterial
pathogens perform well when the crude protein content in feed is relatively high, which is
why reducing the crude protein content in feed can be beneficial to prevent the promotion
of bacterial pathogens. There is a fine balance, however, because reducing the crude protein
content in feed can also decrease the pig’s growth performance due to nutrient limitations.

The acidity of feed is also animportant contributor to altering the gut microbiota composition
in pigs. As many pathogens, including the pathogenic species within the Enterobacteriaceae
family, suffer when acidity is increased, this approach has been used to prevent expansion
of these pathogens within the GIT. For species within the Enterobacteriaceae family, it is
known that an acidified environment triggers intracellular acidification, which prevents
replication. Additionally, the presence of SCFAs prevents the utilization of respiration for
bacterial species within this family, which lowers their competitive advantage (Sorbara,
Dubin et al. 2019). A second effect by which the acidity of feed contributes to alteration of
the gut microbiota composition in pigs, is related to the highly acidic environment of the
pig’s stomach. With acidified feed, the dip in the stomach’s acidity during feeding is not
as pronounced, which means the stomach’s acidity is better maintained. By reducing the
window of opportunity that is related to dips in the stomach’s acidity, fewer microorganisms
will survive the highly acidic environment of the stomach, which additionally means fewer
pathogens will be able to colonize the host’s GIT.

Another important factor that impacts gut microbiota composition in pigs, is the structure
of pig feed. With a coarse feed structure, meaning feed particles are relatively large, more
feed components will reach the hindgut of the pig undigested. This promotes fermentative
activity in the colon, increasing butyrate metabolism by colonic enterocytes and increasing
epithelial transport of SCFAs. Coarse particle size increases stomach and hindgut acidification
which may be beneficial to prevent expansion of bacterial species within the family of
Enterobacteriaceae (Kiarie and Mills 2019). On the other hand, finer feed particle sizes allow
for better nutrient utilization, and the increased surface area allows for better contact with
digestive enzymes in the GIT, meaning that choosing the right particle sizes for pig feed is a
balancing act.
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Dietary interventions to alter gut microbiota composition in pigs

Since the discovery and use of antibiotics such as penicillin for human health, antibiotics
have been used as AGPs in livestock production. These AGPs are historically used at
subtherapeutic levels to improve the rate of growth and efficiency of feed utilization,
reduce mortality and morbidity, and improve reproductive performance (Cromwell 2002).
To limit the emergence and spread of antimicrobial resistance (AMR) in human and animal
microbiota and pathogenic species, the use of AGPs has been prohibited in many countries.
Due to this ban, livestock farmers, feed producers and researchers are looking for alternative
feed supplements that can mimic the effects of AGPs. The mechanisms by which AGPs
are capable of increasing pig performance are not completely understood, however, such
understanding would help to develop effective alternatives (Brown, Uwiera et al. 2017).
It was expected that AGPs have a strong influence on microbiota composition in livestock
animals, but several studies concluded that microbiota composition was not altered by AGP
treatment, or was only modestly affected (Brown, Uwiera et al. 2017).

Zinc oxide (ZnO) is an inorganic compound that is known to increase pig’s growth
performance, feed intake and feed utilization (Hill, Mahan et al. 2001). At high inclusion
rates, also called pharmacological levels, ZnO is expected to have an antimicrobial effect in
the pig’s gut, an effect that overlaps with the effects of AGPs. For ZnO it has been shown
that its inclusion in pig feed can alter microbiota composition, as well as its metabolic
activity (Starke, Pieper et al. 2014). An important reason for its use is that ZnO allows for
efficient control of post-weaning diarrhoea (PWD) and has been shown to have a moderate
antibacterial effect against Escherichia coli F4 (K88), which is an important causative agent
of PWD (Bonetti, Tugnoli et al. 2021). Additionally, ZnO offers more beneficial effects to
post-weaning pigs due to its multiple modes of action on feed digestion, the host’s immune
system, secretion of host enzymes, antioxidant activity, and changes to intestinal morphology
(Bonetti, Tugnoli et al. 2021). Although ZnO has been successfully used on a large scale as an
alternative for AGPs, the sustainability of this intervention is under debate. Zinc is a heavy
metal and its increased release into the environment due to extensive use in pig production
is an unwanted side-effect. Another detrimental side-effect of the extensive use of ZnO is its
contribution to the spread of AMR (Bednorz, Oelgeschlager et al. 2013, Medardus, Molla et
al. 2014, Slifierz, Friendship et al. 2015), which is yet another reason to reduce its inclusion
in pig feed.

Prebiotics are compounds that have a relatively low digestibility. This means that a large
proportionends upinthe hindgut, where they are fermented by the gut microbiota. Prebiotics
are fibrous compounds that are not broken down by the host’s enzymes or absorbed by the
gut epithelium, but instead are broken down by specialized fibre-fermenting microbiota.
Since prebiotics selectively stimulate the growth of fibre-fermenting microbiota, which nearly
always are beneficial microorganisms, they are seen as an adequate instrument to steer
the gut microbiota composition in the right direction. Prebiotics typically are non-digestible
carbohydrates, and examples are fructooligosaccharides (FOS), galactooligosaccharides
(GOS), inulin, B-glucans, resistant starch, pectin, cello-oligosaccharides, lactulose and
arabinoxylans (Shim 2005). When prebiotics are fermented, organic acids such as lactate,
acetate, butyrate and propionate are produced (Shim, Verstegen et al. 2005), which can
readily be taken up and metabolised by the gut epithelium as an energy source (Parada
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Venegas, De la Fuente et al. 2019). The most practical implementation of prebiotics is by
adding them as a supplement to feed.

Probiotics are live microorganisms that confer beneficial effects to the animal host by several
modes of action. An important mode of action of many probiotic strains is the competitive
exclusion of harmful microorganisms by either competing for a particular ecological niche,
or by direct antagonistic effects. Another mode of action is the fermentation of feed
components generating metabolic products that can be taken up by the host. Probiotics can
also stimulate the development of gut physiology or the host’s immune system (Verdu 2009,
Sanchez, Delgado et al. 2017). Regularly used probiotics in livestock production include
species within the bacterial genera of Lactobacillus, Bifidobacterium, Enterococcus, Bacillus,
Lactococcus, Leuconostoc, Pediococcus, Escherichia, Propionibacterium and Streptococcus,
as well as the yeast Saccharomyces. Probiotic formulations can be administered by direct
feeding, by inclusion in feed, by inclusion in drinking water, or by using probiotic strains
as inoculant for fermenting feed (e.g. inoculation of liquid feed). The latter option has the
benefit of propagating the probiotic strain prior to feeding, and additionally liquid feed that
is actively being fermented can be guaranteed to contain actively metabolizing bacteria,
numerous bacterial enzymes, and metabolic products such as SCFAs.

Timing of dietary interventions

In pig production, dietary interventions are most frequently administered during the post-
weaning phase. The reason for this is that mixing dietary interventions with the solid feed,
and thus thereby supplementing solid feed, provides the most practical solution. Given
that the amount of feed ingested by each individual animal is within the same order of
magnitude, the dietary intervention will also be equally administered to each individual.
During the pre-weaning phase, it is possible to provide dietary interventions to piglets by
adding it to the creep feed, which is typically placed in nursery pens in the second week
after parturition. However, piglets do not ingest creep feed in equal amounts (Choudhury,
Middelkoop et al. 2021), which means the dietary intervention is not guaranteed to be
administered to all individuals in equal and adequate amounts. Another option would be to
manually feed the dietary intervention to piglets during the pre-weaning phase, but since
that includes picking up animals, this option leads to investment of substantial labour, and
stress to animals. To date, the majority of conducted in vivo studies have looked at effects of
administering dietary interventions during the post-weaning phase. As piglets suffer most
often from gut related disorders such as diarrhoea in the first six weeks of life, it may be
useful to start promoting gut health during the pre-weaning phase, which typically lasts for
three to four weeks.

Selected candidates as dietary interventions

Yeast-derived 8-glucans

Yeast-derived B-glucans originate from the cell walls of baker’s yeast, and due to the
possibility of their large-scale production, have been extensively used in food and feed. As
yeast-derived B-glucans are widely implemented in the food and feed chain, several yeast-
derived B-glucan products have been tested in in vitro and in vivo studies. Yeast-derived
B-glucans have been shown to stimulate immune cells (Hahn, Lohakare et al. 2006, Sonck
2011, Vetvicka and Oliveira 2014, Geervliet, Lute et al. 2020), and the general line of thought
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is that most immune stimulating effects of B-glucans in vivo are established through their
binding to cell receptors such as Dectin-1 and CR3 (Zhu, Du et al. 2015, Sahasrabudhe,
Dokter-Fokkens et al. 2016, Kanjan, Sahasrabudhe et al. 2017), which in turn triggers
immune pathways (Dennehy and Brown 2007, Jin, Zhang et al. 2019). The activation of
immune pathways leads to expression of cytokines and chemokines by local immune cells.

In addition to acting as an immune stimulant, B-glucans are also thought to confer beneficial
effects as prebiotic fibres. Due to their (1,3)-B-linked backbone with small numbers of
(1,6)-B-linked side chains, yeast-derived B-glucans are not digested by the host’s enzymes,
but are instead fermented by fibre-fermenting bacteria in the hindgut. For this prebiotic
effect to be noticeable, enough yeast-derived B-glucans need to be included in pig feed,
i.e. at similar amounts as other prebiotic compounds are included. To summarize, when
administered in adequate amounts, yeast-derived B-glucans provide a promising feed
additive to both stimulate the immune system and to change the gut microbiota composition
in a beneficial manner by its prebiotic effects.

EcN

Escherichia coli Nissle 1917 (EcN) is a probiotic strain that has been successfully used in
human health for over 100 years (Mutaflor®), and that has been used in dairy health for
over 15 years (Ponsocol®). EcN is one of the most extensively studied probiotic species, and
has been found to confer its beneficial effects to the host due to a range of factors. These
include the ability of EcN to compete against close relatives (i.e. pathogenic species in the
family of Enterobacteriaceae), its ability to form biofilms, its ability to produce antimicrobial
compounds like colibactin and microcins, its ability to scavenge iron in the lumen by the
production of siderophores, and its ability to stimulate the host’s local and systemic immune
system (Sonnenborn and Schulze 2009, Behnsen, Deriu et al. 2013, Sonnenborn 2016,
Wassenaar 2016). Given that EcN has been successfully used in humans of all ages (including
neonates), and its successful use in the dairy industry (mainly by administration to calves),
EcN is a promising probiotic candidate for use in pig production.

What shifts in gut microbiota composition are desired?

Itis not easy to determine what the most beneficial composition of the pig’s gut microbiota is
at each stage of growth. However, a healthy pig is supposed to have a sufficiently diverse gut
microbiota, sothatall the digestive functions of the GIT thatare required at the present growth
stage are fulfilled. This means for example, that a suckling piglet’s GIT contains sufficient
lactobacilli, bifidobacteria and other strains to adequately assist with the digestion of sow
milk contents such as lactose, oligosaccharides, fats and proteins. Another requirement for
aresilient pig is colonization resistance, which is mostly exerted by antagonism to pathogens
by the microbiota. This can be achieved by occupying most ecological niches within the pig’s
GIT, and for example by a sufficiently high production of SCFAs to adequately inhibit the
growth of pathogenic strains within the family of Enterobacteriaceae.

A number of bacterial groups are generally regarded as having a beneficial impact on gut
health. Members of this group are the lactic acid bacteria (e.g. Lactobacillus, Bifidobacterium,
Leuconostoc, Pediococcus, Lactococcus, Streptococcus, Enterococcus), the acetic acid
bacteria (e.g. Acetobacter), the fibre-degraders that produce saccharolytic enzymes (e.g.
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Ruminococcus, Prevotella), and a number of bacterial groups that each have their own
unique but important function (e.g. Propionibacter, Akkermansia), while bacterial species/
families that are generally regarded as detrimental to health are for example bacterial
species in the family of Enterobacteriaceae such as Escherichia coli and Salmonella species.
Not all Escherichia coli and Salmonella strains are detrimental to health though, as many of
these strains belong to the group of gut commensals that have their own ecological niche
within the pig’s GIT. Yet, researchers and livestock producers typically test interventions
with the aim of increasing the abundance of beneficial bacterial groups while reducing the
abundance of bacterial groups that may be detrimental to health.

Role of gut epithelium in pig gut health

In order to prevent the entry of gut bacteria into the host’s body, a physical barrier of gut
epithelium is in place lining the entire GIT, and consisting mostly of enterocytes. Goblet cells
within the gut epithelium continuously produce mucus, which provides a second barrier to
prevent most members of the gut microbiota from approximating the gut epithelial cells.
Behind the gut epithelium lies the lamina propria, which is a thin layer of connective tissue
that contains numerous host immune cells, such as fibroblasts, lymphocytes, plasma cells,
macrophages, leukocytes, mast cells and dendritic cells. Together with mesenteric lymph
nodes (MLN), Peyer’s patches, intra-epithelial lymphocytes and isolated lymphoid follicles,
the lamina propria forms the gut-associated lymphoid tissue (GALT), that helps defend
against microorganisms that have crossed the gut epithelium.

The pig’s gut epithelium contains enterocytes, goblet cells and intra-epithelial lymphocytes,
a number of other specialized host cells, namely enteroendocrine cells, stem cells, M-cells
and Paneth cells. Especially Paneth cells are known to specialize in the production of
antimicrobial proteins and peptides, and the gut epithelium is known to secrete a wide
range of antimicrobial compounds such as alpha defensins, beta defensins, lysozyme,
complement factors, cathelicidins and REG-Ill. Most of these compounds have a broad
antimicrobial activity against both Gram-positive as well as Gram-negative bacteria, but
also against other microorganisms such as fungi, yeasts, and viruses. With its action as a
physical barrier, its generation of a mucus layer, its harbouring of an important part of the
GALT, and its secretion of antimicrobial compounds, the gut epithelium forms an important
defence against pathogenic microorganisms that reside within the GIT’s lumen. For a visual
representation of the content and components of the gut epithelium, its development over
time, and the local immune system, see Figure 1 below.

Interaction between members of the gut microbiota and porcine mucosal barrier

As mentioned before, there exists a layer of mucus between the gut epithelium and the lumen
of the GIT. This mucus layer physically separates members of the gut microbiota inhabiting
the lumen from the host’s cells. Even though in most situations there is no direct contact
between members of the gut microbiota and host cells, there exists an interaction. The gut
microbiota releases a broad range of metabolic products and microbe-associated molecular
patterns (MAMPs) that permeate the mucus layer, of which the latter are recognized by
gut epithelium cells and immune cells via receptors such as toll-like receptors (TLRs). Even
though most members of the gut microbiota are not pathogenic, they can release MAMPs
like lipopolysaccharides (LPS), flagellin and peptidoglycan. Exposure of host cells to MAMPs
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Figure 1. The early-life development of the gut microbiota, the gut epithelium and the local immune system in pigs.
A schematic representation of the contents in the gut lumen, the gut epithelium, the lamina propria, and the local
immune system which contains Peyer’s patches and Mesenteric Lymph Nodes.

leads to activation of the innate immune system (Kumar, Kawai et al. 2011), and stimulates
the maturation of immune cells like for example dendritic cells (Joffre, Nolte et al. 2009).
Upon activation of the innate immune system, the gut epithelium is stimulated to produce
and secrete antimicrobial compounds that enter the mucus layer and the GIT’s lumen. Many
of these antimicrobial compounds are membrane damaging peptides leading to cytoplasm
leaking out of the cell that ultimately results in the bacteria’s peril (Huttner and Bevins 1999).
Apart from this, the gut epithelium is additionally known to secrete microRNAs (miRNA) that
promote the growth of particular bacterial species, while they negatively impact the growth
of other bacterial species (Bi, Zhang et al. 2020). A third route by which the host epithelium
can interact with the gut microbiota, is via the stimulation of mucus production by goblet
cells. By thickening the mucus layer, more distance is created between members of the
gut microbiota in the lumen and the gut epithelium. Some bacteria, such as Akkermansia
muciniphila, break down components of the host’s mucus layer, which helps the mucus
layer to continuously renew itself (Ouwerkerk, van der Ark et al. 2016). For this reason, the
presence and activity of Akkermansia muciniphila is seen as contributing positively to gut
health (Ouwerkerk, van der Ark et al. 2016). Since Akkermansia muciniphila resides within
the mucus layer, it exists at a relatively close proximity to the gut epithelium. The same holds
for biofilm forming gut commensals that form biofilms lining the intestinal wall. This has
resulted in the gut epithelium’s relatively high tolerance to nearby commensal bacteria and
exposure to MAMPs (Pfefferle and Renz 2014). If it would react as dramatically to MAMPs as
most systemic immune cells do, the gut epithelium would continuously become inflamed,
and apoptosis of enterocytes would frequently be activated. Instead, when commensal

10
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gut bacteria approximate the gut epithelium, it typically reacts by increasing its mucus
production and increased release of antimicrobial compounds (Peng, Tang et al. 2021).

Aims and outline of this thesis

The work presented in this thesis was part of an integrated project entitled “Mucosal gut and
airway immune competence, dietary modulation, and resilience against external induced
and internal dysregulation”. With its main focus on gut microbiota, the primary aim of the
research described in this thesis was to investigate how early-life dietary interventions
influence the gut microbiota and the gut epithelial barrier, with the ultimate goal to reduce
weaning-associated health problems. It was hypothesized that, due to piglets not having a
fully developed gut microbiota and host immune system in the first weeks of life, dietary
interventions would have a greater chance to induce changes to the composition of the
gut microbiota, to the gut epithelial barrier and to overall immunological responsiveness.
Additionally, because piglets suffer from post-weaning diarrhoea just after weaning, the
best time to induce the development of the gut microbiota and the host’s immune system
was thought to be during the pre-weaning phase. Yeast-derived B-glucans (MacroGard®)
and the Gram-negative bacterial strain E. coli Nissle 1917 (Ponsocol®) were selected as
suitable candidates to test our hypothesis, as they have previously been utilized to enhance
gut health. Apart from this primary aim, this thesis furthermore aims to contribute to a
more comprehensive understanding of gut microbiota and immune system development
in early life. Overall, the research described in this thesis provides new insights in the host-
microbe interactions in neonatal piglets and sets the stage for future microbiological and
immunological research that involves dietary interventions.

In Chapter 1, | provide relevant background information and the aims and outline of this
thesis are presented. In line with the main aim of this thesis, a more detailed review of the
current state of the art with respect to effectors of microbiota development in the pig’s GIT,
and the non-microbial and microbial feed interventions that have been performed to date
is then provided in Chapter 2. In this chapter, a division is made between the development
of the gut microbiota during the pre-weaning phase versus the post-weaning phase. Dozens
of porcine in vivo studies have been performed to assess the impact of a broad range of
dietary interventions on gut microbiota composition. Additionally, current knowledge
about the interaction of the gut microbiota with the host is summarised, as well as current
understanding of the relation between microbiota composition and disease susceptibility.

In Chapters 3 and 5 the results of the main porcine in vivo study conducted in the
framework of this research project are presented to answer the question as to whether and
to what extent different dietary interventions influence gut microbiota composition and
the immune system in early life. To this end, we designed and carried out a 10-week study
during which yeast-derived B-glucans, EcN or a tap water placebo treatment were perorally
administered to pigs from day 2 to day 44. Blood, tissue, luminal content and faecal samples
were collected at different pre- and post-weaning time points. Chapter 3 describes the
results with respect to the pre- and post-weaning effects of yeast-derived B-glucans on gut
microbiota composition and the immune system. Additionally, we investigated whether
yeast-derived B-glucans modulate the pig’s immunocompetence (i.e. the ability to produce
an effective immune response to an antigen, thereby providing protection in case of

11
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exposure to a pathogen) by analysing the antibody responses induced after oral vaccination
against Salmonella enterica serovar Typhimurium.

Designing and executing in vivo studies requires considerable preparation and planning.
Therefore, a pilot study was conducted (Chapter 4) prior to the larger in vivo experiment
(Chapters 3 & 5) to test and improve logistic and methodological procedures (e.g. dissection
procedures). This also helped to select the most promising concentration of EcN to be
administered during the main in vivo experiment. In addition, results from the pilot study
provided valuable insights concerning the spatio-temporal presence of EcN in faeces, the GIT
lumen and in the mucosal layer. It also allowed us to study potential cross-contamination of
EcN between treatment and control animals, translocation of EcN to the MLN, and whether
gut acidity is influenced by the presence of EcN. To summarize, the final outline, protocols
and methods of the main in vivo study were refined by using the results that were obtained
during this pilot study.

In Chapter 5 the results of the main porcine in vivo study are presented to answer the question
as to whether and how EcN influences the development of gut microbiota composition and
the immune system in early life. Viable EcN cells were perorally administered to pigs from
day 2 to day 44. Blood, tissue, mucosal scrapings, luminal content and faecal samples were
collected at different pre- and post-weaning time points to study the pre- and post-weaning
effects of this probiotic strain on gut microbiota composition, gene expression of the gut
epithelium, and the immune system. Additionally, we investigated whether EcN modulates
the pig’s immunocompetence (i.e. the ability to mount an effective immune response to
an antigen, thereby providing protection in case of exposure to a pathogen) by analysing
the antibody responses induced after oral vaccination against Salmonella enterica serovar
Typhimurium.

In the final chapter of this thesis, Chapter 6, | summarize and discuss the results in light of

other scientific literature. In addition, | provide recommendations for future research and
for the application of novel dietary interventions in livestock production.
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Abstract

Starting at birth, the intestinal microbiota of piglets develops rapidly from a simple
to a more stable, mature ecosystem, following a highly dynamic developmental
trajectory that includes a strong disturbance particularly around the time of weaning.
The microbiota in the gastro-intestinal tract of piglets plays numerous beneficial
roles. Apart from its fermentation activity, the microbiota also stimulates a proper
development of gut physiology, host immunity and general well-being of the piglet.
Conventional methods to prevent gut-related issues include the use of antimicrobial
growth promoters and the inclusion of zinc oxide in feed. As these conventional
methods have several drawbacks, new methods are being developed to improve
gut microbiota development and thereby prevent gut-related issues. Of these new
methods, the inclusion of fibrous components in feed and the administration of
probiotics are thought to be the most promising. To date, several in vivo studies
have shown the effectiveness of including fibrous components or probiotics in feed.
Although results are promising in a number of these studies, optimal inclusion rates
of fibrous components are still to be found, and the use of probiotics also comes
with some practical obstacles. This chapter reviews the available literature on the
subject and offers a comprehensive understanding of the factors involved in the use
of conventional and innovative methods to ameliorate impaired piglet gut health.

Keywords: gut health, early-life, livestock, prebiotics, probiotics




Microbiota Development in Piglets

Introduction

The gut microbiota has numerous beneficial roles, such as fermentation of fibres, generation
of vitamins, stimulation ofimmune development and prevention of pathogen colonization. To
date, the piglet’s microbial gut ecology has been extensively studied, and this has been made
possible by the advent of molecular, cultivation-dependent approaches, and particularly the
more recent rapid developments in next-generation sequencing methods. These methods
have allowed several developmental mechanisms to be outlined. One of these mechanisms
is that the composition of the microbiota becomes more diverse over time, especially
during the first days of postnatal life as microbes from the environment colonize the gastro-
intestinal (Gl) tract. Starting at birth, the microbiota in the Gl tract develops in a highly
dynamic environment, with the host gut physiology and the innate immunity developing in
parallel (Kim, Hansen et al. 2012). As in other mammals, the Gl tract of piglets is mostly oxic
at birth, although the metabolizing activity of early colonizing microbiota results in oxygen
depletion over time during the first postnatal week. Subsequently, new niches become
available for anaerobic microbes, as large parts of the Gl tract become anoxic (Jost, Lacroix
et al. 2012). This changing environment results in a complex ecosystem with a dynamic
composition that shifts over time and along the entire Gl tract (Isaacson and Kim 2012).

Another important factor that strongly impacts the development of the gut microbiota
in early life is the consumption of sow milk, which results in a milk-oriented microbiome
(Frese, Parker et al. 2015). Host genotype and other factors, such as environmental factors,
also impact microbiota composition, although the underlying mechanisms for selection
of specific microorganisms are currently poorly understood. A new phase of microbiota
development starts when the pigs are reared on solid feed, which occurs after weaning.
The transition to solid feed leads to an enrichment of functional pathways that are involved
in plant glycan metabolism (Frese, Parker et al. 2015), which relates to the plant-derived
ingredients that are present in weaner diets. In addition to the changes in gut microbiota
development, the sudden shift to solid feed can result in low or erratic feed intake, which is
considered a risk factor for disease. Additional risk factors for disease include high dietary
protein content, low levels of hygiene, low ambient air quality or low ambient air temperature
(Lallés, Boudry et al. 2004). Just after weaning, the rapid changes in microbiota composition
and activity result in a higher incidence of GI complications. These complications include a
decrease in villus height (Hampson 1986), villus atrophy (Al Masri, Huenigen et al. 2015),
reduced activity of intestinal digestive enzymes, disturbed intestinal permeability and the
colonization of enteric pathogens such as Escherichia coli and rotaviruses (Lalles, Boudry et
al. 2004).

Many pathogens found in pig herds are of viral origin, and vaccines are being developed
to fight these viral diseases, such as Influenza (Romagosa, Allerson et al. 2011), African
Swine Fever (ASF) (Argilaguet, Pérez-Martin et al. 2012), Porcine Reproductive Respiratory
Syndrome (PRRS) (Meng 2000) and Porcine Circovirus type 2 (Rose, Andraud et al.
2016). Although comparatively less contagious than most viral diseases, bacterial-borne
diseases, such as enterotoxigenic E. coli (ETEC), Streptococcus suis, Salmonella enterica
and Clostridioides difficile are also of economic importance because they can lead to pig
mortality. Notably, within the EU approximately 17% of liveborn piglets are lost and of these
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losses, a substantial proportion can be associated with mucosal infections (Lallés, Bosi et
al. 2007). The transition period of weaning is associated with Gl tract infections, most often
with colibacillosis diarrhoea (Gresse, Chaucheyras-Durand et al. 2017). As advised by Luppi
in 2017, when dealing with colibacillosis, it is important to diagnose which ETEC type is
responsible and to test for antimicrobial sensitivity, because antimicrobial sensitivity is highly
variable among E. coli isolates (Luppi 2017). Enteric microbial infections can, although with
clear drawbacks, typically be prevented and treated using antibiotics and/or antimicrobial
supplements such as Zinc Oxide (ZnO) and copper sulphate. One of the drawbacks of the use
of both antibiotics and antimicrobial supplements is the selection for antimicrobial resistant
microbes (Moreno 2014).

Globally, the rising rate of antimicrobial resistance, caused by widespread use of antibiotics,
is a significant concern. Antibiotics used in livestock production are closely related to
those used for humans, and cross-species transmission of resistant bacteria or resistance-
conferring genetic elements from animals to humans can occur (Tang, Caffrey et al.
2017). Furthermore, the use of zinc and copper in pig feed has been shown to result in
the presence of multi-drug resistant Salmonella (Medardus, Molla et al. 2014), methicillin-
resistant Staphylococcus aureus (Slifierz, Friendship et al. 2015) and multi-drug resistant
E. coli (Bednorz, Oelgeschlager et al. 2013). Additionally, the use of zinc and copper at
therapeutic dosage in pig feed is suspected to cause environmental pollution (Jondreville,
Revy et al. 2003). Frequent use of antibiotics may result in the spread of multi-resistant
bacteria (Landers, Cohen et al. 2012, Barton 2014), and concerns regarding public health
have resulted in legislation reducing the use of antibiotics in livestock. To this end, the EU
has banned the use of antibiotic growth promoters (AGPs) in 2006 and has more recently
decided to limit the use of ZnO to a maximum of 150 mg/kg in feed (Starke, Pieper et al.
2014). However, according to several studies, AGPs are still used in a prophylactic manner.
In addition, ZnO is also used at therapeutic levels, which often exceed 150 mg/kg (Barton
2014, Moreno 2014, Rhouma, Beaudry et al. 2016). Currently, the majority of antibiotics
are still used in the livestock sector (Landers, Cohen et al. 2012), which emphasizes the
need to develop non-antibiotic alternatives to prevent and control Gl tract infections
(Gresse, Chaucheyras-Durand et al. 2017). There exists an extensive body of literature on
non-microbial and microbial dietary interventions that have been tested in in vivo trials to
assess their impact on the porcine Gl tract microbiota. Of the dietary interventions tested,
a number were shown to have a beneficial effect and as such could possibly be further
developed and used as nonantibiotic alternatives.

This chapter will provide an overview of both the development of the microbiota in the
Gl tract of piglets and the effectors involved. It will also describe findings regarding the
interaction between the microbiota and the host, the relation of microbiota composition to
disease (predisposition) and of microbial and non-microbial feed additives that are used to
ameliorate gut-related issues in early life.
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Effectors in early-life microbiota programming

The stomach functions as a pre-digestive organ that prepares the ingested feed for digestion
at a low pH and that mixes solids with liquids. In the small intestine nutrients are hydrolysed
by digestive enzymes and are transported across the epithelium. The large intestine acts as
a fermentation chamber where mostly fibres and other indigestible feed components are
broken down by anaerobic bacteria into components that can be absorbed and used by
the host, such as short chain fatty acids (SCFAs). The SCFAs are important because they are
used as an energy source by the host. In addition to allowing a proper fermenting capacity
with the corresponding release of breakdown products in the Gl tract, the gut microbiota
is important for the development of gut physiology, immunity, and general well-being of
the piglet (Guevarra, Lee et al. 2019). Most studies have demonstrated that Firmicutes and
Bacteroidetes are the two main phyla with the highest relative abundance along the entire
Gl tract and in the faeces of piglets (Kim, Borewicz et al. 2011, Looft, Allen et al. 2014, Gresse,
Chaucheyras-Durand et al. 2017). This is in contrast to some studies that showed exceptions
to this finding, with one study that indicated Firmicutes and Proteobacteria to be the main
phyla in both the jejunum and the ileum (Yang, Huang et al. 2016). Additionally, most studies
have found an increasing trend of microbiota diversity as the piglets age (Chen, Xu et al.
2017, Wang, Tsai et al. 2019). At birth, the piglet’s gut is exposed to microbes for the first
time and these microbes originate from the sow’s vagina during the piglet’s passage through
the birth canal. Subsequently, piglets are exposed to microbes in the housing environment,
including microbes from the sow’s faeces and microbes from the sow’s skin during lactating.
As few niches of the gut ecosystem are occupied in the first days after birth, many of these
early microbial exposures lead to successful colonization. In general, exposure to microbes
in the early stages of postnatal life is not considered detrimental, since the development of
the gut microbiota requires continuous microbial exposure (Schmidt, Mulder et al. 2011).

As mentioned in the introduction, the Gl tract is a largely oxic environment after birth.
This results in the acquisition of oxygen tolerant bacteria during the first 24 hours, such
as lactic acid bacteria, enterobacteria and streptococci (Lalles, Bosi et al. 2007). Other
bacteria such as Bacteroides, Lactobacillus, Bifidobacterium and Clostridium colonize
shortly after the first colonizers, namely, within one to five days after birth (Petri, Hill et
al. 2010). In one study a stable microbiota composition was observed from the first day
after birth and remained for the first three weeks. It mainly consisted of Enterobacteriaceae,
Lachnospiraceae, Bacteroidaceae, Clostridiaceae and Lactobacillaceae (Frese, Parker et al.
2015). This is in contrast to what happens in human neonates, where early colonizers such
as Lactobacillus and proteobacteria are supplanted during the first weeks of postnatal life
by bacterial taxa that can feed on components of mother milk such as bifidobacteria and
Bacteroides (Orrhage and Nord 1999, Dominguez-Bello, Costello et al. 2010). Several studies
have shown the relevance of early-life gut microbiota development for gut health later on.
A study by Dou et al. (Dou, Gadonna-Widehem et al. 2017) showed that a higher relative
abundance of particular microbial groups during the nursing stage profoundly affects the
emergence of post-weaning diarrhoea. Pigs that did not develop diarrhoea during the post-
weaning period displayed a higher relative abundance of Prevotellaceae, Lachnospiraceae,
Ruminococcaceae and Lactobacillaceae at day 7 of age compared to diarrhoeic pigs. In
another study it was shown that administering multiple species of microbes to sows during
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gestation and lactation influenced the composition of the microbiota and the concentration
of SCFAs in the faeces of piglets during the post-weaning phase (Mori, Ito et al. 2011). These
studies illustrate the potential for applying microbial interventions in the first weeks of
postnatal life.

Host genotype was also shown to play a crucial role in the development of the microbiota
along the Gl tract of piglets. In a study by Xiao et al. (Xiao, Kong et al. 2018), the microbiota
composition along the Gl tract of piglets from two separate breeds (Jinhua vs Landrace) was
investigated using 16S rRNA gene sequencing. The microbial diversity in the duodenum,
jejunum and caecum was found to differ between the two breeds, whereas the ileal and
colonic microbial diversity was similar. Furthermore, several bacterial groups were different
in terms of relative abundance along the entire Gl tract between the two breeds, with jejunal
and ileal microbiota showing the greatest contrast. In addition to genotypic and microbiota
differences between breeds, differences within pig breeds also exist, albeit smaller. Pig
breeders typically select for general traits such as growth performance and overall health,
but many breeders also take into account specific genotypic traits such as the absence
of particular receptors along the gut lining that provide elevated colonization resistance
against particular pathogens. One example is the breeding of F4 receptor-negative (F4R
) pigs, which prevents the adhesion and subsequent infection by the diarrhoea causing
pathogen ETEC harboring F4 (K88)* fimbriae (Zhou, Zhu et al. 2015). Although this Mucin 4
gene polymorphism has been shown to affect susceptibility to ETEC, it was also shown to
have an effect on bacterial diversity in the jejunum, which might indicate that the interplay
between the host and the microbiota is affected by the presence of this receptor (Messori,
Trevisi et al. 2013). In addition to the Mucin 4 gene, the Mucin 13 gene is also of relevance
because one of its two transcripts was reported to be associated with efficient binding by
strains of E. coli that have F4 fimbriae (Ren, Yan et al. 2012).

Several effectors (i.e. diet, age) have a strong impact on composition of the microbiota
along the Gl tract. In order to find out which effectors are most important, the relative
contribution of effectors can be compared. For example, in one study it was shown that age,
introduction of solid feed and weaning were more important determinants of gut bacterial
succession in piglets than breed and nursing mother (Bian, Ma et al. 2016). Nevertheless,
piglet breed and nursing sow breed did lead to increasing differentiation of the piglet’s faecal
bacterial community, with specific bacterial taxa being associated with either piglet breed
or sow breed, the latter most likely due to differences in milk composition (Bian, Ma et al.
2016). The introduction of creep feed is similarly expected to have a measurable impact on
composition of the microbiota although, to the best of our knowledge, a trial specifically
dedicated to exploring this has yet to be published. In addition to the more obvious factors
affecting microbiota composition that were previously mentioned, factors like sanitary
conditions (Montagne, Arturo-Schaan et al. 2010), dam parity (Carney-Hinkle, Tran et al.
2013) and housing (Kubasova, Davidova-Gerzova et al. 2017) also have a measurable impact
on microbiota composition and as such should be taken into consideration.
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Effectors of post-weaning development of microbiota

Weaning is a critical event in a pig’s life. When a piglet switches from sow milk to solid feed as
a source of nutrients, it is a sudden and stressful event which strongly impacts piglet health
(Campbell, Crenshaw et al. 2013). Indeed, the piglet’s health is affected by the change in
diet and also by the accompanying social and environmental stresses. These stresses include
the separation from the mother, handling, transport, changing physical environments and
mixing of litters (Campbell, Crenshaw et al. 2013). In conventional pig husbandry practices,
piglets are weaned at approximately 3-4 weeks of age, while natural weaning would occur
much later at around 17 weeks of age (Jensen 1986). This difference between conventional
weaning and natural weaning is mostly due to economic reasons but also exists to prevent
damaging of sow teats, which occurs more frequently as piglets become older. Weaning
can lead to anorexia, which contributes to local inflammation in the piglet’s small intestine
(McCracken, Spurlock et al. 1999). Furthermore, weaning is frequently associated with
severe enteric infections and a high prevalence of enteric infections leads to overuse of
antibiotics, which raises economic and public health concerns (Gresse, Chaucheyras-
Durand et al. 2017). In addition to these concerns, antibiotics have been shown to have
long-lasting effects on microbiota composition and host gene expression in the piglet, even
when administered only once in the first week after birth (Schokker, Zhang et al. 2015).
Similarly, administration of antibiotics to sows around parturition was shown to result in
great differences in gut physiology of the offspring both during early neonatal life and at
six months of age, and this especially in response to a dietary challenge with a high fat
diet (Arnal, Zhang et al. 2014, Arnal, Zhang et al. 2015). Antibiotic use can be reduced if
the frequency of enteric infections is reduced. To prevent enteric infections at weaning, it
is important that the intestinal microbiota develops into a complex and stable community
that generates a tight ‘colonisation resistance’ or ‘competitive exclusion’ against pathogens
(Lalles, Bosi et al. 2007).

At weaning, the switch from highly digestible sow milk to less-digestible solid feed results
in a shift from milk-derived glycan metabolism to plant-derived glycan metabolism along
the Gl tract (Frese, Parker et al. 2015). The microbiota composition changes dramatically
(Konstantinov, Awati et al. 2006) with, for example, an increase in the relative abundance
of obligate anaerobes (Inoue, Tsukahara et al. 2005). This shift of the gut microbiota is
considered to be a main factor leading to post-weaning diarrhoea. As reviewed by Gresse et
al. (2017), most studies conducted on the weaning transition have reported a decrease in
bacteria of the Lactobacillus group accompanied by a loss of microbial diversity. In addition,
an increase was reported for Clostridium spp., Prevotella spp. and Proteobacteriaceae
(Gresse, Chaucheyras-Durand et al. 2017), while several studies reported a decrease of E.
coli after weaning (Pajarillo, Chae et al. 2014, Mach, Berri et al. 2015, Wang, Tsai et al.
2019). The decrease in gut microbial diversity might be the leading cause for post-weaning
diarrhoea, but the weaning transition is also associated with increased gut permeability
and intestinal inflammation (Brown, Maxwell et al. 2006). Although the weaning transition
entails a highly dynamic period in terms of microbiota succession that lasts approximately
1-2 weeks, changes in microbiota composition and further maturation still occur after this
period. For example, it was found that the most predominant genus Prevotella represented
up to 30% of all classifiable bacteria when pigs were 10 weeks of age, while this percentage
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decreased to 3.5-4.0% when pigs were 22 weeks of age. With this decrease in Prevotella, an
increase in Anaerobacter was observed. In the same time frame, an increase in the phylum
Firmicutes was observed, whereas the proportion of bacteria in the phylum Bacteroidetes
decreased (Kim, Borewicz et al. 2011). Most studies to date have focused on the period up
to and during the weaning transition but only few studies have addressed later periods.
As more longitudinal studies are carried out to investigate the dynamics of the Gl tract
microbiota of pigs well after weaning, hopefully a more complete picture can be obtained of
the maturation of pig gut microbiota during the later stages of life.

Interaction of microbiota with the host

Commensal gut microorganisms are important for the fermentation of dietary components
and for competitively excluding colonization and growth of pathogens. However, these
microorganisms may also interact with the porcine host cells and the immune system. Of
the porcine host cells, the first that the gut microorganisms come into contact with are the
epithelial cells. Commensal gut microorganisms affect the intestinal epithelial barrier (i.e.
activation of regulatory pathways) and, in turn, the intestinal epithelial barrier develops
tolerance towards their presence (Sharma, Young et al. 2010). In addition, microbial
colonization has a marked effect on the formation of lymphoid tissues and corresponding
immune system development. Although this finding does not originate from a porcine study,
the effect of microbial colonization was reported when using an alternative mammalian
model, namely the comparison between germ-free and colonized mice (Hooper, Littman et
al. 2012). With respect to porcine research, antibiotic treatment in the first week after birth
was shown to have long-lasting effects on host intestinal gene expression (Schokker, Zhang
et al. 2015). The presence of several taxonomical groups of bacteria, including Turicibacter,
Clostridiaceae, Streptococcaceae and Lactobacillaceae, was positively correlated with body
weight, which may partly be explained by interactions with the host immune system (Wang,
Tsai et al. 2019). Another bacterium that was found to be positively correlated with pig
body weight is Lactobacillus mucosae, which is known for its mucus-binding activity and
for its ability to improve barrier function of the epithelium (Wang, Tsai et al. 2019). The
possibility for specific microbiota to adhere to the gut lining of the host strongly dictates
the interactions that take place. In this respect the genome of the host is an important
player as it dictates the presence or absence of fimbriae-specific receptors on the small
intestinal microvilli to which specific microorganisms can adhere. Of these fimbriae-specific
receptors, the F4 and F18 fimbriae-specific receptors have been studied most intensively
(Nagy and Fekete 2005) due to their relevance in post-weaning diarrhoea. The F4 receptors
are expressed in intestinal tissue from birth, whereas F18 receptors are only fully expressed
after three weeks of age (Fairbrother, Nadeau et al. 2005). Many pathogenic strains are
adapted to bind to these receptors. For example, most ETEC strains that cause neonatal
colibacillosis carry the F4 (K88), F5 (K99), F6 (987P) or F41 fimbriae, while most ETEC strains
that cause post-weaning diarrhoea carry the F4 and F18 fimbriae, with which they bind to
receptors that are present on the porcine host’s enterocytes (Luppi 2017). Furthermore, F4
ETEC is able to colonize along the entire length of the jejunum and ileum, while F5, F6 and
F41 ETEC mostly colonize the posterior jejunum and ileum (Luppi 2017). Research in human
subjects has elucidated the chain of events that lead to diarrhoea caused by ETEC strains.

22



Microbiota Development in Piglets

The ETEC strains produce enterotoxins that increase cellular electrolyte and fluid secretion,
leading to hyper-secretory diarrhoea (Croxen and Finlay 2010). In response to exposure to
F4 ETEC bacteria, the piglet’s gut epithelium reacts by increasing the expression of specific
genes, such as those encoding TLR4 and IL-8 in the jejunum and porcine B-defensin 2 in
the ileum (Li, Piao et al. 2012). To summarize, there is an ongoing interaction between the
intestinal gut microbiota and the porcine host, and by adjusting the expression of genes
along the gut lining the porcine host is able to actively respond to the presence of pathogens.

Relation between microbiota status and disease susceptibility

The composition of the microbiota in animals is of importance as it determines to a certain
extent whether these animals are susceptible to enteric infections. In one study it was shown
that pigs that became low-Salmonella-shedding after a challenge with Salmonella enterica
serovar Typhimurium, had a higher relative abundance of the Ruminococcaceae family
before challenge than the high-shedding pigs. In addition, the high shedding pigs showed a
decrease in relative abundance of Prevotella 2 days post-inoculation, and increases in relative
abundance of various other genera, such as Catenibacterium and Xylanibacter (Bearson,
Allen et al. 2013). Similarly, the inclusion of a Saccharomyces cereviseae fermentation
product in the diet just after weaning altered the composition of the GI microbiota, which
resulted in higher relative abundances of Bacteroidetes and Lactobacillus after infection
with Salmonella (Price, Totty et al. 2010). In a more recent study, it was also found that
colonization resistance to Salmonella was influenced by the intestinal microbiota. Members
of Clostridia and cellulolytic microorganisms, such as Ruminococcus and Prevotella,
were positively linked to colonization resistance to Sa/monella while microorganisms
associated with suckling, such as Lactobacillus and Oscillospira, were present at higher
relative abundance in piglets that became infected (Arglello, Estellé et al. 2019). These
last authors suggested that a lack of microbiome maturation increased susceptibility to
infection. In summary, experiments that included a Salmonella challenge showed that the
predisposition of the microbiota is of relevance for the subsequent succession of disease in
piglets. Although these experiments do provide clues as to which taxonomic groups might
be helpful to increase colonization resistance against particular pathogens, more research is
required to better understand these interactions and to decipher through which means and
when to best steer Gl microbiota development towards desired endpoints.

Microbiota-inspired strategies to mitigate gut related issues

As previously discussed, the composition and functionality of the microbiota plays a crucial
role for the health of the porcine host and is influenced by multiple effectors including
colonization during and after delivery, diet and host genotype. Furthermore, feed efficiency
and other growth traits are linked to microbiota composition or with specific members of the
gut microbiota (Ramayo-Caldas, Mach et al. 2016, McCormack, Curido et al. 2017, Xiao, Yang
et al. 2018). In addition to growth traits, gut related health issues such as pathogen infection,
reduced gut barrier function and diarrhoea are linked to composition of the gut microbiota.
Strategies that are aimed at reducing the incidence of microbiota-related complications
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involve the timely presentation of creep feed, vaccination against enteric pathogens,
limitation of protein content in feed, inclusion of feed ingredients that can reduce gastric
pH, and exclusion of feed ingredients that can increase gastric pH. To date, several in vivo
studies have been carried out to look at the effect of creep feed intake on post-weaning feed
intake (Bruininx, Binnendijk et al. 2002) and on post-weaning occurrence of colibacillosis
(Carstensen, Ersbgll et al. 2005). It was shown that consumption of an adequate (not too
much and not too little) amount of creep feed during the nursing period stimulates early
post-weaning feed intake, while occurrence of diarrhoea and faecal shedding of haemolytic
E. coli were not conclusively associated with creep feeding.

Although vaccines are generally used to raise immunity against specific pathogens
and are generally not designed to have an impact on the overall composition of the
microbial community, the use of vaccines aimed at enteric pathogens can be identified
as a microbiota-inspired strategy to mitigate gut related issues. Considering that several
vaccines against enteric pathogens are widely used today and have proven their efficacy,
the use of vaccinations is mentioned here amongst the possible strategies used by livestock
producers to alter microbiota composition. Several vaccines were developed to protect
piglets against pathogenic E. coli strains, such as strains that produce the Shiga-like toxin Il
variant (SLT-lle) (Bosworth, Samuel et al. 1996). One such vaccine that was commercialized
is Coliprotec. This vaccine provides sufficient protection to piglets against a challenge
with ETEC F4 to significantly reduce the duration and severity of diarrhoea (Melkebeek,
Goddeeris et al. 2013). Vaccination of piglets against Salmonella has resulted in mixed
results, likely due to the complex infection strategy of Salmonella, with several studies
showing reduced presence/shedding of Salmonella in the mesenteric lymph nodes (MLNs)
or faeces (Denagamage, O’Connor et al. 2007). More recently, a number of vaccination trials
showed promising results (Wales and Davies 2017), including the trial by Roesler and co-
authors, where significant protection against clinical signs, shedding and tissue invasion was
observed (Roesler, Stief et al. 2010). As has been reviewed, more recent approaches using
mucosal presentation of antigens have been relatively successful, most likely due to the
enhancement of cell-mediated immunity and mucosal immunity (Wales and Davies 2017).

A review by Rist and co-authors reported that avoiding excessive amounts of protein that
reach the lower GI tract may reduce the incidence of post-weaning diarrhoea and inhibit
proliferation of pathogenic bacteria (Rist, Weiss et al. 2013). In addition, a moderate
reduction of dietary protein level may reduce the formation of detrimental fermentation
products, such as ammonia, hydrogen sulfide and biogenic amines. Moreover, there are
indications that the inclusion of fermentable carbohydrates could be promising to reduce
fermentation of detrimental proteins and proliferation of potential pathogenic proteolytic
bacteria (Rist, Weiss et al. 2013). In a pig trial focusing on the efficacy of a vaccine, the effect
of dietary protein content was tested in parallel. Subclinical oedema disease developed in
the pigs fed a low-protein diet, while pigs fed a high protein diet developed clinical oedema
disease and death (Bosworth, Samuel et al. 1996). Reduction of post-weaning diarrhoea can
also likely be achieved by limiting dietary protein content for a short period after weaning.
However, caution should be taken to provide sufficient protein to match the piglet’s
requirements, as otherwise growth performance might be compromised (Halas, Heo et al.
2007). Furthermore, it has been shown that a greater dietary crude protein (CP) content (i.e.
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230g CP/kg vs 130g CP/kg) increased coliforms in the faeces and decreased the lactobacilli
to coliform ratio in the proximal colon (Wellock, Fortomaris et al. 2006). Although increasing
crude protein content in feed led to an increase in faecal fluidity, it contrastingly also led
to improvements in average daily gain. Consequently, with the inclusion of crude protein,
there seems to be a trade-off between maximizing performance and minimizing risks of
post-weaning diarrhoea. Interestingly, it was shown that feeding a low protein diet (173g
CP/kg) supplemented with amino acids to conform to an ideal amino acid pattern can
reduce post-weaning diarrhoea without compromising production (Heo, Kim et al. 2008).
Taken together, these results indicate that limiting dietary protein content is a viable option
to lower the abundance of coliforms and to reduce gut related issues in piglets, especially
when a reduction in the use of antimicrobial growth promoters (AGPs) is desired.

The acidity of the stomach is the first line of defence against incoming pathogens and
as such is important to take into account in the prevention of gut related issues. The
incidence of pathogen survival and their transit to the small intestine are increased by
the variability (between 2.2 and 4.2) of the pH in the piglet’s stomach (Kim, Hansen et al.
2012). Overeating in the early weaning phase causes a greater risk for elevated gastric pH
which may result in a higher incidence of pathogen survival (Halas, Heo et al. 2007). The
use of feed ingredients that reduce gastric pH (e.g. organic acids), or the exclusion of feed
ingredients that increase gastric pH (e.g. calcium carbonate) seem to be viable options to
prevent gut-related problems. Of note, due to the buffering capacity of some amino acids,
such as lysine, arginine and histidine, protein content is believed to have an influence on
gastric pH as well (Partanen and Mroz 1999). In addition to the strategies mentioned, the
incorporation of feed additives is a means of improving gut health and can be used to alter
gut microbiota composition. Table 1 summarizes results from in vivo studies using currently
fed additives and investigating their effects on the composition of the gut microbiota. One of
the most widely used class of feed additives is the antimicrobial growth promoters (AGPs),
which have been used since the 1950s. Although the modes of action of AGPs are still
poorly understood, they have provided benefits such as increases in growth performance
and reduction of disease incidence. Researchers have found that AGPs have an effect on
bacterial load and composition and that they also interact with the immune system (Brown,
Uwiera et al. 2017).

Promising alternatives to AGPs include feed additives such as prebiotics, probiotics, organic
acids, minerals and essential oils (Pluske, Turpin et al. 2018). Prebiotics such as resistant
starch, pectin, B-glucans and oligosaccharides are used to enhance bacterial fermentation
of dietary fibres in the hindgut. Intestinal physiology and microbial composition, hence
microbial fermentation, were shown to be influenced by these ingredients (Hopwood and
Hampson 2003). Prebiotics have therefore provided livestock producers a “clean-label”
feeding option that may be used to mitigate the negative effects of morbidity on growth
and performance (Broadway, Carroll et al. 2015).
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The effect of non-microbial feed interventions on microbiota composition

A number of fibrous feed components (e.g. B-glucans, cello-oligosaccharides and
arabinoxylans) have been tested for their effects on the composition of the Gl tract
microbiota (Table 1). Generally, these fibrous components are not digested by the host’s
enzymes but are instead digested by the fermenting capacity of fibre-degrading bacteria in
the hindgut. This microbial fermenting activity results in the production of metabolites such
as SCFAs, of which butyrate is an important source of energy for enterocytes. In addition,
some polysaccharides, such as yeast-derived polysaccharides, which are mostly comprised
of a-D-glucans and B-D-glucans (Kogan and Kocher 2007), can also interact directly with host
immune cells and are able to bind bacteria while blocking fimbriae of pathogenic bacteria
and preventing their attachment to the mucous epithelium in the Gl tract (Kogan and Kocher
2007, Ruiz-Herrera 2016). Short- and medium-chain organic acids such as lactic, citric, butyric,
propionic and fumaric acids are used in piglet feed because of their bactericidal effect during
feed storage, their effect at lowering gastric pH and because they help to improve growth
performance (Suiryanrayna and Ramana 2015, Gresse, Chaucheyras-Durand et al. 2017).
Proposed mechanisms by which growth performance is improved include the impact of
these organic acids on digestive processes, their utilization as energy source and their effect
on the composition of the intestinal microbiota. The use of organic acids in newly weaned
piglets has been mostly related to a decrease in coliforms and an increase in Lactobacillus
along the Gl tract (Gong, Yu et al. 2008, Gresse, Chaucheyras-Durand et al. 2017), although
some studies have shown a decrease in Lactobacillus (Gedek, Roth et al. 1992, Maribo,
Jensen et al. 2000, @verland, Kjos et al. 2008). Even though it presents some drawbacks,
ZnO was proposed as one of the most effective feed additives to replace antibiotics and is
already widely commercialized in several countries. High levels of ZnO were shown to have
antimicrobial properties and are currently used to fight against post-weaning infections.
The most severe effects of high dietary zinc were observed one week after weaning in the
stomach and small intestine, with pronounced reductions of Enterobacteriaceae as well as
lactobacilli (Starke, Pieper et al. 2014). Others have also found a reduction in Lactobacillus
spp. after treatment with ZnO (Hgjberg, Canibe et al. 2005, Broom, Miller et al. 2006,
Vahjen, Pieper et al. 2011), although the reduction of Enterobacteriaceae was not found in
all studies (Hgjberg, Canibe et al. 2005, Vahjen, Pieper et al. 2011).

Another group of compounds that is used as a dietary supplement for pigs belongs to the
phytogenic feed additives. This group comprises additives such as herbs, spices, essential
oils and oleoresins. Although results are variable, their inclusion can result in improved
feed intake by enhancing palatability, and can also increase storage preservation of the
feed. Additional beneficial effects include improved digestive secretions, improved anti-
oxidative status and antimicrobial effects (Jacela, DeRouchey et al. 2010). With respect to
microbiota composition, in vivo studies that have included dietary essential oils generally
resulted in a reduction in the amount of E. coli and/or other Gram-negative bacteria (Table
1). Another group of feed additives that has recently received attention involves the fungal
kingdom. To date, there are two studies in which dehydrated and ground mushroom
fruiting bodies (white button mushroom/oyster mushroom) have been added to feed and
one study in which a particular polysaccharide (lentinan) from the Shiitake mushroom was
used in feed for swine. Although results are variable between mushroom species, these
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Table 1. Influence of non-microbial feed additives on porcine microbiota composition. Of note: This overview is not

a result of a systematic approach.

Treatment Effects Location Reference
Antibiotics
Tylosin, post-weaning > lactobacilli (only bacterial group lleum Collier, Smiricky-
that was tested using qPCR) Tjardes et al. (2003)
Chlortetracycline, sulfamethazine > proteobacteria, Succinivobrio and lleum Collier, Smiricky-
and penicillin, post-weaning Ruminococcus, < Bacteroidetes Tjardes et al. (2003)
Chlortetracycline, post-weaning < Lactobacillus johnsonii and lleum Rettedal, Vilain et
Turicibacter, > Lactobacillus al. (2009)
amylovorus
Tulathromycin, pre-weaning < lactobacilli (trend) Jejunum Schokker, Zhang et
al. (2014)
Lincomycin, post-weaning > Lactobacillus (only bacterial group  lleum Gong, Yu et al.
that was tested using qPCR) (2008)
Heavy metals
Zinc oxide, post-weaning < Enterobacteriaceae and lleum Starke, Pieper et al.
Lactobacillaceae (2014)
Zinc oxide, post-weaning < non-specific post-weaning Faeces Poulsen (1995)
diarrhoea
Zinc oxide, post-weaning > Enterobacteriales lleum, Colon  Yu, Zhu et al. (2017)
Zinc oxide, post-weaning > Weissella spp., Leuconostoc spp., lleum Vahjen, Pieper et al.
Streptococcus spp., < Sarcina spp., (2010)
Neisseria spp., > gram-negative
facultative anaerobic genera
Zinc oxide, post-weaning < Bifidobacterium spp. Faeces Mukhopadhya,
O’Doherty et al.
(2019)
Zinc oxide, post-weaning < lactobacilli, > enterococci Multiple Hgjberg, Canibe et
segments Gl al. (2005)
tract
Copper sulphate, post-weaning < coliforms Colon Hgjberg, Canibe et
al. (2005)
Organic acids
Mix of organic acids: formic, < coliforms, enterococci, lactic acid Jejunum, @verland, Kjos et al.
benzoic, sorbic acid and butyrate, producing bacteria Colon, (2008)
post-weaning Rectum
Mix of organic acids, post- > Lactobacillus (only bacterial group  lleum Gong, Yu et al.
weaning that was tested using qPCR) (2008)
Prebiotics
Resistant starch, > Faecalibacterium prausnitzii Colon Haenen, Zhang et
post-weaning < Escherichia coli, Pseudomonas al. (2013)
Inulin, pre-weaning > Lactobacillus and Bifidobacterium  Caecum Tako, Glahn et al.
(2008)
Inulin, post-weaning > Pigs harboring bifidobacteria Colon Loh, Eberhard et al.
(2006)
Lactose, > Bifidobacterium Faeces Pierce, Sweeney et
post-weaning al. (2006)
Lactose, post-weaning < E. coli Faeces O’Doherty, Dillon et
al. (2010)
Lactulose, post-weaning > lactobacilli Colon Guerra-Ordaz,
Gonzalez-Ortiz et al.
(2014)
Lactulose, post-weaning < proteobacteria, > Clostridium Faeces Chae, Pajarillo et al.
(2016)
FOS, post-weaning > Bifidobacterium, < E. coli Colon Gebbink, Sutton et

al. (1999)
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Treatment Effects Location Reference
GOS, post-weaning > Bificobacterium Colon Tzortzis, Goulas et
al. (2005)
Oat-derived B-glucans, post- > lactobacilli and bifidobacteria Colon Metzler-Zebeli,
weaning Zijlstra et al. (2011)
Yeast-derived B-glucans, post- < Enterobacteriaceae Colon Sweeney, Collins et
weaning al. (2012)
Arabinoxylans, > F. prausnitzii, Roseburia intestinalis, Faeces Nielsen, Laerke et al.
post-weaning Blautia coccoides, Eubacterium (2014)
rectale, Bifidobacterium spp.,
Lactobacillus spp.
Cello-oligosaccharides, > lactobacilli, < Streptococcus suis, Jejunum, Jiao, Ke et al. (2015)
post-weaning < E. coli Colon
Pectin, post-weaning < Lactobacillus, > Prevotella Colon Tian, Bruggeman et
al. (2017)
Mannanoligosacharides, post- < Enterobacteriaceae Jejunum Castillo, Martin-
weaning Orue et al. (2008)
Seaweed extract, post-weaning < E. coli Faeces O’Doherty, Dillon et
al. (2010)
Chicory forage and root, post- > lactic acid bacteria lleum Liu, Ivarsson et al.
weaning (2012)
Chicory forage and root, post- > butyrate producing bacteria Colon Liu, Ivarsson et al.
weaning > Megasphaera elsdenii (2012)
Essential oils
Carvacrol-thymol, post-weaning > Lactobacillus, < Enterococcus Jejunum Wei, Xue et al.
(2017)
Cinnamaldehyde-thymol, post- < E. coli, < total anaerobes Rectum Zeng, Xu et al.
weaning (2015)
Cinnamon-thyme-oregano < coliforms Faeces Namkung, Li J. Gong
extract, post-weaning et al. (2004)
Cinnamaldehyde-thymol, post- < E. coli, > ratio lactobacilli/E. coli Caecum, Li, Piao et al. (2012)
weaning colon and
rectum
Cinnamaldehyde-thymol, post- < E. coli (based on counts of Faeces Li, Ru et al. (2012)
weaning Lactobacillus and E. coli counts)
Herbal extract, post-weaning > Lactobacillus (only bacterial group  lleum Gong, Yu et al.
that was tested using qPCR) (2008)
Fungal compounds
Pulverized oyster mushroom < Incidence of diarrhoea, < Faeces Adams, Che et al.
(Pleurotus ostreatus), post- Ruminococcaceae (all doses), > (2019)
weaning Veillonellaceae (at 10 g/kg dose)
Freeze-dried white button > Lachnospiraceae, > Faeces, Solano-Aguilar, Jang
mushroom (Agaricus bisporus), Ruminococcaceae, < proximal etal. (2018)
post-weaning Bifidobacteriaceae colon
Lentinan (Mushroom < Firmicutes, > Bacteroidetes, > Caecum Wang, Wang et al.

polysaccharide from Lentinus
edodes), post-weaning

Faecalibacterium, > Prevotella,

(2019)
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fungal feed additives positively affected the composition of the piglet Gl tract microbiota
after weaning, with increases in fibre-degrading and SCFA-producing bacterial groups. In
addition, a reduction in the incidence of diarrhoea with the administration of pulverized
oyster mushroom powder was observed (see summary of findings in Table 1).

The effect of microbial feed interventions on microbiota composition

Apart from the use of antibiotics or other non-microbial feed components, the Gl tract
microbial composition can also be altered with microbial interventions. These can exist as
natural or synthetic mixed culture inocula, fermented products, probiotics or synbiotics.
Table 2 provides an overview of studies in which the effect of microbial interventions on
gut microbiota composition was tested. Studies that were conducted before the year 2000
were not included in this table because a summary was made by Shim and colleagues in
2005 (Shim, Verstegen et al. 2005), showing that probiotics are beneficial to a certain degree
and are able to influence some beneficial bacteria in the Gl tract of young piglets. The
mechanisms of action of microbial interventions include competition with pathogens for
mucosal binding sites along the Gl tract, competition for nutrients in the lumen, production
of antimicrobial compounds such as microcins, and production of organic acids that inhibit
pathogen growth (Vondruskova, Slamova et al. 2010). Additionally, some probiotics have
strong adherence capacities to bind to intestinal epithelial cells or to the mucus layer
(Bezkorovainy 2001), and several probiotics are thought to be capable of enhancing mucosal
barrier integrity (Roselli, Pieper et al. 2017). Strongly adhering probiotics are expected to
interfere with the adhesion of pathogenic bacteria and the adherence is also associated
with stimulatory effects on the immune system (Isolauri, Sitas et al. 2001). Another
effect that can occur through the use of microbial interventions is the modulation of
the composition and activity of the resident microbiota (Gresse, Chaucheyras-Durand et
al. 2017). Microorganisms that are commonly used as probiotics in livestock production
systems are strains of Lactobacillus, Bifidobacterium, Enterococcus, Bacillus, Pediococcus,
Saccharomyces, Aspergillus and Escherichia coli, and these can be administered via pelleted
feed, as fermented feed, capsules, paste, powder and as granules (Ohashi and Ushida 2009).
Additionally, probiotics can be administered in liquid form, given that they are administered
in an amount of fluid that will be ingested entirely and rapidly to avoid loss of viability or
contamination by pathogenic bacteria (Tournut 1989).

In recent years, on-farm fermentation of feed has become increasingly popular, as small-
scale fermenting systems that can be used to perform controlled fermentations have
become available. It is essential to perform the fermentation in a controlled manner because
uncontrolled fermentation can lead to the production of acetic acid and deterioration of the
feed conversion of weanling pigs (van der Peet-Schwering, Smolders et al. 2004). Typically
an inoculum of a single (or multiple) Lactobacillus strain is used, thereby allowing the
production of lactic acid and the lowering of pH in the feed. The resulting fermented feed
contains a high abundance of the Lactobacillus strain that was used as inoculum, which is
considered to elicit probiotic effects. This fermented feed is typically used as creep feed or
as weaner feed and it would be interesting to study the effects of fermented feed on the
composition of the Gl tract microbiota and on development of the host immune system.
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Table 2. Influence of probiotics on porcine microbiota composition. Of note: This overview is not a result of a

systematic approach.

Treatment

Effects

Location

Reference

Probiotics

Complex lactobacilli preparation,
post-weaning

Bifidobacterium longum, post-
weaning

Lactobacillus sobrius, post-
weaning

Enterococcus faecium, post-
weaning

Bacillus subtilis, post-weaning

Lactobacillus plantarum, post-
weaning

Enterococcus faecalis, post-
weaning

Lactobacillus johnsonii, post-
weaning

Lactobacillus mucosae, post-
weaning

Lactobacillus acidophilus, post-
weaning

Pediococcus acidilactici, post-
weaning

Multispecies probiotic mix, pre-
weaning

Mix of Bacillus licheniformis and
Bacillus subtilis followed by F4*
ETEC challenge, post-weaning

Lactobacillus rhamnosus GG,
post-weaning

E. coli Nissle 1917, post-weaning

> Escherichia coli, < lactobacilli

< anaerobes and clostridia, >
bifidobacteria

<ETEC
> lactobacilli
< Clostridium spp. and coliforms

> lactobacilli

> lactobacilli
> lactobacilli, < E. coli
> lactobacilli, < E. coli

> lactic acid bacteria and
bifidobacteria, < E. coli and
clostridia

> lactic acid bacteria and
bifidobacteria, < E. coli and
clostridia

> Clostridium spp.

> Clostridium, Lactobacillus and
Turicibacter

No effect on counts of lactic acid
bacteria, enterobacteria and yeasts

< Diversity of E. coli strains

Most sections of
Gl tract

Faeces

lleum

lleum, caecum
and faeces

Caecum

Colon

Faeces
Faeces
Faeces

Faeces

Faeces

Distal colon

Colon

Colon

Mucosal gut
smears along Gl
tract

Huang, Qiao et al.
(2004)

Estrada, Drew et al.
(2001)

Konstantinov, Smidt
et al. (2008)

Mallo, Rioperez et al.
(2010)

Lee, Ingale et al.
(2014)

Guerra-Ordaz,
Gonzalez-Ortiz et al.
(2014)

Hu, Dun et al. (2015)

Chiang, Chen et al.
(2015)

Chiang, Chen et al.
(2015)

Dowarah, Verma et
al. (2017)

Dowarah, Verma et
al. (2017)

Barszcz, Taciak et al.
(2016)

Zhang, Zhu et al.
(2017)

Trevisi, Casini et al.
(2011)

Smajs, Bures et al.
(2012)

Synbiotics

Oligofructose with probiotic
mixture in creep feed, pre-
weaning

Raw potato starch with E. coli
probiotics, pre-weaning

Lactulose with Enterococcus
faecium, post-weaning

FOS and Bifidobacterium
thermophilum, post-weaning

Inulin with probiotic formulation
(E. faecium, L. salivarius, L.
reuteri, B. thermophilum), post-
weaning

Long-chain inulin combined with
Lactobacillus acidophilus W37

< coliforms, > bifidobacteria

Reduction of diarrhoea, increased
microbial diversity

> Lactobacillus, <
Enterobacteriaceae

> Bifidobacterium in synbiotic
group compared to probiotic alone

< E. coli, also changes in diversity
and community profile

> Prevotellaceae, <
Lactobacillaceae

lleum and colon

lleum and colon
Faeces

Caecum and
colon

Multiple
locations along
Gl tract

Faeces

Shim, Verstegen et al.
(2005)

Krause, Bhandari et
al. (2010)

Chae, Pajarillo et al.
(2016)

Tanner, Lacroix et al.
(2015)

Sattler, Bayer et al.
(2015)

Lépine, Konstanti et
al. (2019)
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Although the use of microbial feed interventions comes with challenges such as added cost,
labour and logistical requirements, they can be considered to be one of the most direct
methods to steer the development of the gut microbiota.

Conclusions

Given that the sow’s microbiota dictates to a certain extent the microbiota development
of her offspring, it should be possible to steer the microbiota development of the piglets
through the sow. Additionally, many predisposing risk factors can be eliminated in the first
days after birth by providing adequate housing, climate control and prevention of cross-
contamination from infected pigs. Steering development of the microbiota can be done as
early as in the first weeks of postnatal life through dietary interventions. As summarized
in this chapter, many studies have investigated the effects of dietary interventions after
weaning, with mixed outcomes on composition of the microbiome. However, relatively few
studies were conducted to look at dietary interventions during the suckling period. Although
less practical to implement in production environments, the administration of dietary
components during the suckling period might be more promising in terms of early-life
stimulation of mucosal and systemic immune development, steering microbial succession
along the Gl tract and subsequent disease prevention.

To this end, both non-microbial and microbial feed interventions can steer the Gl tract
microbiota composition into the ‘right’ direction. This generally means a reduction in the
relative abundance of Gram negative bacteria, such as proteobacteria, enterobacteria,
Salmonella, coliforms, E. coli, and more specifically pathogens, such as ETEC and
Streptococcus suis, although a decrease in E. coli diversity was also seen (Smajs, Bure$
et al. 2012). During the suckling period, an increase in the relative abundances of milk-
degraders such as lactobacilli and bifidobacteria is generally seen as a positive effect, while
after weaning an increase in fibre-degraders such as Prevotella and clostridia is considered
a positive sign of gut maturation. In several studies using a non-microbial feed intervention
resulted in increased relative abundances of lactobacilli, bifidobacteria or strict anaerobes,
and more specifically, some studies showed an increase in relative abundances of known
probiotics (e.g. Faecalibacterium prausnitzii) after weaning. These are all considered as
positive treatment effects. However, in a recent study it was found that when weaned
piglets have a relatively high abundance of microbial members associated with suckling
(Lactobacillus and Oscillospira), they are predisposed for infection by Salmonella (Argiello,
Estellé et al. 2019).

Although some dietary fibres clearly confer beneficial health effects, recommendations
for optimal inclusion rates are challenging (Pieper, Vahjen et al. 2015). Similarly, adequate
administration of probiotics or fermented products might be even more challenging, as living
microbes must be stored and administered in such a way that they at least partly survive
until they reach the piglet’s Gl tract. In this respect, the use of postbiotic, i.e. microbial
fermentation components, might be a viable option, especially since they were shown to
elicit responses similar to those of probiotics (Tsilingiri and Rescigno 2012, Wegh, Geerlings
et al. 2019). Despite these challenges, pre- and probiotics are expected to play increasingly
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important roles in pig husbandry because of their potential to improve gut health and their
potential to replace AGPs and other antimicrobial feed ingredients such as ZnO. The full
potential of probiotics in pig husbandry has not yet been explored, as numerous porcine
commensal bacteria remain uncultured and relatively few bacterial candidates have been
tested for their positive effects on gut health as well as their safety as live microbial feed
ingredients. One approach to finding promising candidates as probiotics in feed for piglets is
by correlating growth/health traits with the abundance of particular microbial taxa. In one
study, taxa such as Christensenellaceae, Oscilibacter and Cellulosilyticum were associated
with a healthier host with increased feed efficiency (McCormack, Curido et al. 2017). The
potential of discovering new candidates for probiotic, or prebiotic use and for alternative
compounds, such as essential oils and fungal supplements, is high because they have not all
yet been tested in controlled in vivo trials. With regard to microbial and non-microbial feed
interventions that have been tested to date, findings from many published experiments are
highly promising. As a result, implementation of these feed interventions in pig husbandry
is likely to increase in the future.
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Abstract

Piglets are susceptible to infections in early life and around weaning due to rapid
environmental and dietary changes. A compelling target to improve pig health in early
life is diet, as it constitutes a pivotal determinant of gut microbial colonization and
maturation of the host’s immune system. In the present study, we investigated how
supplementation of yeast-derived B-glucans affects the gut microbiota and immune
function pre- and post-weaning, and how these complex systems develop over time.
From day two after birth until two weeks after weaning, piglets received yeast-derived
B-glucans or a control treatment orally and were subsequently vaccinated against
Salmonella Typhimurium. Faeces, digesta, blood, and tissue samples were collected

to study gut microbiota composition and immune function. Overall, yeast-derived
B-glucans did not affect the vaccination response, and only modest effects on faecal
microbiota composition and immune parameters were observed, primarily before
weaning. This study demonstrates that the pre-weaning period offers a ‘window of
opportunity’ to alter the gut microbiota and immune system through diet. However,
the observed changes were modest, and any long-lasting effects of yeast-derived
B-glucans remain to be elucidated.

Keywords: B-glucans; porcine; gastro-intestinal tract; gut microbiota; immune
system; early life




Impact of Yeast-Derived B-Glucans on the Porcine Gut Microbiota and Immune System in Early Life

Introduction

Early in life and during weaning, pigs are at risk of developing diseases which compromise
animal welfare and have major economic consequences for the pig industry. The early
postnatal and weaning periods are critical, as the gastrointestinal (GI) system and the
immune system are still undergoing major changes (Pluske, Turpin et al. 2018, Hornef and
Torow 2020). Microbial colonization of the gut starts at birth with the transfer of maternal
vaginal, gut, and skin microbiota to the piglet (Chen, Xu et al. 2018). Moreover, diet and
environmental exposures (e.g., housing conditions) are major contributors to subsequent
microbial colonization of the gut and development of the immune system (Schmidt, Mulder
et al. 2011, Everaert, Van Cruchten et al. 2017). It is now recognized that pathogen and
environmental exposures impact on the microbial community later in life and that early-
life colonization of the mammalian host’s mucosal surfaces plays an important role in the
maturation of the host’s immune system (Schokker, Zhang et al. 2014, Zheng, Liwinski et
al. 2020). For example, many studies in different countries have confirmed that growing
up on a farm has a protective effect on asthma and allergies in humans (Von Mutius and
Vercelli 2010). Another study in mice has shown that low dose treatment with antibiotics
can induce obesity later in life. Interestingly, the induction of obesity was not correlated
with the antibiotic treatment itself, but with the changes in microbiota (Cox, Yamanishi et al.
2014). Similar results have been observed for early-life antibiotic treatment in pigs (Schokker,
Zhang et al. 2015). This implies that changes and interventions in early life, affecting either
the microbiota or the immune system, may have long-lasting effects on health, welfare and
performance.

Diet constitutes a pivotal determinant of gut microbial colonization and development, which
makes it a compelling target for modulation of the gut microbiota and immune function
(Zmora, Suez et al. 2019). Thus, dietary interventions (e.g., prebiotics and probiotics)
attracted much interest after the EU wide ban on antimicrobial growth promotors (AMGPs)
for production animals in 2006. The notion was that dietary interventions in early life could
improve gut health and immune competence, thereby supporting health throughout the
vulnerable period post-weaning.

A relatively well studied dietary intervention in both animals and humans are B-glucans.
B-glucans are a group of glucose polymers and are structural components of fungi, algae,
bacteria, and plants. Being the subject of numerous studies on their application in animal
feed formulations, a lot is known about the molecular mechanisms of B-glucans and their
binding to specific cell receptors (e.g., Dectin-1) along the gut lining and specific immune
cells, such as antigen-presenting cells (APCs) (Goodridge, Wolf et al. 2009, Iliev 2015). As
reviewed by Thompson et al., several in vitro and in vivo studies showed that B-glucans
possess immunomodulatory properties, dependent on their structure, solubility and
molecular weight (Thompson, Oyston et al. 2010). Especially particulate B-glucans derived
from fungi (including yeast), which consist of a (1,3)-B-linked backbone with small numbers
of (1,6)-B-linked side chains, are known for their immune-stimulating effects (Volman,
Ramakers et al. 2008, Stier, Ebbeskotte et al. 2014).
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Besides the observed immunological effects, there is increasing evidence that B-glucans
may have prebiotic traits, and as such might modulate the microbiota (Lam and Cheung
2013). As recently reviewed by Atanasov et al., several fungal polysaccharides, including
yeast-derived B-glucans, are already being sold as commercial products due to their high
bio-activity (Atanasov, Schloermann et al. 2020). In the last few decades, a small number
of studies investigated the effects of yeast-derived products on the intestinal health of
pigs (Elghandour, Tan et al. 2020). In a recent study that used an autolyzed dried yeast cell
product, no effects were shown on caecal microbiota composition (Berto, TSE et al. 2020).
However, it should be noted that that study only investigated the effects of a yeast-derived
product in the post-weaning phase.

As outlined above, several studies have investigated the development of the gut microbiota,
and the effects of dietary fibres on porcine gut health and the immune function in the post-
weaning phase. However, only a few studies have focused their research on the immediate
and early period (Arfken, Frey et al. 2020). To the best of our knowledge, no in vivo studies
have investigated the effects of yeast-derived B(1,3/1,6)-glucans (MacroGard®) on both the
porcine gut microbiota and immune system in early life, despite the promising results from
several in vitro studies (Sonck, Devriendt et al. 2011, Geervliet, Lute et al. 2020). In this
study, we investigated whether early-life supplementation of yeast-derived B-glucans affects
the gut microbiota as well as the immune system. In addition, we examined the temporal
dynamics of these complex systems. We hypothesized that early life consumption of yeast-
derived B-glucans alters gut microbiota development (composition) and the immune system.
Further developed and mature gut microbiota and immune system in early life could make
the animals more resilient against invasive pathogens during the weaning phase and later
in life.

Materials and Methods

Ethical Statement

The animal experiment was conducted in accordance with the Dutch law on animal
experimentation and ethical requirements, which complies with the European directive
2010/63/EU on the protection of animals used for scientific purposes. The project license
application was approved by the Dutch Central Authority for Scientific Procedures on Animals
(CCD) (Permit Number: AVD1040020173948) and the animal experiment and associated
protocols were approved by the Animal Care and Use Committee of Wageningen University
and Research (Wageningen, The Netherlands). Pigs were euthanized by intravenous injection
of 20% sodium pentobarbital (Euthasol’) followed by immediate exsanguination according
to Good Veterinary Practice (GVP). All efforts were made to minimize suffering.

Study Design

To determine the effect of B-glucans on gastro-intestinal development and the immune
function in early life, an in vivo study was performed at the Swine Research Centre (Trouw
Nutrition, Sint Anthonis, The Netherlands). The experiment was conducted with 33 sows
(Hypor Libra, Boxmeer, The Netherlands) and their litters (Maxter x Hypor Libra sow).
Sperm from a single boar was used to inseminate all sows to reduce genetic variation in
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the litters. Shortly after parturition, the piglets received an ear tag, an intramuscular iron
injection, their tails were docked, and their birth weight and sex were determined. Calcium
carbonate-based powder (Power-Cal®, Power-Cal, Sint-Oedenrode, The Netherlands) was
added to all pen floors to reduce the infection pressure in the stable. Approximately 24 h
after parturition, 96 female piglets were selected and cross-fostered to minimize possible
confounding effects such as genetic background, sow parity, litter size, birth weight and time
of birth. During cross-fostering, all piglets were randomly allocated to either the control- or
treatment (B-glucan) group, while at the same time making efforts to have groups as equal
as possible in terms of body weight, sow parity, and time of birth. This resulted in six animals
per pen (experimental unit) with 16 pens in total (eight per group) which were divided over
four farrowing rooms (balanced for treatment). The complete study timeline and a schematic
representation of the experimental design are presented in Figure 1. Non-experimental
(male) piglets were equally divided over the pens, with on average six non-experimental
animals per pen. All suckling piglets were kept together with their fostering mother until
weaning (approximately day 28), each sow being housed in farrowing pens in a room with
a computer-controlled climate system. Weaner diet (Table S1) was administered three days
prior to weaning (day 25-27) to allow piglets to become familiar with the consumption of
solid feed prior to weaning. At weaning, three pigs per pen (48 pigs in total) were randomly
selected and reallocated to a clean nursery facility. During the entire post-weaning period all
pens were provided with solid feed and water ad libitum. From day 28 until day 44, all pigs
received a weaner diet in combination with the feed intervention, and from day 45 until the
end of the study the piglets solely consumed a nursery diet (Table S1). Pigs with a history of
medication, leg/claw problems, or growth retardation were excluded from the selection. At
day 27, 44, and 70 (dissection), sixteen piglets were sacrificed (n = 8 per treatment group,
at each time point).

Experimental Procedures

Dietary Intervention and Oral Vaccination

From day 2 until day 44 of the study, piglets received either B-glucans (MacroGard®) or a
control treatment (tap water) every other day. Piglets received the dietary interventions
orally using disposable syringes (Discardit 1l, BD). MacroGard® (Orffa Additives B.V,,
Werkendam, The Netherlands), which consisted of 100% yeast (Saccharomyces cerevisiae)
cell walls, contains a minimum of 60% particulate B(1,3/1,6)-glucans with an approximate
molecular weight of 200 kDa (Sonck, Stuyven et al. 2010). These B-glucans were not
present as soluble molecules but were instead in particulate form as part of yeast cell wall
fragments. Especially these (yeast-derived) particulate B-glucans were known for their
immune-stimulating effects (Volman, Ramakers et al. 2008, Stier, Ebbeskotte et al. 2014).
Other components of MacroGard® were lipids (max. 18%), proteins (max. 8%) and raw ash
(max 10%). In addition, the batch did not contain lipopolysaccharides as was assessed in a
previous study (Geervliet, Lute et al. 2020). The dosage of B-glucans was gradually increased
every week with 50 mg, starting from 50 mg per administration in week one to 300 mg
per administration in week six. These dosages of B-glucans were chosen by taking previous
studies into consideration (Sonck 2011). To investigate the effect of the yeast-derived
B-glucans on the immune function, an oral live attenuated vaccine (Salmoporc® STM (lot
number 0270617), IDT Biologika GmbH, Dessau-Rosslau, Germany) was administered on day
21 (primary vaccination) and day 45 (booster vaccination). This vaccine was registered for
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Figure 1. Study timeline (A). From day 2 until day 44, all piglets orally received either B-glucans or a control
treatment (tap water) every other day (1). A sub-selection of piglets was weaned on day 28 (3). Pigs were vaccinated
with Salmoporc® on day 21 (primary vaccination; 2) and on day 45 (booster vaccination; 4). Faecal samples were
collected on days 4, 8, 14, 26, 35, 43, 59 and 69 (squares; 0). Blood samples were taken on days 14, 26, 35, 43, 59,
and 69 (circles; ®). A subset of animals were sacrificed on days 27, 44, and 70 (cross; T). Schematic representation
of the experimental design showing the remaining number of animals per treatment over time as determined by
deselection or dissection of animals (B). The control and the B-glucan groups are presented as yellow and green,
respectively. The dashed line separates the pre-weaning and post-weaning time points.

oral application in pigs to diminish bacterial colonization, excretion, and clinical symptoms
of infection with Salmonella Typhimurium. The vaccine suspension, containing 5 x 10%-5 x
10° CFU/mL of the live attenuated Salmonella enterica serovar Typhimurium, was freshly
prepared according to manufacturer’s instructions prior to oral administration.

Blood and Faecal Sampling

Blood and faecal samples were collected at different time points during the study for the
evaluation of immune function and microbiota composition, respectively. Faecal samples
were collected on days 4 (n = 24 per treatment group), 8 (n = 24), 14 (n = 24), 26 (n = 24),
35 (n = 16), 43 (n = 16), 59 (n = 8), and 69 (n = 8). Rectal stimulation was performed by
inserting the tip of a wetted (with sterilized H,O) cotton swab (PurFlock Ultra, Puritan) into
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the rectum, by making small, gentle movements (circular and back- and forward). These
fresh faecal samples were collected in cryotubes, immediately placed on dry ice and stored
at —80 °C until further processing. DNA isolation from faeces was done on all faecal samples
from animals that were dissected. Blood was collected on days 14, 26, 43, and 69 from
the jugular vein of the pig using Natrium Heparin tubes (S-monovette®, Sarstedt, Germany).
Blood samples were either kept at room temperature (RT) until further processing for cell
analysis or centrifuged at 2000x g for 10 min to collect serum. Serum was stored at —20
°C until further use. Piglets were sampled in a random order and weighed directly before
sample collection.

Dissection

After euthanasia and exsanguination, the ileocecal mesenteric lymph node (MLN) was
removed and stored on ice-cold (4 °C) RPMI 1640 Medium (with GlutaMAX™ supplement,
Gibco®), containing 10% fetal calf serum (FCS, Gibco®) and 1% L-Glutamine (Gibco").
Subsequently, the Gl tract was removed from the abdominal cavity of the piglet, and the
jejunum, ileum, and caecum were identified and segmented accordingly. Digesta samples
from these Gl segments were taken on day 27 (pre-weaning), and day 44 and 70 (post-
weaning) by gently squeezing the segment content into a plastic container. Next, the
collected digesta was completely homogenized using a clean spatula. Approximately 1 g of
homogenized digesta was stored in a sterile cryogenic vial, snap-frozen on dry ice and stored
at -80 °C until further processing. The remainder of the digesta from each Gl segment was
mixed with H,0 for pH measurement (Figure S1) using a pH meter (ProLine B210).

Measurements

Microbiota Analysis

DNA was extracted from faecal and digesta samples using a customized Maxwell 16
Total RNA protocol (Promega Corp., Madison, WI, USA) with Stool and Transport and
Recovery Buffer (STAR; Roche Diagnostics Corp., Rotkreuz, Switzerland). Briefly, 50 mg of
previously frozen (-80 °C) faeces or 100 mg of digesta was homogenized with 0.25 g of
sterilized 0.1 mm zirconia beads and three 2.5 mm glass beads in 300 uL STAR buffer for
3 x 1 min at 5.5 m s using a bead beater (Precellys 24, Bertin Technologies, Montigny-
le-Bretonneux, France), with a waiting step of 15 s in between. Samples were incubated
with shaking at 300 rpm for 15 min at 95 °C and centrifuged for 5 min at 4 °C and 16,100 x
g. The supernatant was removed and the pellets were processed again using 200 uL fresh
STAR buffer. Samples were incubated at 95 °C and centrifuged as before. The supernatant
was removed, pooled with the first supernatant and 250 uL was used for purification with
Maxwell 16 Tissue LEV Total RNA Purification Kit, catalogue no. AS1220 (Promega Corp.)
customized for DNA extraction in combination with the STAR buffer. DNA was eluted with
50 pL of DNAse- and RNAse-free water (Qiagen). DNA concentrations were measured with
a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc.) and adjusted
to 20 ng uL™! with DNAse- and RNAse-free water. PCR amplification was carried out with
barcoded primers directed to the V4 region of the bacterial and archaeal 16 S rRNA gene,
namely EMP_515 F (5'-GTGYCAGCMGCCGCGGTAA), with linker ‘GT’, and EMP_806 R
(5'-GGACTACNVGGGTWTCTAAT), with linker ‘CC". PCR reactions were done in duplicate,
each in a total volume of 50 pL and containing 20 ng of template DNA. In order to distinguish
samples between sequencing reads, each sample was amplified with a unique barcoded
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primer pair (200 nM each per reaction), 1 x HF buffer (Thermo Fisher Scientific, Waltham,
MA, USA), 1 pL dNTP Mix (10 mM each; Roche Diagnostics GmbH, Baden-Wiirttemberg,
Germany), 1 U Phusion Hot Start Il High Fidelity DNA Polymerase (Thermo Fisher Scientific),
and 36.5 L of DNAse- and RNAse-free water. The amplification program included 30 s initial
denaturation at 98 °C, followed by 25 cycles (with the exception of jejunum digesta samples
which were processed with 30 cycles to yield sufficient amplicon fragments) of denaturation
at 98 °Cfor 10 s, annealing at 56 °C for 10 s, elongation at 72 °Cfor 10 s, and a final extension
at 72 °C for 7 min. The PCR product presence and size (=290 bp) was confirmed with gel
electrophoresis using a 1% agarose gel. In each library, 69 unique barcode tags were used
and two artificial (mock) communities were included in addition to a water (blank) control
(Ramiro-Garcia, Hermes et al. 2016). PCR products were purified using the HighPrep PCR kit
(MagBio Genomics Inc., Gaithersburg, MD, USA), and DNA concentrations were measured
using the Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific). Of each barcoded sample,
200 ng DNA was added to an amplicon pool that was subsequently concentrated using
the HighPrep PCR kit to a volume of 20 pL. The DNA concentration of the amplicon pool
was measured using the Qubit dsDNA BR Assay Kit and the libraries were sent for lllumina
HiSeq sequencing (Eurofins Genomics, Ebersberg, Germany). Amplicon sequence data were
processed and analysed using NG-Tax 2.0 (Poncheewin, Hermes et al. 2019) and annotated
using the SILVA 132 database (Quast, Pruesse et al. 2012).

Serology

To analyse the antibody response against Salmonella Typhimurium, an in-house ELISA was
optimised and performed as described previously (Van Altena, Peen et al. 2016). In short,
Salmoporc’, containing a live attenuated strain of Salmonella enterica serovar Typhimurium,
was streaked on a MacConkey agar (Sigma Aldrich) plate and grown overnight at 37 °C.
Then, a single colony was used to inoculate 2 mL of lysogeny broth (LB) medium, and grown
overnight under aeration on a shaker (200 rpm) at 37 °C. The following day, 1 mL of the
overnight culture was transferred to a 50 mL tube containing 15 mL of LB medium. The
50 mL tube was placed under aeration on a shaker (200 rpm) at 37 °C until reaching the
exponential growth phase (OD_ = 0.6-0.8). Thereafter, the bacteria were pelleted by
centrifugation at 10,000 rpm for 5 min and washed two times with cold PBS. Medium-
binding 96 well plates (clear, flat bottom, Greiner Bio-One, Vilvoorde, Belgium) were coated
with 100 pL of the bacterial suspension (2 x 10® bacteria/mL) and incubated overnight at
4 °C. The following day, non-attached bacteria were removed and attached bacteria were
fixed with 4% paraformaldehyde for 2 h at RT. Plates were blocked overnight at RT with a
blocking solution consisting of 5% milk powder (ELK, FrieslandCampina, Amersfoort, The
Netherlands) in demi water, and stored at 4 °C until usage. After blocking, plates were
washed with PBS/Tween20 (0.05%) and 100pL of diluted serum samples were added. Serum
samples were diluted 250 x (IgG) and 50 x (IgA, IgM) in blocking solution, and incubated for
1 h at RT. Plates were washed two times, and 100 pL of 50,000 times diluted (in blocking
solution) horseradish peroxidase (HRP) conjugated goat anti-Porcine IgG, IgM or IgA (Novus
Biologicals, Centennial, CO, USA) was added. After 30 min, plates were washed five times
and incubated with 100 pl of 3,3',5,5'-tetramethylbenzidine (TMB) substrate solution
(Enhanced K-Blue®, Neogen, Lansing, MI, USA). After 15 min the reaction was stopped with
100 pL of a 2% HCl stop solution, and the optical density (OD) of the plates was measured at
a wavelength of 450 nm (Multi-Mode Microplate Reader FilterMax F5).
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Cell Isolation

Collected blood was diluted 1:1 with PBS (containing 0.5 mM EDTA) within 4 h of collection
and transferred to Leucosep® tubes using a 60% FICOLL-PAQUE™ Plus density-gradient to
isolate the peripheral blood mononuclear cells (PBMCs). Remaining red blood cells were
lysed with ACK lysis buffer (Gibco®). MLN cells were collected by cutting the nodules in
smaller pieces, and gently squeezing and flushing the cells through a sterile Falcon® cell
strainer (100 um, Corning®, New York, NY, USA), using a syringe plunger and sterile Mg?
and Ca? free PBS (Lonza, Basel, Switzerland). Both isolated PBMCs and MLN cells rested
overnight at 4 °C until further processing.

Stimulation Assay

After resting overnight, 1 x 10%/well of PBMCs and MLN cells were separately transferred
to a 96 well clear round bottom plate (Greiner Bio-One). Plates containing wells with LPS
(serotype 055:B5/L2880, Sigma-Aldrich, St. Louis, MO, USA), with Concanavalin A (Con-A,
C2010, Sigma-Aldrich), or without a stimulus (cell culture medium only) were prepared the
previous day and stored at 4 °C overnight. The next day, the plates were placed at 37 °C for
30 min before addition of the cells. Cells were incubated with 0.1, 1 or 10 pg/mL of LPS, with
5, 2.5, or 1.25 pg/mL or without stimuli for 24 h at 37 °C (5% CO,). After 24 h of incubation,
the plates were centrifuged at 300x g for 3 min to spin the cells down. Subsequently, the cell
culture supernatant was collected and immediately stored in 96 well polypropylene plates
(Nunc®, MicroWell™, Sigma-Aldrich) at —80 °C until further processing.

Flow Cytometry

Isolated PBMCs and MLN cells were stained with a DC or T lymphocyte/NK cell antibody
panel (Table 1). To analyse these cells, 5 x 10° (DC panel) or 1 x 10° (T lymphocyte/NK)
freshly isolated PBMCs or MLN cells (per animal) were placed in a 96 well polypropylene
plate (Nunc®, MicroWell™, Sigma-Aldrich). Per well, 200 ul FACS buffer (Mg?* and Ca* free
PBS; Lonza), 2 mM EDTA (Merck, Kenilworth, NJ, USA), 0.5% BSA fraction V (Roche, Basel,
Switzerland) was added and the plates were centrifuged at 400x g for 3 min at 4 °C to
wash the cells. After washing, extracellular cell surface markers (Table 1) were stained
with antibodies for 30 min on ice (in the dark), followed by three washing steps with cold
PBS. Subsequently, cells were stained with (in PBS diluted) Fixable viability dye eFluor™
506 (eBioscience™) and Streptavidin-BV421 (DC panel) for 30 min, followed by a washing
step with FACS buffer. Then, 100 pL Fix/Perm buffer (eBioscience™) was added to each well
and incubated for 45 min at RT, to allow for intracellular staining. After incubation, cells
were washed three times in Perm buffer (eBioscience™), followed by the incubation with
the intracellular antibody mix (Table 1) in 35 uL Perm buffer for 30 min at 4 °C. After two
other washing steps with Perm buffer, cells were resuspended in 200 pL FACS buffer and
measured for 150 s (NK cells/T cells) or 300 s (DCs) on the FACS CANTO Il at a medium flow
rate. Beads were used for single stained controls using compensation beads (UltraComp
eBeads™, ThermoFisher), and cells were used for Fluorescence Minus One (FMO) controls to
control for spectral overlap. Flow cytometry data analysis was performed by using FlowJo™
software (Version 10). Gating of DC subsets, NK cells and T cell subsets was performed in line
with previous studies (Gerner, Kaser et al. 2009, Auray, Keller et al. 2016, Vreman, Auray et
al. 2018). Examples of the gating strategies can be found in Figure S2 (DCs) and Figure S3 (T
lymphocytes and NK cells).
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Table 1. Antibodies used to identify DC subsets, NK cells and T cell subsets in PBMCs and mesenteric lymph node
(MLN) cells.

Antibody Host/Isotype Clone Fluorochrome Company Dilution
CD14 Mouse, 1gG2b MIL-2 FITC Bio-Rad 1:50
CD172a Mouse, 1gG2b 74-22-15A PE BD Biosciences 1:40
CD4a Mouse, 1gG2b 74-12-4 PerCP-Cy5.5 BD Pharmingen™ 1:320
CADM1 Chicken, IgY 3E1 Biotin MBL 1:200
Streptav. n/a n/a BV421 BD Horizon™ 1:50
CD152 * Mouse, 1gG2a n/a APC Ancell 1:320
CD3e Mouse, IgG2a BB23-8E6-8C8 PE-Cy™7 BD Pharmingen™ 1:160
CD4a Mouse, 1gG2b 74-12-4 PerCP-Cy5.5 BD Pharmingen™ 1:320
CD8a Mouse, IgG2a 76-2-11 FITC BD Pharmingen™ 1:10
FoxP3 Rat, IgG2a FJK-16s Alexa Fluor® 700 ** eBioscience™ 1:20
Ki67 Mouse, IgG1 B56 BV421 ** BD Horizon™ 1:80
CD25 Mouse, IgG1 K231.3B2 Purified *** Bio-Rad 1:200
y6 T cells Rat, 1IgG2a MAC320 PE BD Pharmingen™ 1:20

*; Human CD152 (CTLA-4) murine Ig fusion protein was used to detect CD80 and CD86 on DC subsets. **;
Antibodies against intracellular antigens. ***; The antibody CD25 (purified) was labelled with the ReadiLink™
Rapid iFluor™ 647 Antibody Labeling Kit (Aat Bioquest, Sunnyvale, CA, USA).

Statistical Analysis

All R-scripts, data files and pdf files with extensive information on the performed analyses
can be accessed through the following DOI: 10.4121/12999620. Alternatively, these files can
be found under the following Github page: https://github.com/mibwurrepo/de-Vries-et-al-
2020-porcine-study-beta-glucans

Microbiota Analysis

In order to estimate the impact of yeast-derived B-glucans on alpha diversity of the microbiota
in piglets’ faeces and digesta, Shannon and InvSimpson diversities were calculated for each
sample. Shannon and InvSimpson diversities were both chosen as Shannon’s diversity
index gives more weight to rare species and Simpson’s index gives more weight to common
species. It should be noted that really rare sequences are missing from the dataset as NG-
Tax 2.0 uses an abundance threshold of 0.1% for amplicon sequence variants (ASVs) in a
given sample. Shannon and InvSimpson diversities were used in a Linear Mixed-Effects
Model (i.e., Shannon~Day_of_study * Treatment) to test for significant differences between
time points and treatment groups (nlme package v3.1-140) (Pinheiro, Bates et al. 2015).
To estimate the impact of B-glucans on overall microbiota composition, PERMANOVA
tests were performed using Bray-Curtis dissimilarities at ASV level (9999 permutations).
The homogeneity assumption was tested by calculating Bray-Curtis dispersion for each
group followed by ANOVA tests. To visualize the beta diversity in faecal samples over
time, a Principal Coordinates Analysis (PCoA) plot was generated using weighted Unifrac
dissimilarities. In order to estimate the impact of B-glucans as a dietary intervention on
the relative abundance of specific genera in piglet faeces, reads of the ASVs were first
aggregated to genus level using the tax glom function of the phyloseq R package (McMurdie
and Holmes 2013), after which read frequencies were transformed to compositional data
using the transform function of the microbiome R package (Lahti and Shetty 2017). Genera
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were filtered to exclusively include genera that had a relative abundance of 0.1% in at
least 50% of the samples. Resulting genera were tested for differential relative abundance
using the Generalized Additive Models for Location, Scale and Shape (GAMLSS) with a zero-
inflated beta family (function taxa.compare) with GAMLSS-BEZI as a statistical method in the
metamicrobiomeR package (Ho, Li et al. 2019). Dietary intervention was used as the main
variable for comparison and day of study and department (farrowing rooms) were used as
adjusting variables. Ear tag was indicated as the identifier to enable a longitudinal approach
and “fdr” (False Discovery Rate) was chosen as the method for multiple testing adjustment
(p.adjust < 0.05 as the threshold). This analysis was performed on three different datasets:
a dataset containing only pre-weaning faecal samples, one with only post-weaning faecal
samples and one dataset containing faecal samples from all time points (both pre- and post-
weaning). To get a better overview of the genera that mostly contributed to the differences
in microbiota composition between the treatment groups over time, weighted Unifrac
distance-based Principal Response Curve (dbPRC using package Vegan (Van den Brink and
Braak 1999, Shankar, Agans et al. 2017)) analysis was performed. For these dbPRC figures,
pre- and post-weaning datasets were used to investigate these distinct periods in the piglet’s
microbiota development.

Immunological Analysis

To assess if yeast-derived B-glucans alters the immune system, a Student’s t-test (unpaired)
was performed using R statistical software (version 3.6.2). Additionally, a Two-way ANOVA
followed by a Tukey post-hoc test was performed to assess the effects over time and
the interaction between time and treatment. Normality of data (Shapiro-Wilk test) and
homogeneity of variances (Levene’s test) were checked prior to statistical testing. Skewness
values between -2 to +2 were considered acceptable (George 2011). Extreme outliers
(indicated by R) were removed from the analysis. When the statistical assumptions were not
met, data were log transformed. Data are presented as untransformed means + SEM. Results
with an adjusted p-value below 0.05 (p < 0.05) were considered statistically significant and
results between 0.05 and 0.1 (0.05 < p < 0.10) were considered a trend. Significant results
were tested for confounding factors, including body weight at birth, using an ANCOVA.

Correlation Analysis

To assess possible correlations between microbial composition, study factor- and
immunological data, first microbiota ASVs were aggregated at the genus level and
transformed to compositional abundances. Then, a prevalence filter was applied with a
0.1% abundance threshold in at least 50% of the samples. Resulting genera were combined
with study factor data and immunological data and a test for association was performed for
each parameter pair, using a Pearson moment correlation (95% Cl). p-values were corrected
for multiple testing using the ‘Benjamini-Hochberg’ method.
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Results

Microbial Colonization

Alpha Diversity

To assess potential differences in microbiota composition between B-glucan treated animals
and control animals, both faecal and luminal samples were collected at multiple time
points (Figure 1). No significant differences for alpha diversity were observed between the
treatment groups when including all faecal time points (Figure 2; p = 0.11 for Shannon, p =
0.60 for InvSimpson). However, when including exclusively pre-weaning faecal time points, a
significant difference in alpha diversity between the treatment groups was observed for the
Shannon diversity (p < 0.04 for Shannon, p < 0.10 for InvSimpson). The significant difference
for Shannon’s diversity indicates that low abundance ASVs are mostly contributing to the
differences in alpha diversity. As expected, piglet faecal and luminal microbiota composition
showed different temporal trends in alpha diversity, with alpha diversity in faeces increasing
up to day 35 before reaching a plateau that lasted until the end of the study. Furthermore,
digesta from different gut segments all showed a similar pattern with a higher a-diversity on
day 27 in comparison to day 44 (p < 0.001).

Microbiota Composition Over Time

The dynamic shifts in the microbiota composition in the faeces and digesta over time
were examined at the phylum and family classification level. At the phylum level (Figure
3A), the microbiota composition in faeces transitioned from a Firmicutes, Bacteroidetes,
Proteobacteria, and Fusobacteria predominated community on day 4 to a Firmicutes and
Bacteroidetes predominated community at later time points. Both the jejunum and ileum
digesta were characterized by a Firmicutes predominated community at all time points (day
27,44, and 70), whereas the caecal microbiota was found to be predominated by Firmicutes
and Bacteroidetes at all time points. Furthermore, the average relative abundance of the
Euryarchaeota in faeces (Figure S5) increased over time during the pre-weaning period
from below 0.03% on day 4 to reach an average relative abundance of over 6% on day
26. Post-weaning faecal samples show a more stable pattern of the Euryarchaeota with a
relative abundance of 1-2% on each time point until day 69. Interestingly the Euryarchaeota
were present in caecal digesta with a similar abundance (1.5%) on day 27, while at later
time points the mean relative abundance in caecal digesta was drastically lower (<0.1%
at both day 44 and day 70). In jejunum and ileum digesta, the relative abundance of the
Euryarchaeota was very low at all time points, except for jejunum digesta on day 70 (Figure
S5). At the family level (Figure 3B), a dramatic shift of taxa could be observed in faeces over
time, with large shifts occurring from day 4 to day 8 and during the weaning transition, from
day 26 to day 35. Jejunum digesta was predominated by Lactobacillaceae at all time points,
while ileum digesta was predominated by Lactobacillaceae at day 27 and day 44 followed
by Clostridiaceae_1 on day 70. Caecum digesta was predominated by Lactobacillaceae,
Ruminococcaceae, and Prevotellaceae on day 27, by Lactobacillaceae and Prevotellaceae
on day 44 and by Prevotellaceae on day 70. For a more detailed overview of the relative
abundance of several families in faecal samples over time, see Figure S6.
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Figure 2. Alpha-diversity of faecal and luminal microbiota between treatments and over time. Every dot represents a
single animal with the control animals in red and the B-glucan treated animals in green. InvSimpson diversity values
(A) and Shannon diversity values (B) are given by sampling time point (d4-70) and by faeces (fcs) or gut segment;
jejunum (jej), ileum (ile), caecum (cae). Letters (a, b, c) represent significant differences (p < 0.05) between time
points. The horizontal line with the corresponding asterisk represents the significant difference between treatment
groups in the pre-weaning period, calculated using a Linear Mixed-Effects Model (*; p < 0.05).
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Figure 3. Taxonomic composition of the piglet faeces and digesta over time at phylum (A) and family (B) level.
Data are given as the mean relative abundance by sampling time point (d4-70) and by faeces (fcs) or gut segment;
jejunum (jej), ileum (ile), caecum (cae). Data includes samples from both treatment groups and shows the 25 most
abundant families and 10 most abundant phyla.
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Beta Diversity

Beta diversity was calculated at the ASV level using Bray-Curtis dissimilarities and a
PERMANOVA test was performed on all faecal samples with treatment and time point as
model parameters. The effect of treatment was not significant (p > 0.14), but a strong time
effect was observed (p < 0.001). When including only pre-weaning faecal samples, however,
the effect of treatment was significant (p < 0.042), but the contribution of treatment to the
variance was low (R? < 0.0031). This was not observed when only post-weaning samples
were included. Bray-Curtis dispersions of pre- and post-weaning faecal samples were
compared and showed to be significantly different (ANOVA, p < 0.001), with dispersion
being lower in post-weaning faecal samples. Principal Coordinates Analysis (PCoA) based
on weighted Unifrac distance of the piglet faecal microbiota revealed significant temporal
shifts and a distinct separation between pre- and post-weaning faecal samples (Figure 4).
The wide distribution of the samples collected on days 4, 8, and 14 reinforced the notion
that the overall microbiota composition of piglet faeces changes dramatically in the first two
weeks after birth.
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Figure 4. Principal Coordinates Analysis (PCoA) plot of beta-diversity based on weighted Unifrac dissimilarities
in faecal samples over time (d4-69). Every dot represents a faecal sample from a single animal and samples are
enveloped per time point. Control and B-glucan treated animals are represented by squares (@) and triangles (&),
respectively.
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Differentially Abundant Genera between Treatment Groups

When comparing the relative abundances of individual taxa in pre-weaning faecal samples
at the genus level, three out of a total of 31 genera that passed the prevalence filter were
found to be differentially abundant between the B-glucan and control group (Figure 5).
Especially on days 8 and 14, the genus Methanobrevibacter was less abundant in animals
that received B-glucans, while the genera Fusobacterium and Ruminococcaceae_UCG-002
were more abundant at a number of time points in animals that received B-glucans. No
differentially abundant genera were found in faecal samples of the post-weaning period,
nor were differentially abundant genera found when all faecal samples were used in the
GAMLSS model. The dbPRC analysis (Figure S4) revealed several additional genera that
contributed to the changes between treatment groups over time.
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Figure 5. Relative abundances (by fraction) of differentially abundant genera in faeces during the pre-weaning
period (d4-26). Shown genera resulted from comparing B-glucan animals to control animals using a GAMLSS model.
Dietary intervention was used as the main variable for comparison and day of study and department were used
as adjusting variables. Ear tag was used as an identifier and “fdr” was chosen as the method for multiple testing
adjustment (p.adjust < 0.05).

Immunological Analysis

Immunological Response to Oral Vaccination

To analyse if supplementation of B-glucans in early life induces changes to the host’s
innate and adaptive immune system, different types of analysis were performed to assess
this on a local and systemic level. In this study, an oral vaccination against Salmonella

50



Impact of Yeast-Derived B-Glucans on the Porcine Gut Microbiota and Immune System in Early Life

Typhimurium was administered to measure whether yeast-derived B-glucans have an effect
on the responsiveness of the immune system. As expected, a clear and significant increase
of Salmonella-specific IgM and IgA antibodies could be observed after both the primary
and the secondary (booster) vaccination (Figure 6A,B). An increase in antigen-specific IgG
antibodies was only observed after the second vaccination (Figure 6C). Despite the clear
increase of antibody titres, no altered antibody response to the Salmonella vaccine strain
was observed between the B-glucan and control group during the pre- and post-weaning
phase of the study (Figure 6A-D).

A 25+ @ Ctr IigM . B 1.5 IgA
B B-gluc. b ¢
2.0 - _ =
§ s a I — § 1.04 b
. Y
< - 585 ¢ .
2 1.0- T . a "g <> 2=
o Wl=x ;L!_ - o5 x N T
" ol |
0.5 -:- Sam -'.- i |
0.0 T T T 0.0 | T T
d14 d35 de9 d14 d35 d69
IgG D Combined
5.09 3.04
c
4.0 IgG
€ s E 20-
S 3.0 5
g § & & ¢ o
5 = 5
0 2.09 b n [m}
o) f&m ©O 1.04
10{ g === IgA
&« %= A )
0.0 T T T 0.0 T T T
d14 d35 de9 d14 1 d35 ) de9

Figure 6. Levels of vaccine-specific IgM (A), IgA (B) and 1gG (C) were measured in blood serum prior to vaccination
(day 14), three weeks after vaccination (day 35) and 3 weeks after the booster vaccination (day 69). Figure
6D incorporates the results of Figure 6A-C. The arrows in plot 6D indicate the time of vaccine (Salmoporc®)
administration (d21 and d45). From every pen, two control animals (circles; @, dashed lines) or two B-glucan treated
animals (squares; m, solid lines) were randomly selected and followed over time (n = 16 per treatment group). Every
symbol represents a single observation. No significant differences were observed between the treatment groups.
Letters (a, b, c) represent significant differences (p < 0.05) between time points.

Ex Vivo Stimulation of MILN Cells and PBMCs

Figure 7 shows the production of the anti-inflammatory cytokine IL-10 by MLN cells and the
production of the pro-inflammatory cytokine TNFa by PBMCs, upon stimulation with LPS
or Con-A. The cytokines were measured at three different time points (one pre- and two
post-weaning) during the study. Significant differences were only observed pre-weaning.
On day 27, MLN cells from B-glucan treated animals produced higher levels of IL-10 upon
stimulation with 10 pg/mL LPS (p = 0.008; T-test) in comparison to LPS stimulated MLN
cells from non-treated animals (Figure 7A). Using a lower concentration of LPS (1 pg/mL)
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showed the same pattern but resulted in a lower level of IL-10 production (Figure S7). In
accordance with these results, Con-A stimulated MLN cells from B-glucan treated animals
showed an increased IL-10 production on day 27 (Figure 7C), albeit not significant (p = 0.09;
T-test). No differences in IL-10 production were observed for stimulated PBMCs (Figure S8).
Interestingly, MLN cells from B-glucan treated animals also produced more IL-10 when left
unstimulated (medium only) compared to unstimulated MLN cells from the control animals
(p =0.057; T-test). No such differences were observed for the post-weaning time points (day
44 and 70, respectively) and the variation between individual animals increased in the post-
weaning phase. No differences in TNFa production by MLN cells were observed between the
treatment groups (Figure S8), but stimulation of PBMCs obtained at day 27 from B-glucan
treated animals showed a decreased TNFa production upon stimulation with Con-A (p =
0.024; T-test) and LPS (not significant) (Figure 7B,D). Furthermore, IL-10 production changed
over time as observed for Con-A stimulated MLN cells (Figure 7C), independent of the
different treatment groups. As for LPS stimulated PBMCs (Figure 7C), a significant increase
of TNFa was only observed for B-glucan treated animals (time-treatment interaction).

A MLN cells B PBMCs
0| ECtrl 0 e b
I B-gluc.
CCtrl - Medium
[ B-gluc. - Medium o 300 a b
T 40 =
%) %% ® %) L]
e £200 r
o =]
5 z .
= 20 o = °
g’ ! 100 %
@)
L °
{ ]
0 0
c d27 d44 d70 D d26 d43 d69
b
3000
. ~ 750
22000 3 S o
= 2 .
5 - B | =
[ ] °
1000 250 °
i L B
' .=
0 - of ° m
d27 d44 d70 d26 d43 d69

Figure 7. Levels of cytokines IL-10 (A,C) and TNFa (B,D) from stimulated MLN cells and PBMCs. MLN cells and
PBMCs were stimulated with 10 pug/mL LPS (A,B) or 5 ug/mL Con-A (C,D), or left unstimulated (cell culture medium
only) for 24 h. Significant differences between the treatment groups are indicated by asterisks (**; p < 0.01 and
*; p < 0.05). Letters (a, b) represent significant differences (p < 0.05) between time points. Every dot represents a
single animal from a different pen (n = 7 or 8 per treatment group) and error bars represent standard deviations.
Statistical analysis was performed for every time point (T-test) and over time (Two-way ANOVA). Data were checked
for normal distribution and equal variances and log-transformed when required.

52



Impact of Yeast-Derived B-Glucans on the Porcine Gut Microbiota and Immune System in Early Life

Analysis of Inmune Cells in Blood and the MLN

Cell analyses of PBMCs and MLN cells were used to investigate the potential effects of
B-glucans on the abundance (percentage of cells) or function (maturation or proliferation)
of different immune cell populations, including DCs, NK cells and T cells (Table 2: PBMC,
Table 3: MLN). No significant differences were observed for the DC subsets in PBMCs at any
of the time points. However, a decreased percentage of proliferating NK cells (p = 0.009;
T-test, p = 0.010; Two-way ANOVA) and y& T cells (p = 0.049; T-test, p = 0.034; Two-way
ANOVA) was observed for B-glucan treated animals on day 26 (Figure 8A,D). As for MLN
cells, the same immune cell populations were analysed, with the exception of NK cells. On
day 44, a higher percentage of cDC1 (p = 0.011; T-test) and cytotoxic (CTL) cells (p = 0.035;
T-test) was observed in B-glucan treated animals. In contrast, a lower expression of the cell
maturation marker CD80/86 was observed for pDCs on day 27 (p = 0.024; T-test) and 70
(p = 0.034; T-test). Interestingly, correlation analysis showed that the Romboutsia genus
positively correlates with the expression of the cell maturation marker CD80/86 on cDC1
cells (Figure S9). Furthermore, a significant time effect was observed for almost all analysed
cell populations (Tables 2 and 3), generally with clear differences between day 14 and day
26 (pre-weaning) and between the pre- and post-weaning time points.
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Figure 8. Cell analysis of different immune cell populations from PBMCs (A—C) and MLN cells (D—F). Significant
differences between treatments are indicated by asterisks (**; p < 0.01 and *; p < 0.05). Letters (a, b, c) represent
significant differences (p < 0.05) between time points. Data were presented as the percentage of proliferating
cells (Ki67%; A,B), percentage of cells (%; C,D,F), or mean fluorescent intensity (MFI; E). Every dot represents a
single animal from a different pen (n = 7 or 8 per treatment group) and error bars represent standard deviations.
Statistical analysis was performed for every time point (T-test) and over time (Two-way ANOVA). All data were
checked for normal distribution and equal variances and log-transformed when required.
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Discussion

The microbiota plays an important role in in the development of the innate and adaptive
immune system (Fung, Olson et al. 2017). However, the interplay between diet, the gut
microbiota, and the immune system is still poorly understood, especially in early life. In this
study, we investigated the impact of yeast-derived B-glucans on the porcine gut microbiota
and the immune system from birth to six weeks post-weaning. We hypothesized that
early-life supplementation of yeast-derived B-glucans (MacroGard®) alters gut microbial
development and potentiates immunological responses in pigs. Overall, supplementation of
yeast-derived B-glucans had no profound effect on the development of the gut microbiota
and the immune system, and any observed differences were modest. However, clear time
effects were observed in the gut microbiota and the immune system between the pre- and
post-weaning time points, which gives valuable information regarding the development of
these complex systems. Importantly, no adverse effects of orally administered B-glucans
were observed, and there were no indications that B-glucans had a negative effect on
physiological parameters (e.g., body weight and pH), gut microbiota, or the immune system
in early life.

Yeast-derived B-glucans are being used as functional ingredients in pig nutrition to boost
gut health. Although B-glucans have been shown to impact the immune system by binding
to specific host receptors, B-glucans can also be considered as dietary fibres. Dietary fibres
can potentially be used to impact gut microbiota composition by stimulating the growth
of saccharolytic or fibrolytic microorganisms (Zhang, Mu et al. 2016). Similarly, B-glucans
may, depending on solubility, escape digestibility in the upper Gl tract and may arrive in the
lower Gl tract where they are broken down by saccharolytic bacteria into short-chain fatty
acids (SCFAs) (Kedia, Vazquez et al. 2008). A meta-analysis on the impact of the inclusion of
cereal-derived B-glucans in feed has indeed shown a positive correlation with the presence
of the SCFA butyrate in the colon (Metzler-Zebeli, Zijlstra et al. 2011). In the present study,
three genera were found to be differentially abundant over time in faeces during the pre-
weaning phase when given yeast-derived B-glucans as dietary intervention, including
Methanobrevibacter, Fusobacterium, and a genus within the family of Ruminococcaceae.
Interestingly, in a porcine study in which dietary fibres were administered during the pre-
weaning period (day 14 until weaning), effects were seen on the relative abundance of
several genera in the mid-colon, amongst which two genera in the Ruminococcaceae family
(Van Hees, Davids et al. 2019), highlighting the potential of microbiota modulation by dietary
fibres. In a study where the effects of three purified B-glucans were tested on members of
the Gl tract, all three were shown to reduce the Enterobacteriaceae population (Sweeney,
Collins et al. 2012). In the current study, this shift in Enterobacteriaceae was, however, not
observed.

Besides the differentially abundant genera, minor but significant differences in alpha and
beta diversity were found in faeces between treatment groups in the pre-weaning period.
These differences were not found in digesta from jejunum, ileum or caecum, which might be
explained by the smaller sample size. As expected, a clear temporal pattern was observed
for both treatment groups. This includes a clear separation between pre- and post-weaning
time points as demonstrated before in similar studies (Frese, Parker et al. 2015, Chen, Xu
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et al. 2017, Wang, Tsai et al. 2019). The alpha diversity increased in the early pre-weaning
phase (day 4) up to the first post-weaning time point (day 35), after which a plateau was
reached. This is in line with previous studies (Chen, Xu et al. 2017, Wang, Tsai et al. 2019).
In another study, alpha diversity reached a plateau from day 24 onwards (Arfken, Frey et al.
2020). This outcome likely has to do with the earlier time of weaning (day 21), demonstrating
the dominant role that the weaning transition has on gut microbiota maturation. The Gl
tract’s microbiota composition found in the present study is comparable to that observed
in other studies in terms of main phyla in faeces and caecum, both pre- and post-weaning
(Kim, Borewicz et al. 2011, Looft, Allen et al. 2014, Gresse, Chaucheyras Durand et al. 2019).
In addition, main phyla found in the jejunum and ileum post-weaning were comparable to
the results from another study (Yang, Huang et al. 2016). In addition, a study by Kim et al.
found that the Prevotellaceae family is predominant at ten weeks of age (Kim, Borewicz
et al. 2011), which was also observed in our study. Moreover, the temporal pattern of the
composition and relative abundance of archaeal taxa is comparable with data from multiple
studies (Gresse, Chaucheyras Durand et al. 2019, Mi, Peng et al. 2019).

Both the composition and development of the microbiota as well as the innate and
adaptive immune maturation are influenced by exposure to commensal microorganisms
and dietary antigens (Everaert, Van Cruchten et al. 2017). Dietary B-glucans are recognized
by pathogen recognition receptors, the most important one being Dectin-1 (Taylor, Tsoni et
al. 2007). Sonck et al. demonstrated that Dectin-1 is expressed in the spleen, MLN, lungs,
and along the digestive tract of pigs (Sonck, Stuyven et al. 2009). Immune cells, including
DCs, are also known to express Dectin-1 in human and mice, but this has not yet been
shown for porcine immune cells (Ariizumi, Shen et al. 2000, Hernanz-Falcon, Arce et al.
2001). Recognition of B-glucans by immune cells may induce altered immune responses
upon a secondary stimulation, thereby influencing the immune competence of the pig. To
test this, we assessed if pigs treated with B-glucan showed an enhanced immune response
to a live attenuated Salmonella vaccine (Salmoporc®). A clear vaccine-induced increase in
Salmonella specific antibodies was observed, but no differences were found between the
control and B-glucan group. This could imply that the vaccination induced an immunological
response that was too strong to determine the subtle effects of this dietary intervention
on the systemic immune competence, or that yeast-derived B-glucans do not enhance the
systemic immune system. In line with these results, we did not see major differences in the
percentage and proliferation of T-cell subsets in both blood and the MLN. These results are
in accordance with a previous study that investigated the effect of (purified) yeast-derived
(1,3/1,6)-B-d-Glucan (Wellmune WGP®) on the vaccination response and T-cell subsets in
neonatal piglets. The authors did not find any effect of this dietary supplement on intestinal
or immune development and it did not improve the antibody response to vaccination in
neonatal piglets (Hester, Comstock et al. 2012).

Interestingly, when we stimulated PBMCs from B-glucan treated animals ex vivo with LPS or
Con-A, we observed a reduction in the production of the pro-inflammatory cytokine TNFa
on day 26. In line with these findings, ex vivo stimulated MLN cells from B-glucan treated
animals produced higher levels of the anti-inflammatory cytokine IL-10 on day 27. These
results suggest that yeast-derived B-glucans induce a more anti-inflammatory or tolerant
state of the systemic immune system. This is also suggested by the reduced percentages
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of CTLs and proliferating NK cells and y6 T cells in PBMCs from B-glucan treated animals on
day 26. The observed reduction of TNFa in B-glucan treated animals has been observed in
other porcine in vivo studies. Vetvicka et al. showed a significant reduction of TNFa in blood
serum after an endotoxin challenge with LPS (Vetvicka and Oliveira 2014). In addition, Li et
al. observed a decrease of TNFa production by blood lymphocytes from B-glucan treated
pigs which were stimulated ex vivo with LPS (Li, Xing et al. 2005). Taken together, these
findings suggest that B-glucans may alter immune cell responses upon a secondary stimulus
as was observed in a study by dos Santos et al. (Dos Santos, de Figueiredo et al. 2019), in
which they showed a significant increase in IL-10 production after 2 and 4 h of infection
with L. braziliensis in -glucan trained macrophages. The modest effects of yeast-derived
B-glucans on the immune system were primarily observed in the pre-weaning phase, which
is in line with the findings from the microbiota analysis (Figures 2 and 3). A more complex
diet after weaning may impair the ability to identify any subtle changes induced by yeast-
derived B-glucans in the post-weaning period.

Most studies suggest that yeast-derived B-glucans improve the overall health of pigs.
However, strong and consistent evidence is lacking, and no studies have investigated its
impact on both the gut microbiota and the immune system. The present study shows
that yeast-derived B-glucans primarily induce effects in the gut microbiota and immune
system early in life. During the pre-weaning period, the diversity of the faecal microbiota
was lower in animals that received B-glucans. This is unexpected, as fibrous components
typically result in increased microbial diversity (Makki, Deehan et al. 2018). As previously
discussed, three genera were found to be differentially abundant in the same period,
including Methanobrevibacter, Fusobacterium, and a genus within the Ruminococcaceae
family. At the genus level, it is hard to state whether these are positive effects, as a species
within these genera can either act in a commensal or beneficial fashion, or can have adverse
effects for the host. Interestingly, the genus Romboutsia showed a positive correlation
with the expression of the cell maturation marker CD80/86 on cDC1 cells (Figure S9). This
may imply that Romboutsia contributes to the maturation of the (innate) immune system.
Several Romboutsia spp. are commensals of the mammalian Gl tract and have been shown
to be flexible anaerobes that are adapted to the small intestine (Gerritsen 2015, Gerritsen,
Hornung et al. 2017). As for the immune system, the increased production of the anti-
inflammatory cytokine IL-10 by MLN cells, and the decreased production of TNFa by PBMCs,
suggest an anti-inflammatory effect. However, it should be noted that only a small number
of animals were sampled and that the level of LPS induced IL-10 produced by MLN cells was
relatively low (0-61 pg/mL). Nevertheless, these results are in line with other in vivo studies
that showed limited or no effects of yeast-derived B-glucans on the (mucosal) immune
system or vaccination response (Hahn, Lohakare et al. 2006, Stuyven, Van Den Broeck et al.
2010, Hester, Comstock et al. 2012, Pence, Hester et al. 2012).

Taken together, this study reinforces that the pre-weaning period constitutes a window of
opportunity to alter the immune system through diet, which may set the stage for immune
homeostasis and subsequent host—microbial interaction. However, the observed changes
induced by dietary B-glucans were modest, and any long-lasting health effects of yeast-
derived B-glucans remain to be elucidated.
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Supplementary Materials

Weaner Diet

Nursery Diet

Day 25-44 Day 45-70
Ingredient composition (%)
Barley 25.00 30.00
Wheat 25.00 22.00
Corn 15.28 12.00
Soybean meal (48% crude protein) 10.00 9.90
Sweet whey powder 9.29 4.29
Soy protein concentrate ! 4.30 4.00
Soya oil 3.20 3.31
Cane molasses (> 47.5% sugar) 1.00 1.00
Sucrose 1.50 1.50
Wheat bran 1.50 5.13
Sunflower seed meal (27% crude protein) 0 3.00
Sodium chloride 0.58 0.46
Sodium bicarbonate 0 0.29
Mono-calcium phosphate 0.29 0.03
Limestone (calcium carbonate) 0.47 0.56
Organic acids ? 0.15 0.15
Phytase 3 0.05 0.05
Vitamins and trace minerals * 1.05 1.12
Synthetic amino acids 1.34 1.21
Total 100.00 100.00
Calculated nutrients, g/kg
Moisture 110 113
Crude protein 170 175
Crude fat 50 52
Crude fibre 28 40
Crude ash 47 47
Starch (Ewers method) 384 378
Total dietary fibre 141 165
Soluble dietary fibre 64 79
Insoluble dietary fibre 80 94
Lactose 65 30
Calcium 5.50 5.50
Phosphorus 4.50 4.36
Digestible Phosphorus 4.10 3.50
Na 3.00 3.00
Cu (total, mg) 165 167
Zn (total, mg) 124 129
Metabolic energy (MJ) 14.22 13.84
Net energy (MJ) 10.46 10.11
Standardized ileal digestible lysine 12.35 12.03
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Weaner Diet Nursery Diet
Day 25-44 Day 45-70

Analysed nutrients, g/kg

Moisture 101 97
Crude protein 170 176
Crude fibre 28 40
Crude fat 53 53
Crude ash 46 47
Zinc (mg/kg) 118 116

Table S1. Experimental diets fed during the experimental period. 1HP 300 (Hamlet protein, Horsens, Denmark);
2 Fylax Forte HC-SP (Trouw Nutrition Selko, Tilburg, The Netherlands) 3 Phyzyme XP 5000 TPT (Danisco Animal
Nutrition, Marlbourough, UK ) providing 600 FTU 6-phytase per kg feed; 4 Farmix (Trouw Nutrition, Putten, The
Netherlands), provided per kg feed: 8000 IU vit A, 2000 IU vit D3, 100 (weaner) or 150 (nursery) IU vit E-acetate, 1.5
mg menadione, 1 mg thiamine mononitrate, 4 mg riboflavin, 1 mg pyridoxine, 30 pug cyanocobalamin, 20 mg niacin,
12 mg pantothenic acid, 300 pg folic acid, 150 mg choline chloride, 50 mg betain.
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Figure S1. The pH of digesta from four different gut segments (jejunum, ileum, caecum and colon). The pH of
digesta was measured on day 27, 44 and 70 of the study. Samples from control animals (circles; ®) and B-glucan
treated animals (triangles; A) are presented in this figure (n = 8 per group).
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Figure S2. Gating strategy for the identification of DC subsets following five-color flow cytometry. Antibodies
against CD14, CD172a, CADM1 and CD4 in were used to identify DC subsets in PBMCs (A) and MLN cells (B). After
doublet discrimination and selection for viable cells, gates were set on cells with high forward and side scatter
(large cells). DC subsets (CD14-), were defined as pDC (CD172a+CADM1-CD4+), cDC1 (CD172alowCADM1+CD4-
cells) and ¢cDC2 (CD172a+CADM1+CD4-).
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Figure S3. Gating strategy for the identification of T lymphocytes and NK cells following six-color flow cytometry.
Antibodies against CD3, CD8a, TCR-y§, CD4, FoxP3 and CD25 were used to identify different cell populations in
PBMCs (A) and MLN cells (B). After doublet discrimination and selection for viable cells, gates were set on cells
with medium/high forward and side scatter to select for lymphocytes and exclude debris. NK cells were defined
as CD3-CD8a+, y& T cells as CD3+TCR-y6+, CTLs as CD3+TCR-y6-CD8a+, T helper cells as CD3+TCR-y56-CD4+,
Memory/Activated (Mem./Act.) T cells as CD3+TCR-y8-CD4+CD8a+ and T regulatory cells (Tregs) as CD3+TCR-y5-
CD4+CD25highFoxp3+.
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Figure S4. Weighted Unifrac distance-based Principal Response curves (dbPRC) of differences in pre-weaning (A)
and post-weaning (B) faecal microbiota composition between B-glucan (black line) and control (reference baseline
with zero PRC values) animals. The horizontal axis represents time, and the vertical axis represent PRC score values.
Calculations were performed at the genus level, genera with a score lower than -0.2 or higher than 0.2 are shown
on the right y-axis. Asterisks represent genera that were significantly differentially abundant.
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Figure S5. Taxonomic composition of Archaea within the piglet faeces and digesta over time. Data are given as the
mean relative abundance at the genus level by sampling time point (d4-70) and by faeces (fcs) or gut segment;
jejunum (jej), ileum (ile), caecum (cae). Data includes samples from both treatment groups.
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Figure S6. Heatmap of the relative abundance of the 35 most prevalent families in faecal samples over time. Each
time point includes the means of 16 pens (8 control pens and 8 B-glucan pens).
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Figure S7. Levels of cytokines IL-10 (A) and TNFa (B) from LPS stimulated MLN cells and Con-A stimulated PBMCs,
respectively. MLN cells and PBMCs were stimulated with 1 ug/mL of LPS or 2.5 pg/mL of Con-A for 24 h. Significant
differences between treatments are indicated by asterisks (**; P<0.01 and *; P<0.05). Every dot represents a single
animal (n = 7 or 8 per group) and error bars represent standard deviations. Statistical analysis was performed for
every time point (T-test) and over time (Two-way ANOVA). Data were checked for normal distribution and equal
variances and log-transformed when required.
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Figure S8. Levels of cytokines TNFa (A, C) and IL-10 (B, D) from stimulated MLN cells and PBMCs. MLN cells and
PBMCs were stimulated with 10 pg/mL LPS (A, B) or 5 ug/mL Con-A (C, D) for 24 h. Every dot represents a single
animal (n = 7 or 8 per group) and error bars represent standard deviations. Statistical analysis was performed for
every time point (T-test) and over time (Two-way ANOVA). Data were checked for normal distribution and equal
variances and log-transformed when required. No cytokine levels were detected on day 70 (MLN cells) as indicated

by n/a.
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Figure S9. Correlation plot of several study parameters, including physiological parameters (weight and pH),
immunological parameters (MLN cell analysis and stimulation assay) and ileal microbiota composition abundances
(genus level). This figure only includes data from day 27 of the study. All correlations with an adjusted p-value
below 0.05 are shown in the correlation plot. Color intensity is proportional to the correlation coefficient.
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Abstract

E. coli strain Nissle 1917 (EcN) has been used for over 100 years as a probiotic
against a variety of intestinal disorders, but no studies have investigated its effects in
neonatal piglets. In this pilot study, we have investigated the presence, abundance,
and location of EcN in the porcine gastrointestinal tract, mesenteric lymph nodes,
and faeces after oral administration of different concentrations of EcN. In addition,
the pH of different gut segments was measured to determine the effect of EcN on the
gut environment. Overall, no adverse health effects related to ECN were observed
during the study. EcN was detected in faeces of all piglets that received EcN, and
no major differences were observed between the piglets that received a high,
medium, or low concentration of EcN (10° 10% or 107 CFU/mL, respectively). Albeit
at a low abundance, EcN was also detected in one of the control animals. Therefore,
measures to prevent cross-contamination are highly recommended when designing
in vivo experiments that involve microbial products such as probiotics. Moreover,
EcN was also detected in the mesenteric lymph node of a single animal that received
the highest concentration of EcN, suggesting that EcN is able to (spontaneously)
translocate to (secondary) lymphoid organs. In conclusion, EcN can be found in
faeces, in all segments of the gastrointestinal tract, and in the mesenteric lymph
node after oral administration of EcN. These results provide valuable insights into the
behaviour of EcN and may contribute to a better comprehension of its effects on the
gastrointestinal tract.

Keywords: E. coli Nissle 1917, porcine, microbiota, gastrointestinal tract, immune
system
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Introduction

Earlylifeisacritical phase duringwhich microbes colonize the neonatal piglets’ gastrointestinal
tract (GIT), settle down as different communities, evolve as a stable ecosystem, and ultimately
compete for the most suitable niche (Baker, Davis et al. 2013). In addition, neonatal piglets
are immunologically ‘immature’ and are highly dependent on passive immunity through
uptake of immunoglobulins from colostrum (Bailey, Haverson et al. 2005, Stokes 2017).
During the post-natal period, the piglet’s microbiome and immune system have to change
from a simple, unstable composition to a complex, stable and functional system, the
development of which is strongly influenced by environmental factors (Buddington, Sangild
et al. 2012, Schokker, Zhang et al. 2014). It has been hypothesized that these environmental
factors modulate the early development of the gut microbiota and can thereby induce long-
lasting effects on the host’s immune development (Thompson, Wang et al. 2008, Mulder,
Schmidt et al. 2009). For example, a study in pigs demonstrated that early life perturbations
(antibiotics and stress) have long-lasting effects on the gastrointestinal system, both on
gut microbiota composition and intestinal gene expression, including genes involved in
immune-related processes (Schokker, Zhang et al. 2015). As it is now widely recognized that
the gut microbiota is closely linked to metabolic processes and the development of the
immune system, it is not surprising that probiotics receive major interest (Lallés, Bosi et al.
2007, Rooks and Garrett 2016). In this context, early life administration of probiotics could
be a valuable strategy to enhance the maturation of the piglet’s microbiome and immune
system, which may reduce the incidence and magnitude of gastrointestinal diseases during
weaning and potentially later in life.

Probiotics are defined as ‘live microorganisms’ that, when administered in adequate
amounts, confer a health benefit for the host (FAO 2006, Bajagai, Klieve et al. 2016). One
of the most well studied Gram-negative probiotics is E. coli Nissle 1917 (EcN), which was
isolated in 1917 from the intestinal microbiota of a young soldier by the German Professor
Alfred Nissle (Wassenaar 2016). Interestingly, a more recent study demonstrated the
presence of a natural isolate of EcN in a swine herd in Germany (Kleta, Steinriick et al. 2006).
In experimental studies, EcN was shown to reduce diarrhoea in calves (Von Buenau, Jaekel et
al. 2005). In addition, EcN inhibited colonisation by enteric bacterial pathogens by adhering
strongly to the porcine epithelial surface (Schroeder, Duncker et al. 2006, Barth, Duncker
et al. 2009). However, it is currently unknown if EcN can pass the GIT of conventional pigs
when orally administered in the neonatal period. There is also little information available
regarding EcN’s presence in different porcine GIT segments and whether it is present in
mucosal scrapings from those segments. In addition, as EcN might influence the pH in the
GIT, the pH should be measured in digesta of different GIT segments. Moreover, EcN is also
known to stimulate specific immune cells (e.g., dendritic cells) that underlie the epithelial
barrier. These immune cells may interact directly or indirectly (through the microbiota) with
probiotic bacteria, as has been previously hypothesized for EcN (Scaldaferri, Gerardi et al.
2016). To examine if orally administered EcN might directly interact with immune cells in
gut-associated lymphoid tissues (GALT), bacterial translocation of EcN to mesenteric lymph
nodes (MLNs) should be investigated. MLNs are known as key sites for oral tolerance induction
and T-cell activation and act as a barrier to prevent intestinal bacteria from penetrating the
systemic immune system. (Macpherson and Smith 2006). Bacterial translocation of EcN to
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MLNs has previously been described in murine studies but has yet to be investigated in
pigs (Bereswill, Fischer et al. 2013). This pilot study aimed to fill the previously mentioned
knowledge gaps and to develop methodologies that improve the design of larger future in
vivo studies.

Materials and Methods

Ethical statement

This animal experiment was conducted in accordance with the Dutch animal experimental
and ethical requirements and the project license application was approved by the
Dutch Central Authority for Scientific Procedures on Animals (CCD) (Permit Number:
AVD1040020173948). The protocol of the experiment was approved by the Animal Care
and Use Committee of Wageningen University & Research (Wageningen, The Netherlands)
(Protocol Number: 2017.W-0076). Pigs were euthanized with Euthasol® according to Good
Veterinary Practice (GVP), and all efforts were made to minimize suffering.

Study design

This pilot study was performed at the Swine Research Centre (Trouw Nutrition, Sint
Anthonis, The Netherlands). The study was conducted with eight Hypor*Maxter newborn
female piglets that were selected from two multiparous sows. Both sows were housed in
farrowing pens with steady temperature, humidity, and light, and ad libitum access to water.
Shortly after parturition, all newborn piglets received an ear tag, an intramuscular iron
injection, their tails were docked, and their birth weight and sex were determined. Twenty-
four hours after parturition (day 1), four female newborn piglets were selected from each
sow and were then housed together in a farrowing pen with of the sows. Subsequently, all
eight piglets were randomly allocated to the treatment groups, with two animals receiving
1 mL of Ponsocol® solution containing 107 Colony Forming Units (CFU) of EcN, two animals
receiving 108 CFU/mL of EcN, two animals receiving 10° CFU/mL, and two animals receiving
tap water (control treatment). All EcN and control treatments were orally administered with
a syringe every other day until the end of the study (day 25). From day 23 onwards, suckling
piglets received creep feed to get used to solid feed intake. All piglets were housed with a
(foster) sow during the entire study period of 25 days. A graphical presentation of the study
design, including the time points of faecal sample collection, is shown in Figure 1.

Preparation of E. coli Nissle 1917 inocula

E. coli Nissle 1917 (Ponsocol®) was kindly provided by Ardeypharm GmbH, Herdecke,
Germany. Inocula were freshly prepared and administered every other day starting from day
two onwards. Three EcN concentrations were tested: 107, 10® and 10°CFU per mL. To prepare
102 and 10° CFU per mL of EcN, the Ponsocol® solution was centrifuged at 5200g for 5 min.
Next, excess supernatant was removed and used for the resuspension of bacterial pellets
up to the desired concentrations. To verify the number of CFU per mL, serial dilutions of the
Ponsocol® preparations were plated on Lysogeny Broth (LB) agar plates. A volume of 0.05
mL of each diluted solution was plated (using sterile disposable spreaders) in a laminar flow
hood. Each dilution chosen was plated in triplicate. Plates were incubated upside down at
37 °C overnight. On the following day, plates with apparent CFU counts between 30 and 300
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Figure 1. Study design. Eight female piglets were included in the study and housed with the sow for 25 days. Oral
administration of 107, 108, and 10° CFU/mL of EcN or water (control treatment) started on day 2 of the study and
was repeated every other day until sacrifice and dissection (d25 after birth). Creep feed (CF) was provided from day
23 onwards. Faecal samples were collected on d4, d8, d13, d19, and d25 (indicated by black squares).

per plate were counted. Results were corrected by the volume plated and dilution applied.
CFU counts (log10 CFU per mL) were averaged, and standard deviations were calculated.

Experimental procedures

Faecal sampling

Individual faecal samples were collected following rectal stimulation on days 4, 8, 13, 19,
and 25 of the study. All faecal samples were immediately snap-frozen using dry ice and
stored in a sterile cryo-tube at -80°C until further processing. During dissection, digesta and
mucosal scrapings of the epithelium were collected from the jejunum, ileum, duodenum,
and colon to determine the presence of EcN along the GIT. In addition, the pH was measured
in the digesta samples of all GIT segments, since it is an important determinant of bacterial
survival. To determine bacterial translocation of EcN to the mesenteric lymph node (MLN),
the ileocecal MLN (adjacent to the ileum) was aseptically collected and stored overnight
at 4°C in sterile PBS until further processing. Zootechnical parameters, including general
health status of the animals were evaluated daily by animal caretakers. Faecal scoring
was performed during the collection of faecal samples (days 4, 8, 13, 19, and 25). The
body weight was measured at birth, 24 hours after birth, and on days 13, 19, and 25. All
experimental procedures were performed by trained staff and according to standardized
operation procedures.

Quantification EcN in faeces, digesta and mucosal scrapings using gPCR

For relative quantification of EcN in faeces, digesta and mucosal scapings, SYBR green qPCR
assays were performed with extracted sample DNA using an iCycler iQ real-time detection
system (Bio-Rad Laboratories B.V., Veenendaal, The Netherlands). All gPCR analyses were
carried out with a reaction volume of 25 L, using optical-grade PCR plates and sealing
film. The reaction mixture contained 2x iQ SYBR green Supermix (Bio-Rad Laboratories
B.V.), 400 nM (final concentration) of each primer (Table S1), and 0.5 uL of either the DNA
template (20ng/uL) or PCR grade water. The bacterial amplification program consisted of
an initial denaturation at 95°C for 3 min followed by 39 cycles of 95°C for 15 s, 60°C for
30 s, and 72°C for 45 s. The fluorescent products were detected at the last step of each
cycle. Following amplification, melting curve analysis of PCR products was performed to
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determine the specificity of the PCR. The melting curves were obtained by slow heating at
0.5°C/s increments from 65 to 95°C, with continuous fluorescence collection. EcN specific
and total bacteria standard curves (10pg—10ng genomic DNA/reaction) for the assays were
prepared by diluting genomic DNA isolated from an EcN culture.

Cultivation of bacteria from the MLN
The ileocecal MLN was homogenized using cold PBS and a cell strainer (BD Falcona Nylon
100um Cell Strainer), and 1mL of the cell suspension was stored overnight at 4 °Cin a sterile
Eppendorf tube. The next day, 100 ul of the tissue homogenates were cultured overnight
on LB agar plates at 37°C. After 24 h, the bacteria were visually inspected, and a subset of
colonies was selected for colony PCR.

Identification of EcN colonies by colony PCR.

A subset of bacterial colonies was selected, and a colony PCR (cPCR) was performed to
identify EcN colonies using EcN-specific primers (see table S1). For each reaction, 12.5
pl Onetaq buffer, 0.5 ul dNTPs (10 mM), 0.5 ul of each primer (10 uM), 0.125 ul Onetaq
polymerase were combined with H,0 to reach a final volume of 25 ul and were incubated at
95 °C for 5 min followed by 35 cycles of 95 °C for 45 s, 60 °C for 45 s and 72 °C for 45 s. The
resulting amplicons were visualized using a 1% agarose gel.

Results

Relative abundance of EcN in faeces

The amount of EcN present in faecal material at different time points was determined
by qPCR. Moreover, we investigated if control animals were able to pick up the probiotic
strain from the pen environment when co-housed with EcN-treated piglets. A measurable
amount of EcN was present in the faeces of each animal after oral administration of 108 or
10° EcN CFU/inoculation (Figure 2). Importantly, no adverse health effects were observed at
any of the doses of EcN during the study. In addition, oral administration of 107 EcN (CFU/
inoculation) resulted in a low relative abundance of EcN in one of two animals (pig 8) during
the first two weeks of the study. The relative abundance of EcN showed to be more constant
in the second half of the study (days 19 and 25) in comparison to the first half of the study
(days 4, 8, and 13). Interestingly, EcN could also be detected in the faeces of the two control
animals (pigs 1 and 2) that did not receive EcN. On day 19 of the study, EcN was detected
in the faeces of piglet 1, whereas faeces of piglet 2 showed to contain a relatively high
abundance of EcN at the start of the study (day 4) and a low but measurable amount of EcN
at the end of the study (day 25).

76



Oral Administration of E. coli Nissle 1917 in Neonatal Pigs — Implications for Future Research

10-1 =
102 -8— P1-Control

0 .

% 10 - == P2 - Control

o —— P3-EcN 10° CFU/mL

5 104 =

8 =¥~ P4-EcN 10° CFU/mL

[0) 10_5 -

= ——  P5-EcN 10° CFU/mL

© 10-° =

g -©- P6-EcN 10® CFU/mL

% 107 -

L -5 P7-EcN 10" CFU/mL
10-° 9 ~A-  P8-EcN 10" CFU/mL
10-° T T T T T

4 8 13 19 25
Day of study

Figure 2. Oral administration of high amounts of EcN shows a consistently high relative abundance of EcN in the
faeces of piglets. Neonatal piglets received either EcN at different doses (107, 10* or 10° CFU/inoculation) or water
(control treatment) every other day for the entire duration of the study. Faecal samples were taken on days 4, 8,
13, 19, and day 25 and analysed for the relative abundance of EcN by qPCR. No faecal material could be retrieved
from pig 1 (P1) on day 4 of the study. Data are represented as the relative abundance of EcN compared to the total
amount of bacteria (log-scale). Below the indicated threshold line, measurements had a cycle value (Cq) above 31
at which the development of amplicon artefacts could have occurred, which can potentially lead to false positives.

Presence of EcN in digesta and mucosal scrapings of different GIT segments

To investigate the presence of EcN in different segments of the GIT, digesta and mucosal
scrapings were collected from the jejunum, ileum, caecum, and colon (Figure 3A). EcN was
detected in all EcN-treated piglets but was especially abundant in the digesta of the caecum
and colon. This is in contrast with the jejunum and ileum, which contained no or lower
amounts of EcN. Independent of the gut segmentation, a maximum of around 103 (1:1000)
EcN (relative to the total amount of bacteria) was detected in digesta. In addition, EcN was
detected in the jejunum of both piglets that received 10° CFU per dose of EcN. In general,
piglets that received 10’ CFU per dose of EcN showed a lower relative abundance of EcN
in comparison to the piglets that received 108 or 10° CFU per dose of EcN. EcN was not
detected in most of the digesta of the control animals, with the exception of the caecum and
colon of one of the control animals, albeit at relatively low abundance. In addition to the
analysis of the digesta, a small selection of mucosal scrapings from different gut segments
were collected to get an impression of the presence of EcN in the mucus layer (Figure 3B). In
general, the relative abundance of EcN in the mucus layer was comparable to its presence in
the digesta. In two cases (ileum, pig 5 and colon, pig 6), EcN was detected in the digesta but
not in the mucus layer of the respective gut segments.
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Figure 3. Presence of EcN in digesta and mucosal scrapings of different gut segments. Neonatal piglets received
different doses of EcN; 10° CFU (pigs 3 and 4), 108 CFU (pigs 5 and 6), 10’ CFU (pigs 7 and 8), or a control treatment
(water) every other day for the entire duration of the study. Digesta and a small selection of mucosal scrapings from
different gut segments (jejunum, ileum, caecum, and colon) were collected to determine the presence of EcN in
the Gl tract at the end of the study (day 25). Data are represented as relative abundance of EcN compared to total
amount of bacteria (log10-scale). Luminal content from the ileum could not be retrieved from two piglets (P4 and
P7) as indicated by not available (n/a).
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pH in different GIT segments

To determine if peroral administration of different concentrations of EcN affect the acidity
levels in the gut, the pH was measured in the luminal content of the jejunum, ileum, caecum,
and colon (Figure 4). The luminal content of the jejunum showed to have a pH ranging from
6.4 to 9.3 with an average pH of 7.1. In contrast to the jejunum, the ileum showed to have a
slightly basic pH, ranging from 7.46 to 7.9 with an average pH of 7.62. The pH of the caecum
and colon was more acidic. The pH of the luminal content from the caecum ranged from
6.79 to 6.41 with an average pH of 6.11, and for the colon the pH ranged from 5.69 to 6.95
with an average pH of 6.14. No apparent effects of different EcN concentrations on the pH
were observed.

Treatment
107 EcN
108 EcN
= 10°EcN
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Figure 4. pH levels of gut segments from different treatment groups. Neonatal piglets received different amounts
of EcN; 10° 10% and 107 CFU (per dose) or a control treatment every other day until dissection at the end of
the study (day 25). Luminal content from different gut segments were collected to determine the pH. The y-axis
indicates the pH (5.5 — 9.5) and the x-axis shows the different gut segments (jejunum, ileum, caecum, and colon).
Every point represents an individual piglet and the colours correspond to the treatment group (administered
dosage of EcN).

Bacterial translocation to the MLN

Translocation of EcN to the MLN was investigated to better understand its behaviour and its
potential interaction with the immune system in early life (Figure 5). From all thirty bacterial
colonies tested, one was confirmed by colony PCR to be EcN (lane 25). This bacterium was
obtained from the MLN of a single animal that received the highest concentration of EcN
(10° CFU/mL).
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Figure 5. Detection of EcN in the MLN by colony PCR. The numbers indicate the bacterial isolates. M: 100 bp DNA
ladder. Positive controls (samples containing EcN) are indicated by plus signs (+), and negative controls (samples
without EcN) are indicated by minus signs (-).

Discussion

Early in life and around weaning, piglets are vulnerable to gastrointestinal disorders such as
diarrhoea. The incidence of these gastrointestinal disorders increases around weaning due
to weaning-associated stressors such as maternal separation, transportation, and change of
diet (Moeser, Pohl et al. 2017). In the past decades, there has been increasing interest in the
effects of probiotics to confer a health benefit to the host. Probiotics are generally known
to support a healthy gut microbiota, digestive tract, and immune system (Isolauri, Sitas et
al. 2001, Behnsen, Deriu et al. 2013, Roselli, Pieper et al. 2017). However, to date, there
is only limited data available on the presence, localization, and persistence of probiotic
bacteria in the GIT when administered orally in early life. In this pilot study we used E. coli
Nissle 1917 (EcN), a Gram-negative bacterial strain that is known to prevent gastrointestinal
disorders in different host species. A previous study showed that when EcN was inoculated
prior to experimental infection with enterotoxigenic E. coli, faecal shedding of the challenge
strain decreased, and the piglets were protected from developing diarrhoea (Schroeder,
Duncker et al. 2006). In the current pilot study, no changes in the consistency of the faeces
between the treatment groups were detected, and no adverse health effects were observed
upon administration of EcN. Moreover, no major differences were observed between the
different concentrations of EcN administered, with regard to the presence, abundance and
localization of EcN along the GIT.

To investigate if the presence of EcN in piglets is time and dose-dependent, faecal material
was collected at different time points of the study. EcN was detected at all time points of the
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study when animals received EcN at a concentration of 108 or 10° CFU/mL. In contrast, EcN
could not be detected at all time points when animals received EcN at a concentration of
107 CFU/mL. In line with these results, the relative abundance of EcN in faeces on day 4 was
lowest in piglets that received EcN at a concentration of 107 CFU/mL. Furthermore, from day
4 onwards the variation between individuals increased, but in the second half of the study
the individual variation decreased. This could be explained by the temporal development
of the gut microbiome as it will attain diversity and complexity of composition over time
(Wang, Tsai et al. 2019). Interestingly, on days 4, 19, and 25, EcN was detected in one of the
control animals. Cross-contamination between animals could have occurred due to direct
contact between piglets after oral administration (e.g., during suckling) or piglets consuming
faeces from piglets who received EcN. This observation opts for the proper division of the
treatment and the control groups in similar experiments and to test all control animals for
the presence of EcN or whichever probiotic strain is used.

In this pilot study we also investigated the presence and abundance of EcN along the GIT.
Digesta and mucosal scrapings were collected from the jejunum, ileum, caecum and colon.
EcN was detected in all GIT segments at the time of dissection , with the highest relative
abundances found in the ileum, caecum and colon. This partially overlaps with previous
research that demonstrated that commensal E. coli strains are predominantly located in
the hindgut, especially in the caecum and the colon (Poulsen, Lan et al. 1994). Another
factor that could influence the presence, abundance and localization of EcN in the GIT is the
pH (Bezkorovainy 2001). The colon and caecum were found to have a slightly more acidic
environment (approximately pH 6) in comparison to the jejunum and ileum (approximately
pH 7 and 7.5, respectively). This is in line with other studies (Merchant, McConnell et al.
2011, Sciascia, Das et al. 2016). However, it is hard to determine if pH is a determinant of
EcN abundance in the gut as many factors may contribute (e.g., genetics, nutrition, and
age). Furthermore, no apparent effects of EcN on the pH were observed for any of the EcN
concentrations administered. In addition to the collection of digesta, a small number of
mucosal scrapings from different GIT segments were collected to compare the relative
abundance of EcN between digesta and mucosa of the same segment. For most of the
piglets, the relative abundances of EcN in digesta and mucosal scrapings were similar. The
presence of EcN in mucosal scrapings can be explained by the expression of different types
of fimbriae by EcN (e.g., F1C fimbriae), which are known to facilitate adhesion of EcN to the
mucus layer or gut epithelial cells (Blum, Hacker et al. 1995, Lasaro, Salinger et al. 2009).

It is well established that bacteria are able to pass the epithelial barrier and translocate to
secondary lymphoid organs, including MLNs (Schultz, Watzl et al. 2005, Nagpal and Yadav
2017). However, it is not known if EcN is able to translocate to the MLN when administered
in early life, a period where the integrity of the epithelial barrier is suboptimal. Interestingly,
in this pilot study, viable cells of EcN were detected in the MLN of one of the animals that
received the highest amount of EcN (10° CFU/inoculation). Bacterial translocation of EcN
to the MLN has been described in murine ileitis and colitis models (Schultz, Strauch et al.
2004, Bereswill, Fischer et al. 2013). In an inflamed gut, bacterial translocation is more likely
to occur as the gastrointestinal barrier is disrupted and bacteria are able to penetrate the
epithelial barrier more easily. However, ‘spontaneous’ translocation of bacteria also takes
place in healthy subjects on a continuous basis, a process that is influenced and controlled
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by the host’s microbiota and immune system (Jeppsson, Mangell et al. 2004, Gronbach,
Eberle et al. 2010, Ley, Desseyn et al. 2019). These findings could explain why EcN was
detected in the MLN of a single animal. This observation provides new insights into the
behaviour of EcN and its link with the mucosal immune system in a conventional pig model.

In conclusion, we could show in this pilot study that EcN can be detected in both the digesta
and mucosa of different gut segments and in the faeces of EcN-treated piglets. No adverse
health effects were observed in any of the animals. Future in vivo studies that involve
probiotics should pay special attention to cross-contamination to other experimental
groups, as it may affect the outcome and interpretation of the study. This study contributes
to the quality of future in vivo studies that will help to better understand the effects of EcCN
on the microbiota, gastrointestinal tract, and the mucosal immune system.
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Supplementary material

Table S1. Primers and annealing temperatures (T ) that were used in this study.

Application Primer Primer sequence (5’-3’) T, (°C) Target Length Reference
(nucleotides)
Total Bacteria Bact1369f CGGTGAATACGTTCYCGG 60 16SrRNA 123 (van Lingen,
Bact1492r GGWTACCTTGTTACGACTT 60 region gg‘i”;)rds etal.
EcN specific Muta 9 GCG AGG TAACCTCGAACATG 60 EcN 313 (Blum-Oehler,
Plasmid Oswald et al.
Muta 10 CGG CGT ATC GAT AATTCACG 60 pMUT2 2003)
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Abstract

Early in life and particularly around weaning, piglets are susceptible to infections
because of abrupt social, environmental, and dietary changes. Dietary interventions
with probiotic bacteria have gained popularity because of the increased awareness
of the direct link between diet and health. In this study, piglets received the probiotic
strain Escherichia coli Nissle 1917 (EcN) or a control treatment perorally from day
2 after birth until 2 weeks post-weaning. To investigate spatio-temporal effects of
EcN on the gut microbiota composition, intestinal epithelial gene expression and
immune system, faeces, digesta, blood, scraping material and mesenteric lymph
node tissue were collected at different time points. In addition, oral vaccinations
against Salmonella enterica serovar Typhimurium were administered on days 21
and 45 of the study to assess the immunocompetence. EcN-treated pigs showed
a reduced diversity of taxa within the phylum Proteobacteria and a lower relative
abundance of taxa within the genus Treponema during the pre-weaning period.
Moreover, EcN induced T cell proliferation and Natural Killer cell activation in blood
and enhanced IL-10 production in ex vivo stimulated mesenteric lymph node cells, the
latter pointing toward a more regulatory or anti-inflammatory state of the local gut-
associated immune system. These outcomes were primarily observed pre-weaning.
No significant differences were observed between the treatment groups with regards
to body weight, epithelial gene expression, and immune response upon vaccination.
Differences observed during the post-weaning period between the treatment groups
were modest. Overall, this study demonstrates that the pre-weaning period offers
a ‘window of opportunity’ to modulate the porcine gut microbiota and immune
system through dietary interventions such as EcN supplementation.

Keywords: E. coli Nissle 1917, porcine, gastrointestinal tract, gut microbiota,
immune system, early life, immunomodulation, probiotic




Effects of EcN on the Porcine Gut Microbiota, Intestinal Epithelium and the Immune System in Early Life

Introduction

Abrupt social, environmental, and dietary shifts associated with weaning lead to transient
lower feed intake, activation of the hypothalamic-pituitary-adrenal (HPA) axis, increased
intestinal permeability, diarrhoea, and increased abundance of Enterobacteriaceae in the
gut (Trevisi, Luise et al. 2021). These physiological responses increase susceptibility to viral
and bacterial pathogens (e.g., enterotoxigenic Escherichia coli or ETEC) and inflict potential
welfare issues over the following weeks. From the 1950’s onwards, the addition of antibiotics
to pig feed has been used to combat these problems and to improve the growth of young
pigs and the reproductive performance of sows (Li 2017). However, the use of antibiotics
increases the selective pressure on intestinal bacteria, resulting in antimicrobial resistance
(AMR) and hence increased risk of transmission of antibiotic-resistant zoonotic pathogens to
humans. In 2006, the EU prohibited the use of antibiotics as growth promoters in livestock
to reduce the spread of antimicrobial resistance. Since then, other countries have prohibited
the use of medically important antibiotic growth promotors (AGPs), but this is not the case
in all major livestock producing countries (Kirchhelle 2018). Effective alternative strategies in
a One Health setting that support a healthy development and growth of piglets would help
drive the changes needed to reduce AMR worldwide.

Probiotics are becoming increasingly popular as alternatives to AGPs (Bajagai, Klieve et al.
2016). However, research outcomes in this field have been largely inconsistent, and there is
still a need to optimize such probiotic strategies (Barba-Vidal, Martin-Orue et al. 2019). One
of the oldest well-studied probiotics is the Gram-negative bacterial E. coli strain Nissle 1917
(EcN), initially isolated by Alfred Nissle during the First World War from a healthy soldier
during an outbreak of diarrhoea (Blum, Hacker et al. 1995). Since its discovery, EcN has been
used to treat intestinal diseases such as acute diarrhoea, ulcerative colitis, Crohn’s disease
and constipation in humans (Sonnenborn and Schulze 2009). Clinical studies showed that
oral administration of EcN attenuates acute diarrhoea in infants and toddlers, and prevents
diarrhoea in neonatal calves (Von Buenau, Jaekel et al. 2005, Henker, Laass et al. 2008).
The beneficial effects of EcN are considered to be mediated through production of anti-
microbial colicins and microcins, competition with pathobionts and pathogens for nutrients
and adhesion sites, and immunomodulatory activities (Patzer, Baquero et al. 2003, Barth,
Duncker et al. 2009, Jacobi and Malfertheiner 2011, Deriu, Liu et al. 2013, Sassone-Corsi,
Nuccio et al. 2016, Wassenaar 2016). In humans, intestinal inflammation leads to a bloom
of Enterobacteriaceae and increased abundance of B2 phylotype E. coli that adhere to
the intestine and elicit damage through hemolysin production, which further promotes
mucosal inflammation and intestinal barrier disruption. EcN is of the same phylotype as
these adherent and invasive E. coli (AIEC) and can compete for adherence without affecting
gut integrity (Mirsepasi-Lauridsen, Du et al. 2016).

Studies with EcN and intestinal cell lines report increased expression of tight junction
protein zonula occludens 2 (ZO-2) (Zyrek, Cichon et al. 2007), induction of B-defensin-2
expression through NF-kB- and AP-1-mediated signaling (Wehkamp, Harder et al. 2004), and
production of interleukin (IL)-8 (Lammers, Helwig et al. 2002). Moreover, EcN has shown to
modulate the activity of cells of the porcine innate and adaptive immune systems (Vlasova,
Shao et al. 2016, Michael, Paim et al. 2021). However, the exact molecular mechanisms are
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still under investigation. In vitro, EcN enhances dendritic cell (DC) maturation and cytokine
production, and induces activation, cell cycling and expansion of human y6 T cells (Guzy,
Paclik et al. 2008, Geervliet, Lute et al. 2020). Moreover, several studies in different animal
species demonstrated that EcN alters host cytokine responses upon stimulation, particularly
by inducing high levels of the anti-inflammatory cytokine IL-10 (Cross, Ganner et al. 2004,
Guttsches, Loseke et al. 2012, Kandasamy, Vlasova et al. 2016). These immunomodulatory
effects are considered to be primarily induced through a Toll-like receptor 4 (TLR-4)
dependent signaling pathway (Grabig, Paclik et al. 2006, Adam, Delbrassinne et al. 2010).
In vivo studies using gnotobiotic pigs showed that colonization with EcN mediated greater
protection against human rotavirus challenge than Lactobacillus rhamnosus GG (LGG),
possibly due to stimulation of the innate immune system and activation of the DC-IL-12-NK
immune axis (Kandasamy, Vlasova et al. 2016, Vlasova, Shao et al. 2016).

Although EcN has been studied for over a century (Wassenaar 2016), little is published
about the in vivo effects of EcCN on the gut microbiota, gut epithelial barrier and immune
system of pigs. Moreover, there is limited data available on the presence, abundance and
persistence of EcN in the gastrointestinal tract (GIT) of conventional pigs. The aim of this
research was therefore to determine whether peroral administration of EcN to postnatal
piglets would impact on the development of the porcine gut microbiota, intestinal barrier
function and the innate and adaptive arms of the immune system. A more mature or
established gastrointestinal system could ultimately facilitate the establishment of a vigilant
immune system that counteracts pathogens during the weaning and post-weaning period.

Materials and Methods

Ethics Statement and Study Design

This study complied with the European directive 2010/63/EU on the protection of animals
used for scientific purposes, and was conducted in accordance with the Dutch law on animal
experimentation and ethical requirements. The project was approved and licensed (Permit
Number: AVD1040020173948) by the Dutch Central Authority for Scientific Procedures on
Animals (CCD), and all associated protocols were approved by the Animal Experimentation
Committee of Wageningen University & Research (Wageningen, Netherlands). Pigs were
euthanized by intravenous injection with 20% sodium pentobarbital (Euthasol®), followed
by immediate exsanguination. Pigs were euthanized according to Good Veterinary Practice
(GVP), and all efforts were made to minimize suffering or discomfort.

The study was performed at the Swine Research Center (Trouw Nutrition, Sint Anthonis,
Netherlands) and included 33 sows (Hypor Libra) and their litters (Maxter x Hypor Libra
sow). To reduce genetic variation in the litters, sperm from a single boar was used to
inseminate all sows. Shortly after birth, all piglets received an intramuscular injection of
iron, an ear tag for identification, and their tails were docked. In addition, their sex and birth
weight were recorded. Approximately 24 h after birth, 192 female piglets were selected and
cross-fostered to minimize possible confounding effects, including the day of birth, weight
at birth, litter size, sow parity and genetic background. At cross-fostering, from the original
192 piglets, 96 piglets were randomly allocated to either the control- or treatment (EcN)
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group, resulting in 16 pens (pen is the experimental unit) with one sow and six piglets each
(eight pens per treatment group). Pens were distributed over four farrowing rooms and
balanced for treatment. Male and non-experimental female piglets were housed together
with the focal piglets by equally dividing them over the pens. A schematic representation
of the experimental design and the study timeline is presented in Figure 1. All piglets
were housed together with their fostering mother until weaning (approximately day
28), in a room with a computer-controlled climate system. To keep the floors sufficiently
dry in the farrowing rooms, calcium carbonate-based powder (Power-Cal®, Power-Cal,
Netherlands) was added to all pen floors in the first few days post-farrowing. In addition,
various measures were taken to prevent cross-contamination of EcN between the farrowing
pens, including pen separators, separate equipment (e.g., boots and overalls), and hygiene
protocols. A weaner diet was fed 3 days before weaning (from days 25 to 27) to allow piglets
to become acquainted with the consumption of solid feed (de Vries, Geervliet et al. 2020).
At weaning, a subset of pigs (48 pigs, 3 per pen) was randomly selected and reallocated to

1. First EcN supplementation 2. Salmoporc 3. Weaning 4. Salmoporc
¥ v G il
d2 d21 d28 d45
l l l l | | Lo )-I-
| d1-7 I d8-14 1 d1521 1d22-28 1 d29-35 1 d36-44 | d45-70
o O e et e oef oe e
Colostrum Sow milk +/- EcN Weaner diet +/- EcN Link diet
Department # of pens d1-d14 d15-d28 d29-d44 d45-d70
1 2
1 2
2 2
2 2
3 2
3 2
4 2
4 2
Animals per treatment: 48 32 24 16
Total number of animals: 96 64 48 32

Figure 1. Timeline of the study (A). From day 2 until day 44, piglets received an oral dose of EcN or were sham-dosed
with tap water (Control) every other day (1). A subset of piglets was weaned on day 28 (3). All pigs received an
oral vaccination (Salmoporc®) against Salmonella enterica serovar Typhimurium on days 21 [primary vaccination;
(2)] and 45 [booster vaccination; (4)]. Faecal sample collection was performed on days 4, 8, 14, 26, 35, 43, 59, and
69 (squares; o) and blood samples were taken on days 14, 26, 35, 43, 59, and 69 (circles; ®). Subsets of animals
were sacrificed on days 27, 44, and 70 (cross; T). Schematic representation of the experimental design showing the
remaining number of animals per treatment over time as determined by deselection or dissection of animals (B).
The control and the EcN groups are presented as gray and blue, respectively.
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a nursery facility. Pigs that received medication or suffered from leg/claw injuries or growth
retardation were excluded from this selection. All pigs received a weaner diet from day 28
until day 44, followed by a nursery diet until the end of the study (de Vries, Geervliet et al.
2020). During the entire post-weaning period all piglets had access to solid feed and water
ad libitum. On days 21 and 45 all piglets perorally received a Salmonella enterica serovar
Typhimurium (Salmoporc®) vaccination and on days 27, 44, and 70, sixteen piglets were
sacrificed (eight per treatment, at each time point).

Experimental Procedures

EcN Administration and Oral Vaccination With Salmoporc®

Escherichia coli Nissle 1917 (Ponsocol®) was kindly provided by Ardeypharm GmbH
(Herdecke, Germany) and stored until use at 4°C. From day 2 onwards, pigs perorally
received either a control treatment (tap water) or EcN (10° CFU/administration) every other
day until day 44 of the study. EcN was administered at increasing volume over time ranging
from 1 to 5 mL, using disposable syringes with a volume of 2 and 5 mL (Discardit I, BD).
The sham-dosed control piglets similarly received water. To prepare EcN at the required
concentration, Ponsocol® vials (containing 102 CFU/mL) were gently agitated and pooled,
followed by centrifugation at 5,200 x g for 5 min. The bacterial pellet was resuspended
to the required concentration using excess supernatant. CFU counts of Ponsocol® and the
final solution were confirmed by plating serial dilutions on lysogeny broth (LB), followed by
counting.

To investigate the effect of ECN on the immune response to vaccination, all pigs were
vaccinated against Salmonella enterica serovar Typhimurium (Salmoporc® STM, lot number
0270617, IDT Biologika GmbH) on days 21 (primary vaccination) and 45 (booster vaccination).
This oral live-attenuated vaccine is registered for pigs to inhibit bacterial colonization,
excretion, and clinical symptoms of Salmonella enterica serovar Typhimurium. The vaccine
was reconstituted in water before oral administration according to the manufacturer’s
instructions.

Blood and Faecal Sampling

For both faecal- and blood samples, piglets were sampled in random order and weighed
shortly before sample collection. Faecal samples were collected in cryotubes on days 4, 8,
14, 26, 35, 43, 59, and 69 by gentle rectal stimulation with cotton swabs (PurFlock Ultra,
Puritan) pre-wetted with sterile water. The cryotubes were immediately placed on dry ice
and stored at —80°C until further processing.

Blood samples were collected from the jugular vein of sixteen animals on days 14, 26, 43,
and 69 using Serum Gel tubes (S-Monovette®, Sarstedt) that were centrifuged at 2,500 x g
for 10 min to separate serum. Serum was stored at —20°C until further use. Blood samples
for flow cytometry were collected in Sodium heparin tubes (S-Monovette®, Sarstedt) and
stored at room temperature (RT) until further processing.

Dissection

Immediately after euthanasia and exsanguination of a pig, the ileocecal mesenteric
lymph node (MLN) was removed and stored on ice in cold (4°C) RPMI 1640 Medium with
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GlutaMAX™ supplement (Gibco®), 2 mM L-Glutamine (Gibco®), and 10% fetal calf serum
(FCS, Gibco®). Next, the GIT was removed from the abdominal cavity, then the jejunum,
ileum, caecum and colon were identified and segmented accordingly (Supplementary Figure
1). Digesta samples from each gastrointestinal segment were taken by gently squeezing the
content of a 40 cm segment into a plastic container (see Supplementary Figure 1 for a visual
overview). Next, the digesta were homogenized using a sterile spatula, and approximately
1 g was aliquoted and stored in sterile cryogenic vials. The vials were immediately snap-
frozen on dry ice and stored at —80°C until further processing. Leftover digesta from each
gastrointestinal segment were mixed with water for pH measurement using a pH meter.
Mucosal scrapings of the ileal and colonic gut epithelium were collected by taking 5 cm
long gut segments adjacent and proximal to the gut segments used for digesta sampling
(Supplementary Figure 1). First, the 5 cm segment was cut open longitudinally and cleaned
using sterile Phosphate Buffered Saline (PBS). Then, mucosae were collected by scraping
using a scalpel. Care was taken not to include muscular tissue. Mucosal scrapings were
directly stored in Snaplock tubes containing RNA-later (Sigma-Aldrich, St. Louis, MO, United
States), placed on dry ice, and stored at —-80°C.

Measurements

Quantification of EcN by gPCR

A qPCR with primers specific to EcN (Table 1) was used to determine the relative abundance
of EcN in faecal samples. All gPCR analyses were performed in triplicate in a reaction volume
of 10 uL, using Hard-Shell® 384-Well PCR plates (Bio-Rad). The reaction mixture contained
2x iQ SybrGreen Supermix (Bio-Rad Laboratories B.V., Lunteren, Netherlands), 200 nM of
each primer (Table 1), and 2 uL of the DNA template (1 ng/uL). The amplification program
consisted of an initial denaturation at 94°C for 10 min followed by 39 cycles of 94°C for 20 s,
60°C for 30 s, and 72°C for 30 s using a CFX384TM thermocycler (Bio-Rad Laboratories B.V.,
Lunteren, Netherlands). The fluorescent products were detected at the last step of each
cycle. Following amplification, melting temperature analysis of PCR products was performed
to determine the specificity of the PCR. The melting curves were obtained by slow heating
with 0.5°C/min increments from 60 to 95°C with continuous fluorescence reading. For both
EcN-specific and total bacterial primers, standard curves for the gPCR assays were prepared
with tenfold serially diluted EcN genomic DNA as a template. The EcN qPCR was performed
on a subset of the faecal and digesta samples to validate the EcN-specific ASV in the NGS
dataset.

Table 1. Primers used for the quantification of EcN

Name Target Sequence (5’-3") Annealing Temp  Length of PCR Reference
(°C) product (bp)
BACT1369f 16S rRNA region CGG TGA ATA CGT TCY 60 123 (van Lingen,
CGG Edwards et al.
BACT1492r 165 rRNA region GGW TAC CTT GTTACG 60 2017)
ACTT
EcN_for EcN GAA GAAATTGACGCA 60 110 (Reister,
chromosome cccc Hoffmeier et
EcN_rev  EcN CGT GCA AGA CAT GGA 60 al. 2014)

chromosome GAG AC
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Determination of Microbiota Composition

A personalized Maxwell 16 Total RNA protocol (Promega Corp., Madison, WI, United States)
was used to extract DNA from faecal and digesta samples. DNA extraction and further
processing were performed exclusively on samples from animals that were dissected during
the study. In addition to samples from this study, synthetic mock communities, blank water
negative controls and EcN spiked samples were included in the sequencing libraries. Spiked
samples (spk1—spk5) were generated by mixing 0.05 mL 10-fold serial dilutions of Ponsocol®
to 0.05 g of faecal material that was tested negative for the presence of EcN (Supplementary
Figure 2). This resulted in five spiked faecal samples, ranging from 10° CFU/mL of EcN in the
most diluted sample (spk1) to 10 CFU/mL of EcN in the most concentrated sample (spk5).

For PCR amplification, barcoded primers directed to the V4 region of the bacterial and
archaeal 16S rRNA gene were used, namely EMP_515F (5-GTGYCAGCMGCCGCGGTAA),
with linker ‘GT, and EMP_806R (5-GGACTACNVGGGTWTCTAAT), with linker ‘CC/ PCR
reactions were done in duplicate for digesta samples and in triplicate for faecal samples. The
amplification program included 30 s initial denaturation at 98°C for 10 s, annealing at 50°C
for 10 s, elongation at 72°C for 10 s, and a final extension at 72°C for 7 min. For a detailed
description of the DNA extraction protocol and the PCR protocol, see de Vries et al., 2020
(de Vries, Geervliet et al. 2020). DNA extraction from jejunum digesta samples occasionally
resulted in low DNA yields (i.e., <1 ng/uL). For this reason, the Qubit dsDNA BR Assay Kit
(Thermo Fisher Scientific, Waltham, MA, United States) was used to measure the DNA
concentration of all jejunum samples instead of a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies Inc., Wilmington, DE, United States). The latter was used for all
ileum, cecal and faecal samples. An overview of DNA concentrations and quality readings
can be found in Supplementary File 1. For the purification of PCR products, the HighPrep PCR
kit (MagBio Genomics Inc., Gaithersburg, MD, United States) was used. DNA concentrations
were measured with the Qubit dsDNA BR Assay Kit. The amplicon pool was generated by
combining 200 ng of PCR amplified DNA from each sample and then concentrated to a final
volume of approximately 20 puL using the HighPrep PCR kit. The Qubit dsDNA BR Assay Kit
was used to measure the DNA concentration of the amplicon pool, and libraries were sent
for Illumina HiSeq sequencing (Sequence mode used: NovaSeq 6000 S2 PE150 XP, Eurofins
Genomics, Ebersberg, Germany). Amplicon sequence data were processed and analyzed
using NG-Tax 2.0 (Poncheewin, Hermes et al. 2019), and annotated using the SILVA (release
132) database (Quast, Pruesse et al. 2012). The resulting dataset, containing microbiota
composition data, will be referred to as the NGS dataset and contains taxonomic assignments
up to the level of amplicon sequence variants (ASVs) that each has a unique ASV number.
Each ASV is aimed to represent one bacterial species, and, where possible, were annotated
at the genus level.

Gastrointestinal Mucosal Gene Expression Analysis

Mucosal scrapings of the epithelium were thawed on ice and excess RNA-later was removed.
Then, a small portion (approximately 3 by 3 mm) was taken using a scalpel and tweezers,
and added to 500 pL RLT (RNeasy lysis) buffer (Qiagen, Hilden, Germany). The sample was
homogenized for 90 s using an Ultra-Turrax IKA T-10 Basic (IKA-Werke GmbH, Staufen,
Germany). After homogenization of each sample, the shaft of the Ultra-Turrax IKA T-10 Basic
was cleaned twice by running the device in a tube containing an excessive amount of fresh
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PBS. This was done to prevent cross-contamination of samples. Next, 100 uL of homogenate
was thoroughly mixed with 600 uL ice-cold RLT buffer. Then, 700 pL of 70% ethanol was
added, followed by thorough mixing. RNA was isolated using the RNeasy Mini Kit (Qiagen,
Hilden, Germany), according to manufacturer’s instructions including DNAse treatment to
remove host DNA. The concentration of purified RNA was measured using the Qubit BR
RNA Assay Kit (Thermo Fisher Scientific), and the integrity value of each RNA sample was
assessed using the Qsep 100 protocol (GC Biotech, Waddinxveen, Netherlands). The RNA
Quality Number was higher than 8.0 for all samples. After isolation, RNA was directly stored
at —80°C. The QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany) was used for
cDNA synthesis (in duplicate) with 500 ng of RNA, and included the additional removal of
genomic DNA (gDNA Wipeout Buffer). Genes of interest were chosen based on functionality
within the mucosal barrier and functionality related to local and systemic immune
responses. Distribution and lengths of introns and exons within genes of interest were found
using Ensembl (https://www.ensembl.org/index.html). Primers were designed to span
intron/exon boundaries using Primer3 version 0.4.0 (https://bioinfo.ut.ee/primer3-0.4.0/)
if possible, and checked for interspecies-variation using BLAST (https://blast.ncbi.nim.nih.
gov/Blast.cgi). Primers were synthesized by Sigma Aldrich (Sigma-Aldrich, St. Louis, MO,
United States). A total of 96 primer pairs were used for gene expression analysis. Primer
sequences, corresponding genes, primer efficiency, and amplicon lengths can be found in
Supplementary File 2.

For pre-amplification, three ul TagMan PreAmp Master Mix (Applied Biosystems, Waltham,
MA, United States), 2.5 pl 200 nM mix of each of the 96 primer pairs, 2 ul low-EDTA TE-
buffer (Panreac Applichem, Darmstadt, Germany) and 2.5 ul diluted cDNA (1:10 in low-EDTA
TE-buffer) was mixed and incubated at 95 °C for 10 min followed by 19 cycles of 95 °C for 15
s and 60 °C for four min. The pre-amplified cDNA was treated with 16 U Exonuclease | (New
England Biolabs, Ipswich, MA, United States) for 30 min at 37 °C, followed by 80 °C in 15
min. Prior to gPCR analysis, the pre-amplified cDNA was diluted 1:10 in low-EDTA TE-buffer.
Microfluidic qPCR was performed using a Biomark HD Reader (Fluidigm, CA, United States)
with the following cycle parameters: 50 °C for 2 min, 95 °C for 10 min followed by 35 cycles
at 95 °Cfor 15 s and 60 °C for 1 min. Melting curves were generated as described previously.
after the 35 cycles of amplification. For each time point and tissue type, data were pre-
processed and normalized separately using GeneEx5 Real-Time PCR Analysis software
(MultiD, Goteborg, Sweden), as described earlier by Brogaard et al. (Brogaard, Klitgaard
et al. 2015). For each tissue origin (ileum or colon), reference genes were selected using
the algorithms geNorm and NormFinder (Vandesompele, De Preter et al. 2002, Andersen,
Jensen et al. 2004). Primer pairs that resulted in inconsistent replicates were excluded
from the dataset. Paired t-tests were performed using Excel 2012 (Microsoft, Redmond,
WA, United States), and a dataframe with resulting p-values was imported into R statistical
software (version 3.6.1). P-values were adjusted for multiple testing using the Benjamini-
Hochberg false discovery rate (fdr) correction, and resulting adjusted p-values (p.adjust)
were used in combination with mean fold-change values (between treatments) to create
volcano plots. Exclusively genes with a fold change > 2 were provided with a label and genes
were considered to be statistically differentially expressed if p-adj. < 0.05.
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Serology

The antibody response against Salmonella enterica serovar Typhimurium vaccination
was measured using an ELISA. The live attenuated strain of Salmonella enterica serovar
Typhimurium (Salmoporc®) was grown overnight at 37°C on MacConkey agar (Sigma-Aldrich).
Next, a single colony was inoculated into 2 mL of lysogeny broth medium and incubated
overnight at 37°C with shaking (200 rpm). The following day, 1 mL of this overnight culture
was transferred to a 50 mL tube that contained 15 mL of fresh LB medium. The 50 mL tube
was then placed on a shaker (200 rpm) at 37°C under aeration until exponential growth
phase (OD,,, = 0.6 to 0.8) was reached. Bacteria were then pelleted by centrifugation at
10,000 rpm for 5 min, followed by two washes with cold PBS. Next, this bacterial suspension
(2 x 108 bacteria/mL, 100 uL/well) was used to coat 96 well plates (medium-binding flat
bottom clear wells, Greiner Bio-One) that were incubated overnight at 4°C. The following
day, the bacterial suspension was removed and bacteria still attached to the plate were
fixed with 4% paraformaldehyde in PBS for 2 h at RT. Plates were then blocked overnight at
RT with a blocking solution consisting of 5% milk powder (ELK, FrieslandCampina) in demi
water. After overnight blocking, plates were stored at 4°C until use. Just before use, plates
were washed with PBS/Tween20 (0.05%) and 100 uL of sera diluted in blocking solution
(250x to determine IgG levels and 50x for IgA and IgM) were added. After 1 h of incubation
at RT, plates were washed two times. Next, 100 uL horseradish peroxidase (HRP) conjugated
goat anti-Porcine IgM, IgA, or IgG (Novus Biologicals) diluted 1:50,000 in blocking solution
was added to the plates. After approximately 30 min, plates were washed five times and
incubated with 100 uL of 3,3’,5,5'- tetramethylbenzidine (TMB) substrate solution (Enhanced
K-Blue®, Neogen). After 15 min the reaction was stopped by adding 100 uL of stop solution
(2% HCI). The optical density (OD) of the plate content was measured at 450nm (Multi-
Mode Microplate Reader FilterMax F5).

Isolation of Immune Cells

Peripheral blood mononuclear cells (PBMCs) were isolated within 4 h using 50 mL Leucosep™
tubes (Greiner Bio-One, Alphen a/d Rijn, Netherlands) filled with 60% FICOLL-PAQUE™ Plus
density-gradient according to manufacturer’s protocol. All blood samples were diluted 1:1
with PBS (containing 0.5 mM EDTA) prior to cell isolation. Any remaining red blood cells were
lysed with ACK lysis buffer (Gibco®). To collect MLN cells, lymph nodules were cut into small
pieces, gently squeezed with a syringe plunger, and passed through a sterile Falcon® cell
strainer (100 um, Corning®) using sterile Mg?* and Ca* free PBS (Lonza, Basel, Switzerland).
Isolated PBMCs and MLN cells were stored overnight in PBS at 4°C until further processing.

Cell Stimulation Assay

Dilutions of LPS (serotype 055:B5/L2880, Sigma-Aldrich), Concanavalin A (ConA, C2010,
Sigma-Aldrich), or cell culture medium only (no stimulus) were prepared the previous day
and stored at 4°C overnight. The following day, plates were placed at 37°C for 30 min for
temperature adjustment before adding cells. Next, PBMCs and MLN cells were seeded
into 96 well clear round-bottom plates (Greiner Bio-One) at a final concentration of 1 x 10°
cells/200 pL. Cells were incubated with 5, 2.5, or 1.25 pg/mL of ConA, with 10, 1, or 0.1
pg/mL of LPS, or without stimuli for 24 h at 37°C (5% CO2). After 24 h of incubation, plates
were centrifuged at 300 x g for 3 min, and cell culture supernatant was collected and stored
in 96 well polypropylene plates (Nunc®, MicroWell™, Sigma-Aldrich) at -80°C until further
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processing. On the day of analysis, cell culture supernatant was thawed for measurement of
Tumor Necrosis Factor alpha (TNFa) and Interleukin 10 (IL-10) using DuoSet ELISA kits (R&D
systems, Minneapolis, MN, United States) according to the manufacturer’s instructions.

Flow Cytometry

The PBMCs and MLN cells were detected with DC or T lymphocyte/NK cell antibody panels
(Table 2). For cell analysis, 5 x 10° (DC panel) or 1 x 10° (T lymphocyte/NK) PBMCs or MLN
cells were transferred to 96 well polypropylene plates (Nunc®, MicroWell™, Sigma-Aldrich).
Next, 200 pL/well FACS buffer (Mg?* and Ca? free PBS; Lonza), 2 mM EDTA (Merck), 0.5%
BSA fraction V (Roche) was added, and cell were washed by centrifugation at 400 x g for
3 min at 4°C. Next, the expression of markers specific for the various subsets of immune
cells was determined by extracellular staining of cells with an antibody mix for 30 min on
ice (in the dark), followed by one washing step with FACS buffer and two washing steps
with cold PBS. Then, cells were stained with (in PBS diluted) Streptavidin-BV421 (DC panel)
to detect CADM1 and Fixable viability dye eFluor™ 506 (eBioscience™) to discriminate live
and dead cells. After incubation of 30 min, cells were washed with FACS buffer. To stain
intracellular proteins, 100 uL Fix/Perm buffer (eBioscience™) was administered to each well,
followed by a 45 min incubation at RT. Next, cells were washed three times in Perm buffer
(eBioscience™), followed by incubation with an intracellular marker-specific antibody mix
(Table 2) in 35 pL Perm buffer for 30 min at 4°C. Next, cells were washed two times with
Perm buffer, and resuspended in 200 pL FACS buffer. Cells were measured for 300 s (DCs)
or 150 s (NK cells/T cells) on the FACS CANTO Il (medium flow rate). Beads (UltraComp
eBeads™, Thermo Fisher Scientific) were used for single-color compensation controls. All
panels were validated using Fluorescence Minus One (FMO) controls. Flow cytometry data
analysis was performed using FlowJo™ software (Version 10). Identification of DCs, NK cells,
and T cells was done according to previous studies (Gerner, Kaser et al. 2009, Auray, Keller

Table 2. List of antibodies used for identifying DCs, NK cells, and T cells in PBMCs and MLN cells.

Antibody Host/Isotype Clone Fluorochrome Company Dilution
Antibody panel for the identification of DC subsets and DC

CDh14 Mouse, 18G2b MIL-2 FITC Bio-Rad 1:50
CD172a Mouse, 1gG2b 74-22-15A PE BD Biosciences 1:40
CD4a Mouse, 1gG2b 74-12-4 PerCP-Cy5.5 BD Pharmingen™ 1:320
CADM1 Chicken, IgY 3E1 Biotin MBL 1:200
Streptav. n/a n/a Bv421 BD Horizon™ 1:50
CD152? Mouse, IgG2a n/a APC Ancell 1:320
Antibody panel for the identification of NK cells and T cell subsets

CD3e Mouse, IgG2a BB23-8E6-8C8 PE-Cy™7 BD Pharmingen™ 1:160
CD4a Mouse, 1gG2b 74-12-4 PerCP-Cy5.5 BD Pharmingen™ 1:320
CD8a Mouse, 1gG2a 76-2-11 FITC BD Pharmingen™ 1:10
FoxP3® Rat, IgG2a FIK-16s Alexa Fluor® 700 eBioscience™ 1:20
Ki67°® Mouse, 1gG1 B56 Bv421 BD Horizon™ 1:80
CD25¢ Mouse, IgG1 K231.3B2 Purified Bio-Rad 1:200
v& T cells Rat, IgG2a MAC320 PE BD Pharmingen™ 1:20

a. Human CD152 (CTLA-4) murine Ig fusion protein for the identification of CD80 and CD86 on DCs.
b. Antibodies against intracellular antigens.
c. The ReadiLink™ Rapid iFluor™ 647 Antibody Labeling Kit (Aat Bioquest) was used to identify CD25.
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et al. 2016, Vreman, Auray et al. 2018), and details of the gating strategies are shown in
Supplementary Figure 3 (DCs) and Supplementary Figure 4 (NK cells/T cells).

Colony PCR

During dissection, the ileocecal MLN was removed, rinsed with Milli-Q water, and stored
in ice-cold PBS. Within 12 h after dissection, separate nodules of the MLN were passed
through a cell strainer (BD Falcon™ Nylon 100 um Cell Strainer) in a Biosafety Cabinet, and
1 mL of the MLN cell suspension was stored in an Eppendorf tube at 4°C. The next day, 100
pL of the MLN cell suspension was plated on MacConkey (MAC), incubated overnight at
37°C, and stored at 4°C for later use. A subset of red/pink colored colonies was picked, and
a colony PCR (cPCR) was performed to identify EcN colonies using EcN-specific primers (see
Table 1). For each reaction, 12.5 uL Onetaq buffer, 0.5 uL dNTPs (10 mM), 0.5 uL of each
primer (10 uM), 0.125 pL Onetaq polymerase were combined with H20 to reach a final
volume of 25 plL and were incubated at 95°C for 5 min followed by 35 cycles of 95°C for 45 s,
60°C for 45 s and 72°C for 45 s. Resulting amplicons were visualized using a 1% agarose gel.

Statistical Analyses

To estimate the impact of the probiotic intervention on alpha diversity of the microbiota
in pig faeces, Shannon diversity and Observed Species richness were calculated for each
sample at ASV resolution. In addition, Shannon diversity and Observed Species richness
were similarly calculated for the phylum Proteobacteria, by first filtering out ASVs from
the phylum Proteobacteria using the ‘prune_taxa’ function of the phyloseq R package
(McMurdie and Holmes 2013). The Observed Species index sums the number of bacterial
taxa identified in each sample, while the Shannon diversity index additionally takes into
account the relative abundance of each taxon. It should be noted that rare sequences are
missing from the dataset as NG-Tax 2.0 uses an abundance threshold of 0.1% for ASVs in
a given sample. Shannon diversity and Observed Species richness were used in a Linear
Mixed-Effects Model (i.e., Shannon B Day_of_study * Treatment) to test for significant
differences between treatment groups (Ime function of nime package) (Pinheiro, Bates et
al. 2015). For this analysis, complete faecal sample datasets were tested, but also subsets
thereof (pre- or post-weaning faecal samples exclusively). To provide additional insights
into the relative abundances of ASVs within the Proteobacteria phylum, a heatmap
was generated that contains all faecal samples of the pre-weaning period, with a clear
separation between treatment groups. To estimate the impact of EcN on overall microbiota
composition, PERMANOVA tests were performed using Bray-Curtis dissimilarities at ASV
level (9,999 permutations). The homogeneity assumption was tested by calculating Bray—
Curtis dispersion for each group followed by ANOVA tests. To visualize the beta diversity
in faecal samples over time, a Principal Coordinates Analysis (PCoA) plot was generated
using Bray-Curtis dissimilarities (Supplementary Figure 5). Beta diversity was calculated at
the ASV level using Bray-Curtis dissimilarities and a PERMANOVA test was performed on
all faecal samples with treatment and time point as model parameters (adonis function of
the vegan R package (Shankar, Agans et al. 2017). In order to estimate the impact of EcN
as a probiotic intervention on the relative abundance of specific genera in pig faeces, ASV
counts were first aggregated at genus level using the ‘tax_glom’ function of the phyloseq
R package (McMurdie and Holmes 2013), after which read frequencies were transformed
to compositional data using the ‘transform’ function of the microbiome R package (Lahti
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and Shetty 2017). Genera were filtered to exclusively include genera that had a relative
abundance of 0.1% in at least 30% of the samples (prevalence filter). Resulting genera were
tested for differential relative abundance using the Generalized Additive Models for Location,
Scale and Shape (GAMLSS) with a zero-inflated beta family (function taxa.compare) with
GAMLSS-BEZI as a statistical method in the metamicrobiomeR package (Ho, Li et al. 2019).
Probiotic intervention was used as the main variable for comparison and day of study and
department (farrowing rooms) were used as adjusting variables. Ear tag was indicated as
the identifier to enable a longitudinal approach, and “fdr” (False Discovery Rate) was chosen
as the method for multiple testing adjustment (p.adjust < 0.05 as the threshold). For this
analysis, complete faecal sample datasets as well as subsets (pre- or post-weaning faecal
samples exclusively) were tested.

A Linear Mixed Model (LMM) was used to assess the immunological effects over time and
the interaction between time and treatment, using R statistical software (version 3.6.2).
Additionally, unpaired Student’s t-tests were performed to analyze the differences between
the treatment groups per time point. Normality of data (Shapiro—Wilk test) and homogeneity
of variances (Levene’s test) were checked prior to statistical testing. Skewness values
between -2 to +2 were considered acceptable (George 2011). Extreme outliers (indicated
by R) were removed from the analysis. When normality of data or homogeneity of variances
were not met, data were log-transformed but presented as untransformed means. Results
with an adjusted p-value below 0.05 were considered statistically significant and results
between 0.05 and 0.1 were considered a trend.

For a complete and detailed overview of the statistical analyses, all R-scripts, data files, and
pdf files with extensive information on the performed analyses can be accessed through the
following doi: 10.4121/15060177. Alternatively, these files can be found under the following
Github page: https://github.com/mibwurrepo/Geervliet-et-al-2022-porcine-study-EcN.

Results

Spatio-Temporal Dynamics of EcCN Occurrence

To investigate the spatio-temporal dynamics of EcN following peroral administration,
faeces and digesta were collected at different time points during the study. After analyzing
faecal samples that were spiked with EcN, we identified only a single EcN-specific ASV that
corresponded to the amount of EcN in spiked samples (Supplementary Figure 2A). The
amount of EcN identified with this EcN-specific ASV correlated well (R? = 0.84) with the
amount of EcN identified by gPCR (Supplementary Figure 2B). Therefore, the EcN-specific
ASV in the NGS data was used to assess the relative abundance of EcN in all faecal samples.
The relative abundance of EcN was variable among pigs in the EcN treatment group, and
in only a small number of treated animals EcN was detected at all pre-weaning time points
(Figure 2). EcN was not detected in digesta or faeces of control animals, with the exception
of one animal with a very low relative abundance of EcN (6.2 x 107) in faeces on day 4 of
the study. EcN could not be detected in faeces of two EcN-treated pigs throughout the pre-
weaning period. Peak abundances of EcN were observed on days 8 and 14 of the study,
followed by a substantial decline toward day 26. Interestingly, ECN was also detected by
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colony PCR in the MLN of one pig on day 27, as indicated by the arrow in Supplementary
Figure 6. ECN was not detected in post-weaning faecal samples, despite the fact that the
treatment group still received EcN up to day 44 (data not shown). EcN was detected in
jejunum, ileum, and caecum digesta in a few individuals on day 27, while on day 44 no EcN
was found in any of the gut segments. Interestingly, ECN was detected in jejunal or ileal
digesta of three pigs at the end of the study (day 70), which illustrates that EcN persisted in
some individuals for at least 26 days after the final administration (Supplementary Figure
7). Finally, no adverse health effects were observed after peroral administration of EcN, and
there were no indications that EcN had a negative effect on body weight (Supplementary
Figure 8).
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Figure 2. Presence of EcN in faeces from EcN-treated pigs during the pre-weaning period. Data are presented as the
relative abundance of the EcN-specific ASV, as calculated from the NGS dataset. Colors correspond to an individual
pig (Pig ID, n = 24). The arrow indicates the pig (€254) from which we also found EcN in the MLN by using colony
PCR. EcN was not detected in the post-weaning period and therefore only the pre-weaning data is presented.

Effect of ECN Treatment on the Development of Intestinal Microbiota

Alpha and Beta Diversity

To assess potential effects of ECN on microbiota composition and diversity, faecal samples
were collected at multiple time points during the study (Figure 1). No significant differences
in alpha diversity were observed between the EcN treatment and control groups when
including all time points and all microbial taxa (Supplementary Figure 9). Similarly, no
significant differences in alpha diversity were observed when only including pre-weaning
time points. As ASVs within the phylum of Proteobacteria were previously reported to be
affected by EcN (Smajs, Bures et al. 2012), the alpha diversity of this phylum was investigated
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in more detail after removing ASVs belonging to other phyla. Interestingly, a significantly
lower number of Proteobacteria ASVs were detected in EcN-treated animals during the
pre-weaning period (p < 0.04, Figure 3). A more detailed heatmap with all Proteobacteria
ASVs that includes all pre-weaning time points is presented in Supplementary Figure 10.
Especially ASVs within the family of Enterobacteriaceae contributed to a higher number of

Proteobacteria ASVs in the control group (Figure 3).
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Figure 3. Comparison of the number of observed ASVs in the Proteobacteria phylum in faecal samples between
treatments and over time (pre-weaning). Every point represents a single animal within the control group (grey box)
and the treatment group (blue box). Observed Species richness values are given by sampling time point (d4-26).
A significant difference in the amount of Proteobacteria ASVs was found when including only pre-weaning time
points. For each sample, the relative abundance of the EcN-specific ASV is visualized by tinting the outer circle (a
darker tint means a higher abundance of EcN).

The effect of the probiotic treatment on microbiota beta diversity was significant (p <
0.015). In addition, a clear time effect was observed (p < 0.0001), which is also apparent
from Supplementary Figure 5. When only including pre-weaning faecal samples, the effect
of treatment was more significant (p < 0.005), but with a low coefficient of determination
(R? < 0.011). A statistically significant treatment effect was not observed when only post-
weaning samples were included (p > 0.075, R? < 0.014), which indicates that EcN had a more
pronounced effect on microbial composition during the pre-weaning period.
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Differentially Abundant Genera Between the Treatment Groups

To investigate the effects of ECN on specific genera, the relative abundance of individual
genera in faeces were compared between the treatment groups. A GAMSLS model was
used to identify significantly differently abundant genera. This resulted in the detection
of six (out of 71) genera, including Treponema_2, Holdemanella, Olsenella, Coprococcus,
Catenisphaera, and an unclassified genus in the family of Prevotellaceae, that were
differentially abundant between the treatment groups (Figure 4). When only including
pre- or post-weaning timepoints, six genera (out of 60) and two genera (out of 87) were
found to be differentially abundant in faecal samples, respectively (Supplementary Figures
11, 12). Furthermore, a correlation was observed between the amount of EcN present in
faecal samples, and the relative abundance of Treponema_2; samples that had a relative
abundance of EcN higher than 0.05% did not contain the Treponema_2 genus (Figure 4B).
This relation was only observed during the pre-weaning period, since EcN was not detected
in any of the post-weaning faecal samples. A complete overview of the presence of ASVs
within the Treponema_2 genus in faeces from both treatment groups can be found in
Supplementary Figure 13A. As it was previously demonstrated that ASVs within the genus
of Treponema can be characterized up to species level using 16S rRNA amplicon sequencing
(Hallmaier-Wacker, Liert et al. 2019), each ASV’s forward sequence was run through BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). This resulted in the detection of two ASVs with
a 100% match with an earlier described invasive Treponema species (Mglbak, Klitgaard et
al. 2006), namely Candidatus Treponema suis (Supplementary Figure 13B). Taken together,
these results show that EcN affected the relative abundance of specific genera in the gut,
and that most of these changes were observed during the pre-weaning period.

Intestinal Epithelial Gene Expression

Gene expression analysis of mucosal scrapings revealed several differentially expressed (>2-
fold) genes between the treatment groups (Figure 5, orange points). In the ileum, the genes
IDO1 and IL1IRN had a lower mean expression in EcN-treated animals on day 27, whereas
IFNG showed a higher mean expression in the EcN group on day 44 (Figures 5A,B). As for
the colon, a larger number of genes were differentially expressed between the treatment
groups (Figures 5C,D). However, after correction for multiple testing, none of these genes
were significantly differentially expressed. Comparison of data from day 27 (pre-weaning)
with data from day 44 (post-weaning) demonstrated that twenty genes in the colon (Figure
5E) and 11 genes in the ileum (Figure 5F) were significantly differentially expressed (green
points) between the time points.
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Figure 4. Relative abundances of differentially abundant genera in faeces during the complete study period,
including an unclassified genus in the family of Prevotellaceae (A), Treponema_2 (B), Holdemanella (C), Olsenella
(D), Coprococcus (E), and Catenisphaera (F). Shown genera resulted from comparing EcN-treated animals to control
animals using a GAMLSS model. Probiotic intervention was used as the main variable for comparison and day of
study and department were used as adjusting variables. Ear tag was used as identifier and “fdr” was chosen as the
method for multiple testing adjustment (p.adjust < 0.05).
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Figure 5. Volcano plots of differentially expressed genes between the control group and the EcN group (n = 8 per
group) in mucosal scrapings of the ileum (A,B) and colon (C,D) on day 27 (pre-weaning) and day 44 (post-weaning)
of the study. No significantly differentially expressed genes were observed between the treatment groups in any
gut segment or time point. Fold change on the x-axis depicts the fold-change difference in the EcN treatment group
compared to the control group. When comparing all samples from the colon (E) or ileum (F) from day 27 with those
of day 44 (both treatment groups), several differentially expressed genes were identified. Fold change on the x-axis
depicts the fold-change difference between time points. Orange points indicate the differentially expressed genes
with a fold change > 2. Green points indicate differentially expressed genes with a fold change > 2 and a p-adj. <

0.05.
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Effect of ECN Treatment on the Immune System

Vaccine Specific Antibody Responses

To assess the effect of ECN on the responsiveness of the immune system, a live-attenuated
vaccine against Salmonella enterica serovar Typhimurium (Salmoporc®) was administered
perorally on days 21 (primary vaccination) and 45 (booster vaccination) of the study. On
days 14, 35, and 69 blood serum was collected and analyzed for vaccine-specific IgM,
IgA, and IgG (Figures 6A-D). As expected, Salmonella-specific immunoglobulins increased
significantly upon vaccination. Salmonella-specific IgM and IgA increased after both the
primary and booster vaccination, whereas Salmonella-specific IgG increased only after the
booster vaccination. Temporal analysis revealed that Salmonella-specific IgM in serum of
EcN-treated was significantly lower than the control group (p = 0.001). A lower vaccine-
specific IgM level could already be observed on day 14 of the study (p = 0.031), which was 1
week before the first vaccination with Salmoporc®. No significant differences between the
EcN and control groups were found for Salmonella-specific IgA and IgG.
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Figure 6. Serum levels of Salmonella-specific IgM, IgA, and I1gG (A-C) prior to vaccination (day 14), 2 weeks after
the initial vaccination (day 35), and 3 weeks after the booster vaccination (day 69). Plot (D) incorporates all results
(A-C), with the arrows indicating the time of vaccination (days 21 and 45). Every symbol represents a single animal.
Two EcN-treated animals (squares; m, solid lines) and two control animals (circles; ¢, dashed lines) were randomly
selected from every pen, and followed over time (n = 16 per treatment group). Data are presented as the mean +
standard error of the mean (SEM). Asterisks are used to demonstrate significant differences between treatment
groups after taking into account single time points (*p < 0.05 and **p < 0.01), and p-values indicate significant
differences between treatment groups over time.
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Ex vivo Stimulation of Peripheral Blood Mononuclear Cells and Mesenteric Lymph Node
Cells

To assess whether EcN modulated TNFa and IL-10 secretion, different concentrations of
LPS and ConA were used for ex vivo stimulation of isolated immune cells. Temporal analysis
(using a LMM) illustrated that EcN did not affect TNFa production by stimulated PBMCs and
MLN cells (data not shown). In contrast, PBMCs from EcN-treated animals produced a lower
amount of IL-10 upon stimulation with LPS in comparison to the control group (Figures
7A—C). This result was observed after stimulation with 10, 1, as well as 0.1 pg/mL LPS (p =
0.057, p = <0.001 and p = 0.001, respectively). PBMCs stimulated with ConA also produced
a lower amount of IL-10 (Supplementary Figure 14). There were no significant differences
in IL-10 production by stimulated MLN cells. However, LPS stimulated MLN cells from EcN-
treated animals produced significantly higher amounts of IL-10 when only taking into
account the pre-weaning time point (day 27) (Figures 7D—F). The same trend was observed
after stimulation with 5 pg/mL of ConA (p = 0.07, Supplementary Figure 14). Interestingly,
unstimulated MLN cells from EcN-treated animals also produced higher levels of IL-10 in
comparison to unstimulated MLN cells from control animals (p = 0.016), and again this was
only observed pre-weaning.
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Figure 7. IL-10 production upon ex vivo stimulation of PBMCs and MLN cells. PBMCs (A-C) and MLN cells (D-F)
were stimulated for 24 h with 10, 1, and 0.1 ug/mL of LPS, or left unstimulated (cell culture medium only). P-values
indicate significant differences between treatment groups over time (A—C), and asterisks are used to demonstrate
significant differences between treatment groups after taking into account single time points (*p < 0.05 and **p
< 0.01, D-F). Every point represents an individual animal from a separate pen (n = 7 or 8 per treatment group),
and error bars represent standard deviations. Normal distribution and equal variances of data were checked and
log-transformed when necessary. No differences in IL-10 production by unstimulated MLN cells were observed
post-weaning and are therefore not presented.
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Innate and Adaptive Immune Cell Analysis

To determine whether there was an effect of EcN on specific innate and adaptive immune
cell populations, cell analysis was performed on isolated PBMCs (Supplementary Table
1) and MLN cells (Supplementary Table 2) from a subset of animals. The number of DCs
(pDC, cDC1, and cDC2) or DC maturation status (determined by CD80/86 upregulation) was
not significantly different between the EcN and control groups. In addition, no differences
between the control and treatment group were observed for other immune cells from the
MLN (Supplementary Table 2). Temporal analysis of immune cells from PBMCs revealed that
EcN significantly (p = 0.010) enhanced expression of the activation marker CD25 on NK cells
(CD3CD8a*), which was most evident on day 26 pre-weaning (p =0.015, Figure 8A). However,
EcN treatment did not significantly increase NK cell numbers in PBMCs (Supplementary
Table 1). Furthermore, temporal analysis of specific T cell populations showed that the
percentage of memory/activated T cells (CD3*TCRy6-CD4*CD8a*) was significantly lower
(p = <0.001) in the EcN treatment group (Figure 8B). Moreover, analysis of single time
points showed a significant reduction of memory/activated T cells on day 44 (p = 0.042).
Similarly, a significant reduction of regulatory T cells (CD3*TCRy8-CD4*CD25"¢"Foxp3*) was
observed on day 44 of the study (p = 0.016, Figure 8C). Next to cell number, maturation and
activation, proliferative responses of different T cell populations were investigated by using
the proliferation marker Ki67. EcN-treated animals had a significantly higher percentage of
Ki67-positive T helper cells (CD3*TCRy& CD4*) and memory/activated T cells (CD3*TCRy&™
CD4*CD8a*) on day 14 of the study (p = 0.011 and p = 0.030, respectively) (Figures 8D,E).
Albeit not significant, a similar pattern could be observed for CD3*TCRy6* CD8a*Ki67* T cells
(cytotoxic T cells, Figure 8F).
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Figure 8. Analysis of innate and adaptive immune cells in PBMCs. P-values indicate significant differences between
treatment groups over time (A,B), and asterisks are used to demonstrate significant differences between treatment
groups after taking into account single time points (*p < 0.05, C-E). Data were presented as the mean fluorescent
intensity (MFI; A), percentage of cells (%; B,C), or percentage of proliferating cells (Ki67%; D-F). Every point
represents an individual animal from a separate pen (n = 7 or 8 per treatment group), and error bars represent
standard deviations. Normal distribution and equal variances of data were checked and log-transformed when
necessary.
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Discussion

For over 100 years EcN has been extensively studied in vitro or in animal models to
understand its probiotic properties, but to date, no studies have investigated its effects on
the porcine gut microbiota and the immune system when administered in early life. It is well
known that the conditions (e.g., diet and housing) in the neonatal phase and during early
life shape the development of the GIT and the immune system (Zmora, Suez et al. 2019).
Therefore, we hypothesized that by administration of EcN in the immediate postnatal period
leads to colonization of the intestine and competition with overt pathogens and pathobionts
that often increase in abundance due to stressors in the post-weaning period. In addition,
we hypothesized that gut-adherent EcN would interact with the gut epithelial barrier and
the innate and adaptive arms of the immune system.

The EcN was detected in faecal samples for at least 4 weeks (primarily pre-weaning)
after administration of EcN every other day from day 2 until day 44. EcN reached highest
abundance in faeces on days 8 and 14 but was not detected after weaning. This may be due
to the increasing complexity of the gut microbiota over time, and the dramatic shift of the
gut microbiota as a result of weaning (due to changes in diet and housing). These factors
may hinder growth, subsequent colonization and detection of EcN in the GIT. However, in
three piglets EcN was detected in jejunal or ileal digesta at the end of the study (day 70),
demonstrating that in some pigs EcN can persist in the GIT. This is consistent with other
studies that showed that EcN could be detected in faeces of post-weaning pigs after oral
administration (Duncker, Lorentz et al. 2006), and in pigs that were not deliberately treated
with EcN (Kleta, Steinrlick et al. 2006). In another study where EcN was administered to
3-month-old pigs for seven consecutive days, ECN was detected in faeces approximately
4 weeks after the last administration (Barth, Duncker et al. 2009). This may be due to the
larger number of EcN administered (i.e., 3.75—37.5 x 108 CFU EcN per kg of body weight
per day) or the use of a different detection method. Another study administering EcN (3.5
x 10'° CFU) for 14 consecutive days to 4-5 months old pigs, reported that EcN was not
recovered from intestinal contents using cultivation-dependent methods (Smajs, Bures et
al. 2012). Collectively these studies indicate that EcN can persist in the intestine during the
pre-weaning period, but is not efficiently colonizing the porcine GIT. This is consistent with
studies on EcN colonization in humans (Wassenaar 2016), and can also be explained by the
fact that facultative anaerobic bacterial species typically represent only 0.1% of the bacteria
that are present in the anaerobic environment of the colon (Eckburg, Bik et al. 2005).
Colonization of EcN in an established intestinal microbiome may also be more challenging,
which could explain why EcN administration does not lead to colonization or persistence
post-weaning.

Since EcN was primarily present pre-weaning, it was considered likely that EcN exerted
effects on the gut microbiota composition during this period. We found that EcN reduced
the diversity within the phylum of Proteobacteria in the porcine GIT during the pre-
weaning period, as shown in another study (Smajs, Bure$ et al. 2012). These results are in
line with the antagonistic effects of ECN on growth of closely related taxa in the family of
Enterobacteriaceae (Lodinovéa-Zadnikova and Sonnenborn 1997, Jacobi and Malfertheiner
2011, Sassone-Corsi, Nuccio et al. 2016, Sonnenborn 2016). Moreover, our results show
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that presence of EcN altered the relative abundance of specific genera, with a particularly
interesting correlation for the genus Treponema_2; relative presence of EcN higher than
0.05% in faecal samples corresponded with absence of the Treponema_2 genus. This is an
interesting finding, given Treponema is often associated with pathogenic species (Mglbak,
Klitgaard et al. 2006, Hallmaier-Wacker, Luert et al. 2019, Giffin, Lankapalli et al. 2020).
The antagonistic effect against the Treponema genus is in line with observed effects from
other known probiotics such as Bifidobacterium species (Belkacemi, ALOU et al. 2020),
Lactobacillus fermentum and Pediococcus acidilactici (Wang, Yao et al. 2019). The genus
Treponema contains a number of pathogenic and symbiotic bacteria that can be found
in vastly different anatomical and environmental habitats (Hallmaier-Wacker, Liiert et al.
2019). In 2006, the 16S rRNA gene of a Treponema strain was PCR amplified after isolation
in pig host tissue. This strain, also known as Candidatus Treponema suis, was found to be
associated with colitis considering its invasion of the surface epithelium as well as superficial
parts of the mucosa (Mglbak, Klitgaard et al. 2006). Two of the Treponema_2 ASVs within
our dataset were identical in sequence to the 16S rRNA gene of this strain. When plotting
these two ASVs over time, a very interesting temporal pattern could be discerned in both
treatment groups (Supplementary Figure 13B), with higher abundances observed in the
immediate post-weaning period up to 2 weeks post-weaning (days 35 and 43, respectively).
As piglets are known to suffer from post-weaning diarrhoea especially in the first week post-
weaning up to the second-week post-weaning, the potential role of Candidatus Treponema
suis in post-weaning diarrhoea warrants further investigation. Although Treponema and
Proteobacteria include harmless commensal bacterial species, they are primarily known
as potential pathogens. Thus, the association between EcN and reduced Proteobacteria
diversity (pre-weaning) as well as the potential antagonistic effect against Treponema
suggest a beneficial effect on the porcine gut microbiota composition.

In contrast to the little information available regarding the effects of EcCN on the gut
microbiota, more is known about the bacterial-epithelial crosstalk between EcN and the
intestinal epithelial cells (Sonnenborn and Schulze 2009, Wassenaar 2016). In mice with
inflammatory colitis, EcN strengthened the epithelial barrier by enhancing expression of
tight junction proteins ZO-1 (Ukena, Singh et al. 2007). In addition, EcN altered the expression
and distribution of ZO-2 protein in in vitro cultured human epithelial cells (Zyrek, Cichon
et al. 2007). Differential expression of these zonulin genes was not observed in our study,
possibly due to the use of conventionally reared healthy animals. Significant differences in
gene expression were observed between days 27 and 44, particularly in the colon. Albeit not
significant, our data also showed that on day 27 nine genes were differentially expressed (at
least twofold) in the colon of EcN-treated piglets, while on day 44 this was the case for only
two genes. This could imply that EcN is more likely to induce changes in the gut epithelial
barrier in the pre-weaning period.

Supplementation of EcN in early life aims at providing the gut with advantageous commensal
bacteria that directly or indirectly (by affecting the gut microbiota composition or gut barrier
function) influence the immune responsiveness. Considering the decrease of Proteobacteria
diversity, ECN may have hindered pathogenic enterobacteria, thereby influencingtheimmune
response. As for direct effects, several studies indicated that EcN activates Toll-like Receptor
4 (TLR-4) that recognizes the lipid A component of semi-rough type LPS present in the outer
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cell membrane of EcN (Grozdanov, Zdhringer et al. 2002, Grabig, Paclik et al. 2006, Adam,
Delbrassinne et al. 2010), and has been identified along the porcine GIT and on porcine blood
and lymphoid DCs (Gourbeyre, Berri et al. 2015, Auray, Keller et al. 2016, Shao, Fischer et al.
2016). Conversely, TLR-4 expression in the ileum, colon or MLN of 1-week-old gnotobiotic
piglets was not altered by EcN (Splichal, Donovan et al. 2019). We measured no significant
effects of EcN on genes involved in gut barrier function, or on DC maturation (upregulation
of CD80/86). In our previous in vitro study, we showed an EcN concentration-dependent
increase of the DC maturation marker CD80/86 upon stimulation with EcN (Geervliet, Lute
et al. 2020), but in that study, DCs were in direct contact with the bacteria. Interestingly,
we did detect a significant increase of the activation marker CD25 on NK cells in blood,
which was most evident on day 26 of the study (pre-weaning). Activated NK cells produce a
variety of inflammatory cytokines (e.g., IFN-y), followed by cytokine-induced downstream
signaling cascades that contribute to their immune response against infection (Abel, Yang
et al. 2018). Previous studies have demonstrated that EcN is able to enhance the frequency
and function of NK cells in systemic tissues and blood from gnotobiotic pigs after a virulent
human rotavirus challenge (Vlasova, Shao et al. 2016, Michael, Paim et al. 2021). Moreover,
EcN biofilm treatment also showed to enhance NK cell activity in blood mononuclear cells
from malnourished piglets transplanted with human infant faecal microbiota (Michael, Paim
et al. 2021). Our results demonstrate that EcN altered the immune responsiveness in the
pre-weaning period, but further (challenge) studies are required to determine if enhanced
NK cell responses induced by EcN indeed provide protection against infectious agents.

EcN did not only modulate innate immune responses, but also affected adaptive immune
responses, the latter being the basis for effective immunization against infections. For
example, a modest but significantly enhanced proliferation of T helper cells and Memory/
Activated T cells in PBMCs was observed on day 14 of the study. On the other hand, EcN
reduced the number of Memory/Activated T cells and regulatory T cells in blood, and
enhanced IL-10 production by LPS stimulated MLN cells. These results suggest that EcN
induced a more regulatory or anti-inflammatory state of the local gut-associated immune
system. In contrast, temporal analysis revealed that LPS stimulated PBMCs from EcN-
treated animals produced lower levels of IL-10, indicating different effects of EcN on the
local (MLN) and systemic (PBMC) immune system. These differences could be explained by
the fact that the MLN is the main site for tolerance induction, and a large number of cells
(e.g., DCs) that reside in the MLN are still immature or naive. Moreover, the reduction of
Salmonella-specific IgM in EcN-treated animals may also imply immune tolerance. However,
a significant reduction of Salmonella-specific IgM was already observed prior to vaccination
(day 14), which could mean that Salmonella-specific antibodies were already present in the
pigs’ blood or that antibodies to other Enterobacteriaceae cross-react with components
of the ELISA. Our observation that EcN primarily induced changes pre-weaning supports
our hypothesis that repeated administration of EcN in early life affects the porcine gut
microbiota and the developing innate and adaptive arms of the porcine immune system.
Our results also illustrated that EcN did not consistently persist during the post-weaning
period, and that EcN did not affect the gut barrier function or the vaccination response.
Compared to the pre-weaning period, effects observed post-weaning were modest. EcN’s
ability to reduce the diversity of taxa within the phylum of Proteobacteria, its seemingly
antagonistic effect against Treponema, and its effect on cells (e.g., NK cell activation) and cell
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responses (e.g., IL-10 production by MLN cells and PBMCs) imply beneficial effects, which
should be further investigated in future infection studies. Taken together, the results of this
study support the concept that the pre-weaning period provides a ‘window of opportunity’
to modulate the gut microbiota and the immune system through dietary interventions such
as EcN.
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Figure S1. Visual representation of the standardized division of GIT segments at dissection. The jejunum segment
(a) was taken by clamping off a 40 cm piece halfway the small intestine after which a cut was made on both sides
in order to place the 40 cm piece in a separate container. The ileum segment (b) was taken by placing clamps at 50
cm and 90 cm proximal to the ileocaecal valve. Caecum luminal content (c) was taken by first isolating the caecum
content using a clamp after which a cut was made in order to place the caecum in a separate container for further
processing. Halfway the colon, a 40 cm segment (clamped off) was taken distally from mid-point. For both ileum
and colon, a 5 cm segment was taken proximally to the 40 cm segment that was to be used for transcriptomics.
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Figure S2. (A) Bar plot of top 10 abundant ASVs in the spiked samples. The abundance of two 16S rRNA gene
sequences (ASVs), both of which are present in the EcCN genome, increased in proportion to the amounts of EcN
added to the spiked samples. One of these two ASVs was found to be specific to EcN in the NGS dataset and was
therefore used to identify EcN in faeces. It should be noted, however, that by including solely the EcN-specific
ASV, the relative abundance of EcN is underestimated by a two-to-three fold. (B) Validation of EcN in NGS dataset
using qPCR. Relative abundance of EcN calculated using the specific ECN gPCR compared to the relative abundance
of EcN calculated using the EcN-specific ASV in the NGS dataset. From the regression line (blue), the correlation
determinant r2 = 0.84, indicates a high correlation of the two methods for EcN quantification in faecal samples.
Additionally, with the use of a CT value of 33 as threshold with gPCR, each positive outcome of EcN in the NGS
dataset was validated.
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Figure S3. Gating strategy for the identification of DC subsets in porcine PBMCs and MLN cells. After doublet
exclusion and discrimination of viable (live) and non-viable (death) cells, live cells were gated based on scatter light
(forward scatter; FSC, and side scatter; SSC). Antibodies that specifically recognize CD14, CD172a, CADM1 and CD4
in were used to identify DC subsets in PBMCs (A) and MLN cells (B).
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Figure S4. Gating strategy for the identification of NK cells and T cell subsets in porcine PBMCs and MLN cells. After
doublet exclusion and discrimination of viable (live) and non-viable (death) cells, live cells were gated based on
scatter light (forward scatter; FSC, and side scatter; SSC). Antibodies that specifically recognize CD3, CD8a, TCRyS,
CD4, FoxP3 and CD25 were used to identify NK cells and T cell subsets in PBMCs (A) and MLN cells (B). Ki67 was
used to determine cell proliferation. The gating strategy for determining T helper cell proliferation is presented as
an example (A).
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Figure S6. Translocation of EcN to the MLN. Detection of EcN in the MLN of EcN-treated animal using colony PCR
(A). Arrows indicate the detection of EcN specific colonies, ‘M’; marker, + and -; positive control and negative
control, respectively. Bacteria from the MLN grown on MacConkey agar (B). Arrows (in green) point at EcN specific
colonies that were identified by colony PCR. Bacterial translocation to the MLN between the treatment groups
over time (C). Pre-weaning (day 27) off-white opaque colonies were detected in the majority of both control and
EcN-treated animals, which likely represent Salmonella colonies. EcN specific colonies were only detected on day
27 and in a single animal.
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Figure S7. Presence of EcN in digesta of different gut segments (jejunum; jej, ileum; ile and caecum; cae) from EcN-
treated pigs over time, sacrificed at the indicated days (d; day). Data is presented as the relative abundance of the
EcN-specific ASV, as calculated from the NGS dataset.
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Figure S8. Body weight (kg) over time between the treatment groups. Animals included in this graph were followed
during the entire study (n=16 per treatment group). At the start of the study, groups were made as equal as possible
in terms of body weight, time of birth and sow parity. Data are shown as the means # the standard error of the
mean (SEM). No significant differences were observed between the treatment groups.
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Figure S9. Alpha-diversity of porcine gut microbiota in faeces and digesta between treatments over time. Every
point represents an individual animal with the control animals in grey and the EcN-treated animals in blue.
InvSimpson (A) and Shannon (B) diversity values are presented by sampling time point (day 4 — day 70), and by
faeces (fcs) or gut segment (jej; jejunum, ile; ileum, cae; caecum).
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Figure $10. Heatmap of the relative abundance of all ASVs belonging to the phylum Proteobacteria in pre-weaning
faecal samples over time. Each time point includes 24 faecal samples per treatment group (8 control pens and 8
EcN pens, 3 animals per pen). This figure shows that especially ASVs in the family of Enterobacteriaceae contribute
to a higher number of Proteobacteria ASVs in the control group.
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Figure S11. Identification of differentially abundant genera in faeces during the pre-weaning period. Data are
presented as relative abundances (by fraction) over time. Shown genera resulted from comparing control animals
(grey) to EcN-treated animals (blue) using a GAMLSS model and after adjustment for multiple testing (p.adjust <
0.05). Every point represents an single animal, and the size of the points gives the relative abundance (sqrt) of EcN
detected in this individual.
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Figure S12. Identification of differentially abundant genera in faeces during the post-weaning period. Data are
presented as relative abundances (by fraction) over time. Shown genera resulted from comparing control animals
(grey) to EcN-treated animals (blue) using a GAMLSS model and after adjustment for multiple testing (p.adjust <
0.05). Every point represents a single animal, and the size of the points gives the relative abundance (sqrt) of EcN
detected in this individual.
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Figure S13. Relative abundance of all ASVs within the Treponema_2 genus over time in faecal samples (A), and
the relative abundance of the two ASVs that both correspond to the sequence of the earlier reported invasive
Treponema species, namely Candidatus Treponema suis (B). This Treponema ASV is especially abundant in the
immediate post-weaning period up to two weeks post-weaning (d35 and d43). Samples are ordered chronologically
and are separated by treatment group (Ctrl versus EcN).
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Figure S14. IL-10 production by ex vivo stimulated PBMCs and MLN cells. PBMCs (A-C) and MLN cells (D-F) were
stimulated with 5 pug/mL, 2.5 pg/mL, 1.125 pg/mL of ConA or left unstimulated (cell culture medium only) for
24 h. Every point represents a single animal from a different pen (n = 7 or 8 per treatment group). No significant
differences were found between the treatment groups. Normal distribution and equal variances of data were
checked and log-transformed when necessary.
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General Discussion

In recent years, porcine gut microbial ecology has received increasing interest, mostly due
to its perceived relevance for porcine gut health. An important aspect of the gut microbiota
is its fermentative capacity, which greatly aids in feed digestion. Therefore, it is vital that the
fermentative capacity of the porcine gut microbiota is not at suboptimal levels. Technological
advances in the research field of microbial ecology provide the necessary basis for achieving
increased understanding of the relevant players within the porcine gut microbiota, which
will ultimately lead to improvements in porcine gut health. Nowadays, antibiotics and zinc
oxide are still widely used in livestock production, which are practices that can hopefully
be minimized in the not-too-distant future. Alternatives to these compounds will likely be
substances or live microbial cultures that modulate gut microbiota composition, function
and activity and/or substances that have a direct effect on the host’s mucosal tissues and
the immune system. By increasing our understanding of the impact of candidate substances
and live cultures on the porcine host’s gut microbiota, mucosal tissue and immune system,
we can provide vital tools to livestock producers to counteract gut diseases.

The aims of this thesis were:

1. To provide an overview of used microbial and non-microbial dietary interventions to
alter gut microbiota composition in pigs (Chapter 2).

2. To investigate the effects of early-life administered yeast-derived B-glucans and EcN on
the porcine gut microbiota, the gut epithelial barrier, and the immune system in vivo
(Chapters 3, 4, & 5).

3. To describe the implications of these findings for porcine gut health and gut microbiota
composition (Chapter 6).

As piglets do not have a fully developed gut microbiota and host immune system in the first
weeks of life, dietary interventions in this period are expected to have a greater chance to
induce significant changes to gut microbiota composition, the gut epithelial barrier and to
the overall immunological competence. The results of the B-glucans and EcN in vivo studies
confirm the first part of the hypothesis, as both dietary interventions mostly affected gut
microbiota composition during the first weeks of life (Chapters 3 and 5). Effects on the
gene expression levels in the gut epithelial barrier were exclusively tested for animals that
received EcN (Chapter 5). To this end, the effects of EcN on the gut epithelial barrier did
not result in statistically significant differences, suggesting that EcN did not impact the
gut epithelial barrier in our study. As for the immunological responsiveness, a number of
local and systemic immunological factors were tested (Chapters 3 & 5). For both dietary
interventions, most immunological parameters that were significantly affected by the dietary
intervention were observed in the pre-weaning period. Together with the results on the gut
microbiota, this strongly suggests that dietary interventions such as B-glucans and EcN can
be best administered early in life in order to optimize animal health and performance.

In this chapter, | will summarize the findings of our in vivo studies, | will discuss the

implications of our findings considering other literature, and | will describe what these
results might mean for porcine (gut) health. Additionally, | will cover practical implications
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of our in vivo findings and will provide recommendations for future research. Finally, other
promising feed additives are discussed, including alternative compounds with antibiotic
activity, fermented feed, microbial consortia, and live mushroom spawn.

Discussion on findings of the B-glucan in vivo study

Differences in alpha diversity between treatment groups

One of the important research questions was whether the administration of yeast-derived
B-glucans in early-life would affect the pig’s gut microbiota composition. An important
indicator to answer this question is alpha diversity. To this end, we observed a difference
in alpha diversity during the pre-weaning phase between treatment groups when using
the Shannon diversity index, but not when using the InvSimpson diversity index. Shannon’s
diversity index gives more weight to rare species, which means that especially low abundance
ASVs were impacted by the administration of B-glucans. The fact that the Shannon alpha
diversity was on average lower in B-glucan treated animals during the pre-weaning phase,
while this difference was not observed for the InvSimpson diversity index, indicates that
fewer low abundance ASVs were present in the B-glucans treated animals. The relative
importance of these low abundant ASVs to microbiota functions such as fermentative
capacity is debatable, and any possible implications would be purely speculative. To put
things into perspective, in several studies of microbiota composition, the low abundant ASVs
are filtered out prior to further analyses (Surendran Nair, Eucker et al. 2019, Sibai, Altuntas
et al. 2020, Wynne, Thakur et al. 2020), which shows that several researchers choose to
ignore the low abundant ASVs. In fact, the data processing pipeline used in this study (NG-
Tax) has a default setting to remove ASVs that have a relative abundance no greater than
0.1%, meaning low abundant ASVs were also not taken into account in this study.

Differences in relative abundance of bacterial families pre- and post-weaning

Itis commonly accepted that weaning induces a rapid and large change in the gut microbiota
composition of piglets (Gresse, Chaucheyras Durand et al. 2019). Even though we did not
observe differences in microbiota composition between treatment groups post-weaning,
it is interesting to investigate in what manner the porcine microbiota composition changes
around the weaning period. Supplementary Figure S6 of Chapter 3, which contains the
35 most predominant bacterial families up to week 10, provides a good overview of the
dynamics of the relative abundance of these bacterial families in the first weeks of life, but
also provides a clear view on what happens to these bacterial families during the weaning
phase. As weaning took place on day 28, time points d26 and d35 were considered the
most interesting to analyse regarding the impact of weaning on microbiota composition.
Several bacterial families do not show a dramatic change in relative abundance between
d26 and d35 (such as Rikenellaceae, Clostridialis Family_XIIl, Erysipelotrichaceae, etc.), but
several bacterial families show a dramatic reduction in relative abundance after weaning,
such as the Actinomycetaceae, Campylobacteraceae, Fusobacteriaceae, Bacteroidaceae,
Enterobacteriaceae,  Streptococcaceae,  Marinifilaceae,  Clostridiales  vadinBB60,
Synergistaceae and Corynebacteriaceae. Interestingly, of these bacterial families, the
Streptococcaceae become abundant again from d59 onward. A few bacterial families
show a dramatic increase in relative abundance after weaning, such as the Veillonellaceae,
Prevotellaceae, Lactobacillaceae and Succinivibrionaceae. In a study that specifically
focused on the microbiota composition changes around the weaning transition in healthy
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piglets and piglets that developed post-weaning diarrhoea, it was found that an increase
in the relative abundance of Prevotellaceae was characteristic of healthy weaned piglets
(Karasova, Crhanova et al. 2021). Furthermore, it is interesting to compare the changes at
the family level during the weaning transition in healthy animals of that study with animals
of the current study. When comparing Supplementary Figure S6 of Chapter 3 with healthy
animals present in Figure 1 of the other study (Karasova, Crhanova et al. 2021), it is observed
that there is clearly overlap in the bacterial families that are increased, reduced or that are
stable before and after weaning (see Table 1 below). Of the families mentioned in Figure 1
of the article by Karasova et al., a reduction in relative abundance of the Synergistaceae,
Enterobacteriaceae, Fusobacteriaceae, Clostridiaceae_1, and Bacteroidaceae was observed
in both studies. The clear reduction in Spirochaetaceae observed by Karasova et al., was not
observed in the current study. In both studies, a slight increase in Acidaminococcaceae and
Lachnospiraceae is observed, and a clear increase in Lactobacillaceae was observed. In both
studies, a high prevalence of the Ruminococcaceae was found pre- and post-weaning, with
no obvious change around the weaning period. Furthermore, the Porphyromonadaceae
were quite abundant in the other study pre- and post-weaning, while they were not at all
abundant in the current study. In both studies, the Bacteroidales and Coriobacteriaceae
were not abundant during the pre- or post-weaning period. To summarize, even though
both in vivo studies were conducted in different European countries (The Netherlands and
Czechia), the shifts in relative abundance of bacterial families during the weaning transition
observed by Karasova et al. shares many similarities with the shifts observed in this study.

Table 1. Comparison of temporal changes in relative abundance of top abundant families around the weaning
period between the study by Karasova et al., and this study.

Bacterial family Study by Karasova et al. This study
Acidaminococcaceae ™ ™
Bacteroidaceae N\ N2
Bacteroidales Low abundance Low abundance
Clostridiaceae_1 NA\” N
Coriobacteriaceae Low abundance Low abundance
Enterobacteriaceae N2 N2
Fusobacteriaceae N N2
Lachnospiraceae o ™
Lactobacillaceae ™~ ™~
Porphyromonadaceae T Low abundance
Ruminococcaceae Stable Stable
Spirochaetaceae N Stable
Synergistaceae N\ N %

Differences in microbiota composition between gut segments and faeces

Even though no significant differences between treatment groups were found for the
microbiota composition in individual gut segments, the analysis of the microbiota
composition in several gut segments and faeces in the same study provides interesting
insight into which bacterial groups play the most important roles along the GIT of pigs.
Figure 3 of Chapter 3 provides such an overview at the phylum level (Figure 3A) and at

131



Chapter 6

the family level (Figure 3B). When looking at the phylum level, a clear distinction becomes
apparent between the small intestine and the hindgut (caecum, faeces), with Firmicutes
clearly dominating in the small intestinal gut segments, while this dominance is shared in
the hindgut with the phylum Bacteroidetes. When looking at the global overview at the
family level, what stands out is that a number of families that are present in the hindgut,
are practically absent in the small intestinal gut segments. These are the Prevotellaceae,
Ruminococcaceae, and Muribaculaceae, which are bacterial families that are especially
known for their fiber-degrading capabilities (Guo, Li et al. 2019, Lagkouvardos, Lesker et al.
2019, Precup and Vodnar 2019, Jiang, Lu et al. 2020). What furthermore stands out, is that
the Lactobacillaceae comprise the vast majority of bacteria in the small intestine on d27 and
d44, which underlines the importance of this bacterial family for early-life gut health and
fermentative capacity in the small intestine.

Methanobrevibacter less abundant in 8-glucan group

An interesting finding in the B-glucans study is that the archaeal genus Methanobrevibacter
had a reduced relative abundance in B-glucan treated animals during the pre-weaning
period (Figure 5, Chapter 3). This difference was especially apparent on d8 and di4.
Researchers worldwide are trying to reduce methane emissions in livestock production,
because it is an important greenhouse gas, meaning its presence in the atmosphere affects
the earth’s temperature and climate system. Since ruminants are the principal source of
livestock methane emissions (Tapio, Snelling et al. 2017), it may be interesting to administer
B-glucans to ruminants to see whether a reduction in the genus of Methanobrevibacter
can be repeated. Alternatively, instead of lowering the abundance of all archaea within
the genus of Methanobrevibacter, 3-glucans may have an impact on the composition of
the archaeal community of ruminants, which is also a strong factor in relation to methane
emissions. For instance, animals harbouring the Methanobrevibacter gottschalkii clade tend
to be associated with greater methane emissions (Zhou, Chung et al. 2011, Tapio, Snelling
etal. 2017).

Discussion on findings of the EcN in vivo study

Being able to follow the temporal presence of EcN after administration of EcN to pigs was
instrumental in understanding when and where EcN most likely contributes its effects. To
this end, EcN was especially present in the first four weeks of life, and was found in all
sampled GIT segments (Chapters 4 & 5). In the main study, which lasted until day 70 of life,
EcN was additionally found in the jejunum and ileum of piglets that were dissected on day
70. This is an interesting finding, as EcN was not found in any caecal or faecal sample that
was taken during the post-weaning period. An important reason could be that the microbial
density is much lower in the foregut (jejunum, ileum) compared to the hindgut (caecum,
colon & rectum), which allows for easier detection of the probiotic strain in the foregut. It is,
however, somewhat unexpected, as E. coli strains, and therefore also EcN, are known to be
adapted to mammals with hindgut microbial fermentation chambers (Gordon 2004), and so
the expectation was that EcN would primarily be present in the hindgut.

When looking at EcN’s effect on overall gut microbiota composition, the apparent effect on

close relatives such as other E. coli strains was the most prominent. This was evidenced by
a reduced Proteobacteria diversity in faeces of EcN-supplemented animals during the pre-

132



General Discussion

weaning period. In an earlier study it was found that EcN can lower the diversity of strains
in the family of Enterobacteriaceae (Smajs, Bure§ et al. 2012), which is a finding that is
consistent with what was found in the main study of this thesis.

When comparing the effect of B-glucans and EcN on overall gut microbiota composition,
the effect of EcN was more pronounced. This was evidenced by the effect of the probiotic
treatment on microbiota beta diversity being significant (p < 0.015), while this was not found
for the B-glucan treatment. However, this effect was significant for both treatments when
including exclusively pre-weaning samples. Additionally, using a GAMLSS model, six genera
were found to be differentially abundant in faecal samples of the EcN group when compared
to the control group. When only including pre- or post-weaning timepoints, six genera and
two genera were found to be differentially abundant in faecal samples of the EcN group. In
contrast, in the B-glucan group such differences (in six genera) could only be observed when
including exclusively pre-weaning faecal sampling timepoints. The administration of EcN
also showed a potential antagonistic effect against Treponema, which in combination with a
reduced Proteobacteria diversity suggests a beneficial effect on the porcine gut microbiota
composition.

EcN’s effect on gene expression in gut epithelium

Although no statistically significant differences in gene expression of the gut epithelium
were found for EcN-treated animals in any of the 96 genes tested, there was one gene
that deserves mentioning. The average expression of Trefoil factor 2 (TFF2) encoding gene
was higher in the colon of EcN-treated animals, on both day 27 and day 44 of the study.
In addition, for both tissue types tested (ileum and colon), TFF2 had the most dramatic
fold-increase in expression when comparing the expression of day 27 with that of day 44.
What should be noted is that even though TFF2 has a more than 22-fold increase in gene
expression in the colon when comparing day 27 to day 44, the result was not statistically
significant due to high variability between animals (Figure 5E, of Chapter 5). This high
variability in gene expression was found for both tissue types and both time points, which
is likely the reason why TFF2 is only significantly differentially expressed in ileum samples
when comparing day 27 to day 44. In humans, TFF peptides are known to be produced
by mucus-producing goblet cells and are known to have a broad protective effect on
the mucosa, which is why they are considered candidates for therapeutic restoration of
diseased or damaged mucosa (Behnsen, Deriu et al. 2013). As EcN’s presence may increase
the expression of TFF2 in mucosa of the colon, elevated presence of TFF peptides could be
achieved by the administration of EcN. As such, EcN could be an interesting alternative to
administering TFF peptides as therapeutic agents.

Of all genes tested, the expression of SAA (Serum amyloid A) variants showed greatest
variability, with gene expression between individual pigs consistently varying as much as
multiple hundred-fold at both timepoints tested and with both tissue types tested (ileum
and colon mucosal scrapings). This variability in gene expression was observed for each
of the amplicons tested of the SAA variants (SAA, SAA 2, SAA 2 AND 3). This is in line
with other studies in mammals, where researchers found SAA genes to be highly variably
expressed in different tissue types, especially when exposed to inflammatory agents such as
LPS (Goldberger, Bing et al. 1987, Zhang, Ahsan et al. 2005, Vels, Rgntved et al. 2009). The
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variability in gene expression of these proteins can be explained by their role as acute-phase
proteins, which means that they play an important role in acute inflammatory responses
(Zhang, Zhang et al. 2019). According to De Buck et al. in 2016, gene expression of SAA
variants can be used as a diagnostic marker for many diseases, and increases in production
are triggered by infection and inflammatory reactions (De Buck, Gouwy et al. 2016). The
order of magnitude of gene expression increase is dependent on the level of inflammation:
From a 10- to 100-fold increase during limited inflammatory events to a 1000-fold increase
during severe bacterial infections. Even though all three SAA variants tested showed an
average higher gene expression in the colon of EcN-treated animals on day 27 (Figure 5C, of
Chapter 5), this result was not statistically significant.

Practical implications of our in vivo findings

Administer dietary interventions in early life

One of the main findings of the in vivo studies in this thesis is that the dietary interventions
had the highestimpact on gut microbiota composition in the first weeks of life. These changes
in microbiota composition were almost exclusively found in the pre-weaning period for both
dietary interventions. A likely explanation for this observation is that the gut microbiota is
not yet fully developed in early life (Patil, Gooneratne et al. 2020). The diversity of the gut
microbiota in early life is still low when compared to that in an adult pig, as can be seen
from the alpha diversity figures in both Chapter 3 and Chapter 5. This means that due to
having a relatively low microbiota diversity in early life, there is room for newcomers to
colonize. Additionally, in the first weeks of life, the gut microbiota is subject to continuous
compositional changes, which makes it a dynamic environment with potential for ecological
shifts. Although it would be hard to study, another effect may be that the gut of an adult pig
contains mostly well-established microbiota species which have had ample time to adapt
to the porcine host’s GIT environment. A probiotic “newcomer” like EcN is propagated in
a biotechnological process, and thus has not yet had time to adapt its metabolic processes
to compete effectively against the already established members of the gut microbiota.
What should be noted is that this effect, which is largely based on speculation, would not
exclusively affect the effectiveness of EcN, but would affect the effectiveness of any probiotic
strain used, since all probiotic products are produced in a biotechnological process and not
in @ mammalian host.

Additionally, what should not be underestimated, is that in absolute microbiota cell numbers,
an adult pig contains a larger number of microbial cells in its gut than a piglet in the first weeks
of life. The total luminal content in an adult’s pig gut is many times greater, as their GIT is
much larger in terms of volume. This may explain why the administration of 10° EcN cells to
a pre-weaning pig resulted in presence of ECN on numerous occasions, in both the amplicon
sequence dataset and in the gPCR results, while the same administration in adult pigs did
not result in presence of EcN in any of the faecal samples. Given that both EcN-detection
assays used are quite sensitive, with EcN detection limits around ten thousand cells per
gram luminal content, it can be argued that EcN was present at low concentrations during
the post-weaning period in faeces or was not present at all. This implies that researchers
and pig farmers may need to administer higher amounts of EcN during the post-weaning
period in order to allow for temporal tracking of EcN in faeces, or when the aim is to confer
gut ecological effects, such as competitively excluding pathogenic microbial species.
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Another difference between pre-weaning and post-weaning pigs is that the pH of the
stomach is typically lower in a post-weaning pig (Ravindran and Kornegay 1993). Especially
with the administration of probiotics, this may be an important factor, as some probiotic
species are not capable of surviving highly acidic environments. For EcN, in a number of
porcine in vivo studies, live ECN was detected in faeces after administration to post-weaning
pigs (Duncker, Lorentz et al. 2006, Barth, Duncker et al. 2009), which means that at least a
portion of administered EcN is able to withstand the acidity in the stomach of post-weaning
pigs. This implies that the higher stomach acidity is unlikely to explain the differential
presence of EcN in pre- and post-weaning pigs. Some prebiotics may also not be able to
withstand highly acidic environments, and so may have higher effects in the pre-weaning
period opposed to administration during the post-weaning period.

Especially with dietary interventions that share resemblance with ingredients present in
post-weaning feed, administration during the pre-weaning period may prove to result
in the highest impact. In the B-glucan in vivo study, yeast-derived B-glucans were used,
which share resemblance with oat and wheat grain derived B-glucans that are present in
the post-weaning diet during the B-glucan in vivo study (see Chapter 3, Table S1 for diet
composition). Yeast- and wheat-derived B-glucans share structural features, and thus may
exert similar effects on host cells. The activation of immune responses, due to the Dectin-1
signalling pathway are known to be caused by both yeast- and wheat-derived B-glucans
(Sonck, Stuyven et al. 2010). Post-weaning pigs are exposed to wheat-derived B-glucans
from the feed, which may be an important reason why effects of yeast-derived B-glucans
were seen mostly during the pre-weaning period in this thesis’ in vivo study. The explanation
is that pigs in the control group are already exposed to wheat-derived B-glucans during
the post-weaning period, which removes the relative impact of introducing yeast-derived
B-glucans to the diet.

To conclude, even though it may introduce more labour for pig farmers or may require
further innovations, the implementation of dietary interventions during the pre-weaning
period as opposed to the post-weaning period, is promising. For the probiotic strain EcN,
it was found that its temporal presence gravitates strongly towards a higher presence in
the pre-weaning period, so its efficacy will likely be highest when administered in early life.
Whether this also stands true for other dietary interventions and other probiotic strains,
such as Lactobacillus strains, still needs to be investigated. With the successful introduction
of a dietary intervention to a young pig herd, farmers may find that the added labour and
cost of administering a dietary intervention in early life is easily compensated by an increase
in pig health, with reduced economic losses, and reduced labour and costs for treating
animals.

Relevance of pilot studies

Pilot studies are usually small-scale experiments that aim to test the logistics of carrying
out a main experiment and to generate preliminary data that is used to better plan that
main experiment. Pilot studies can potentially save a lot of time, money and animals
(Festing 2011). Before the main porcine study was conducted, a pilot study was carried out
to get better insights into many aspects related to performing an in vivo study, including
logistics and the methods to be used. In addition, there were a few specific questions that
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needed answering and there were several assumptions that needed verifying. An important
question was whether EcN mostly resides in the intestinal lumen or rather resides in the
mucosal layer of the gut epithelium. If ECN would mostly reside in the mucosal layer of the
gut epithelium, mucosal scrapings would need to be used instead of luminal samples for
the analysis of gut microbiota composition. Because earlier porcine studies showed that
EcN could be detected in pig’s faeces (Duncker, Lorentz et al. 2006, Barth, Duncker et al.
2009), it was assumed that EcN would also end up in piglets’ faeces during the current study.
As the plan was to administer a high dose of 10° EcN CFU per piglet from the first days of
life, we had to eliminate the possibility that the probiotic administration would harm the
young piglets. The assumption was that it would not harm young piglets, as EcN has a long
track record of use in human neonates (Sonnenborn and Schulze 2009), but still needed
verification for neonatal piglets.

Furthermore, probiotic strains are known to have the capacity to spread to control
individuals during in vivo studies (Costeloe, Bowler et al. 2016), and so it was assumed that
cross-contamination of EcN to control animals might take place. The observation during
the pilot study that cross-contamination took place when EcN-treated and control piglets
are in close proximity to one another (Chapter 4, Figure 2), strengthened the awareness
that robust physical barriers between pens were needed and that workers’ clothing and
tools should be switched or disinfected after performing any operations in pens that contain
EcN-treated piglets. By adhering to these procedures, we almost completely prevented EcN
cross-contamination during the main in vivo study.

Risk factors for probiotic cross-contamination

When running a porcine in vivo study that is as close to the practical situation as possible, the
experiment’s layout will likely include multiple neighbouring pens within each department. In
order to maintain a random assignment of treatments to pens, the result will nearly always be
that control pens will be neighbouring probiotic treatment pens. Separating treated animals
and control animals by department is typically not advisable, since it is hard to guarantee
that all factors related to gut health are equal in each department. A solution to prevent
cross-contamination of the probiotic strain is to use robust physical barriers between pens.
All care should be taken that no faecal material or saliva can be introduced to neighbouring
pens and additionally care should be taken that the vast majority of dust particles does not
spread to neighbouring pens. Preventing the spread of all dust particles including very fine
dust particles between pens in the same department is practically impossible, because very
fine dust particles can spread all over the department. So with a randomized study design,
where control and probiotic pens are situated in the same department, there is always a
potential of probiotic strain cross-over.

Another important factor that determines the potential for cross-contamination of
the probiotic strain, is the movement and actions of staff that enter the in vivo study’s
departments. What was practically feasible in the current study, was to use two sets of
clothing (boots and overalls). One set was used with all tasks for which the entering of
pens was not required, and when entering pens of control animals, while the other set
was used when entering pens of probiotic-treated animals. In addition to using two sets of
clothing, staff was also required to wear latex gloves and protective glasses when entering
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pens of probiotic-treated animals. Gloves were discarded after handling of probiotic-treated
animals was finished and boots were disinfected whenever leaving or entering a department.
Any tools that were used in pens of probiotic-treated animals or on the probiotic-treated
animals themselves, were thoroughly cleaned and disinfected afterwards. Any surfaces
that probiotic-treated animals touch against outside of their pens (e.g. during sampling),
was disinfected afterwards. For small tools and metal surfaces, the disinfectant of choice
was a 70% ethanol solution. Whenever moving animals outside of their pens, they typically
become stressed and start to defecate. All care should be taken that no droppings from
probiotic-treated animals are left on the flooring, such as in the hallway. Flooring should be
disinfected after all work with probiotic-treated animals is finished.

Tracking temporal presence of ECN

Being able to identify and enumerate the administered probiotic strain in faecal and luminal
samples arguably improves the interpretation of the outcomes of an in vivo study. Being
able to additionally follow the temporal pattern of the probiotic strain and localizing it in
specific gut segments, further improves the interpretation of the outcomes of an in vivo
study. With EcN, highly specific gPCR methods are available, with some primers being more
specific than others (Blum-Oehler, Oswald et al. 2003). Additionally, after tweaking and re-
iterating the 16S ribosomal RNA (rRNA) gene amplicon sequence data processing through
MIB’s in-house data pipeline (NG-Tax) (Ramiro-Garcia, Hermes et al. 2016, Poncheewin,
Hermes et al. 2019), and with the use of the EcN-spiked samples, an ASV was found that
in the current study showed to be specific to EcN. To be more precise, the sequence was
specific to a number of EcN’s rRNA gene copies. To verify that the EcN-specific ASV coincided
with the presence of EcN, a theoretically 100% EcN-specific primer pair (verified using BLAST
with the guidance of the probiotic’s manufacturer) was used in several gPCR runs. After
verifying that the EcN-specific taxon in the amplicon sequence dataset really did correspond
to EcN’s presence, it became possible to visualize its temporal presence in faecal samples
over time, and it became possible to state that the probiotic strain did practically not cross-
over to control pens. The resulting observation that EcN is exclusively present in piglet’s
feaces during the pre-weaning period, strengthened the theory that EcN’s impact on gut
microbiota composition and host health is highest during the pre-weaning period.

Relative importance of dietary interventions

Pre- and probiotics are interesting ingredients that can be used as dietary intervention.
In numerous studies, they have been shown to positively impact general health and gut
health in particular (Shim 2005). With the right administration, pre- and probiotics may
be a more sustainable alternative to AGPs. Aspects that should be considered, are time of
administration, dose, and method of administration. In order to place the use of dietary
interventions in perspective, one should be aware that many other factors influence porcine
health, such as: Housing, indoor climate, air quality, sanitary conditions, density of animals,
moment of weaning and quality of feed. When the aim is to improve pig health, these
factors may be more important to focus on than the use of dietary interventions. However,
if all care is taken that for none of these aspects issues may develop, dietary interventions
may be an important approach. This can translate itself in better growth performance, lower
incidence of disease, and reduced antibiotics use. Additionally, dietary interventions have
shown in several studies the potential to influence pigs in such a way that they become
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more resilient against adverse outside factors (Adams, Che et al. 2019, Lépine, Konstanti et
al. 2019, Berto, TSE et al. 2020, Bonetti, Tugnoli et al. 2021). This shows that health related
factors not only differentially impact health, but that they are also inter-connected.

Future recommendations

Looking at specific biomarkers

With the advance of culture-independent methods to characterize gut microbiota
composition, as well as the complete functional repertoire of the gut microbiome using
metagenomics, datasets related to in vivo studies are becoming increasingly complex. For
exploratory purposes and to identify novel biomarkers, such studies with related datasets
can be invaluable. However, if the intention is to frequently screen novel feed ingredients
or novel probiotic formulations, amplicon- and metagenome sequence datasets may
prove to be too complex in many use-cases, as they require specialized and intensive
data processing, analysis and interpretation. Instead, after having identified a number of
important biomarkers, i.e. biomarkers for disease (or health), it may be more useful to focus
on these and perform PCR-based testing to enumerate the presence and abundance of
disease biomarkers in faecal and luminal samples. For instance, the Treponema2 genus, with
the taxon Candidatus Treponema suis in particular, may prove to be an interesting health
biomarker. Designing a specific qPCR for such biomarkers may result in a more efficient tool
for screening of candidate dietary interventions and probiotic formulations.

Organoids as model to study interaction of gut epithelium with dietary interventions

The scope of the research described in this thesis included in vitro work which entailed the
study of the interaction between dietary interventions and porcine organoids. Since EcN
was one of the dietary interventions to be used during the in vivo studies, the interaction
of this probiotic strain with porcine organoids was first studied. As described by van der
Hee et al. in 2018 (Van der Hee, Loonen et al. 2018), first ileum-derived porcine organoids
were generated from a donor animal, and then propagated by growing them in 3D. When
3D organoids were sufficiently propagated, they were dissociated and seeded onto a 2D
surface, which over time yields a confluent 2D organoid monolayer (see Figure 1 below).
These 2D organoid monolayers contain cell lineages that are present in the tissue of origin
(e.g. enterocytes, goblet cells, Paneth-like cells), which creates a near physiological model to
study innate immunity (Van der Hee, Loonen et al. 2018). The goblet cells that are present
in the monolayer produce mucus, creating a thin layer of mucus on top of the monolayer.
This thin layer of mucus on top of the monolayer allows for the exposure of compounds or
microbes to the monolayer, without the compounds or microbes directly contacting the
epithelial cells that make up the monolayer.

When exposing the 2D organoid monolayer to EcN cells, it was observed that EcN cells
would rapidly die in the organoid monolayer’s growth medium (within hours), without any
cells surviving. This effect was not observed when exposing EcN to an IPEC-J2 monolayer
that was grown in the same growth medium. The EcN cells were not dying due to antibiotics
added to the tissue culture medium, as the culture medium was prepared as described
by van der Hee et al. in 2018 (Van der Hee, Loonen et al. 2018), without the addition of
antibiotics. After growing the organoid 2D monolayer for 24 hours, the growth medium
supernatant was removed, which hereinafter is referred to as ‘conditioned supernatant’.
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Figure 1. Pictures of propagating 3D organoids in a 24-well plate, as can be seen with the naked eye (left) and as
can be seen using a light microscope (middle). On the right, a confluent 2D organoid monolayer in a 96-well plate
is shown.

Upon investigation of the antibacterial effect of the conditioned supernatant, it was
found that the growth of EcN, E. coli LF82, and Salmonella enterica serovar Typhimurium
was drastically reduced, while the growth of Lactobacillus plantarum, Streptococcus suis
P17, Streptococcus suis LS89, and Pseudomonas aeruginosa was slightly reduced, and the
growth of a Cellulosimicrobium strain was not significantly reduced (see Figure 2 below). An
interesting finding was that autoclaving the conditioned supernatant for 30 min at 121 °C
did not remove its antibacterial effect, suggesting that the antimicrobial factor produced by
the organoid monolayer is heat stable. Further testing using size fractionation showed that
the antimicrobial factor was not larger than 10 kDa, that it was sensitive to a Proteinase
K treatment, that it was active at physiological salt concentrations, and in the presence
of 10% fetal calf serum (FCS). It is possible that the antibacterial factor was produced by
the Paneth-like cells or enterocytes that were found to be present in 3D and 2D organoids
(Van der Hee, Loonen et al. 2018). The porcine GIT epithelium is known to produce a
broad range of antibacterial compounds, with alpha defensins, beta defensins, lysozyme,
complement factors, cathelicidins and REG-IIl as examples. Given the characteristics of
the antimicrobial factor found in the conditioned supernatant, the beta-defensins are the
most likely candidate, as these are known to be heat-stable peptides, 3-5 kDa in size, active
at physiological salt concentrations, and are known to be active against a broad range of
microbes (Maisetta, Batoni et al. 2005, Grudlewska, Sysakiewicz et al. 2014). A very similar
finding has been previously described, where antimicrobial activity was observed in human
airway epithelial cells (Smith, Travis et al. 1996). From the in vitro experiments conducted
with these human airway epithelial cells, the antimicrobial factor had a broad spectrum of
bactericidal activity, was smaller than 10 kDa and was resistant to higher temperatures such
as boiling. Future efforts are focused on identifying the antibacterial factor that is produced
by porcine ileal organoids. Apart from being a highly interesting finding, the antimicrobial
effect of organoid monolayers illustrates how useful such in vitro models are to study the
interactions between feed components, the gut microbiota, and the epithelium that take
place in a living animal.
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Figure 2. Results of growth experiments performed on conditioned supernatant and untreated organoid growth
medium (control) using a number of bacterial strains. Strains were grown overnight at 37°C in LB medium, while
shaking at 150rpm. The next day, 1ml of growing culture was combined with 4ml of fresh LB medium and placed
back into the stove. Cultures were diluted 50 times when an OD600 of 0.8 was reached and 10pl of this dilution was
mixed with 90ul of conditioned supernatant or control medium in a 96-well plate. Resulting growth as absorption
at OD600 was measured at several timepoints using a Spectramax® M5 Microplate reader (Molecular devices, San
Jose, CA, USA).

Use of EcN in an E. coli challenge trial

As pathogenic E. coli strains are a very important causative agents of post-weaning diarrhoea
(PWD), and as we found that EcN successfully lowers Proteobacteria diversity, the next
logical step would be to test EcN’s competitive efficacy against a pathogenic E. coli strain
in a challenge trial. During such a trial, it may be useful to administer both the pathogenic
strain and EcN during the pre-weaning period, with the administration of EcN prior to the
administration of the challenge strain. This way, the taking a foothold and spread of the
pathogenic strain during the pre-weaning period in a production environment would be
simulated. Given that EcN will likely have the highest presence during the pre-weaning
period, its potential efficacy will likely be highest during this period. The strongest impact of
EcN will likely be caused by its biofilm formation along the intestinal wall, and its competitive
exclusion of close relatives by occupying the environmental niche. The duration of the study
should last until at least a few weeks after weaning, as that will provide insight into whether
the administration of EcN can prevent or reduce PWD.

The use of feed components with antimicrobial activity

It is widely understood that the use of antibiotic growth promoters (AGPs) in livestock
production increases animal performance and feed yields. The mechanisms of action by
which AGPs exert these effects are not well understood, and hypotheses that have been
proposed for the effectiveness of AGPs vary widely (Broom 2017). Many of these hypotheses
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are centred around the modulation of gut microbiota composition, or the modulation of the
host’s GIT inflammatory status. One study found that the growth-promoting effect of AGPs
correlated with a decreased activity of bile salt hydrolase, which is an enzyme produced by
gut bacteria that exerts a negative impact on host fat digestion and utilization (Lin 2014).
Another study found that the use of AGPs led to a decrease in total bacteria, after which
the authors postulated that a reduction in total bacteria may reduce the host’s needs for
immune responses, thereby being able to divert more energy to growth (Collier, Smiricky-
Tjardes et al. 2003). Another explanation could be that a reduction in GIT bacterial load would
reduce the fermentation of feed by microbes, leaving more feed components for the host to
consume. To the best of my knowledge, it has not yet been determined whether bacterial
cell contents are released into the gut lumen after exposure to antibacterial compounds
like AGPs. The bacterial cell cytosol may be a rich source of nutrients and metabolites that
drives livestock growth performance, or alternatively released bacterial cell components
may elicit beneficial effects to the host’s local and systemic immune status. If this is an
important mode of action of AGPs, then mimicking the effects of AGPs may be possibly
with the use of feed components that have antimicrobial properties such as garlic, hops,
or plant/herbal extracts. Indeed, inclusion of garlic has shown to improve feed conversion
ratio (FCR) in multiple studies (Cullen, Monahan et al. 2005, Samoliniska, Grela et al. 2020,
Chen, Wang et al. 2021). Additionally, several studies have found that the implementation of
herbal extracts can improve FCR (Liu, Wei et al. 2008, Czech, Kowalczuk et al. 2009, Nowak,
Kasprowicz-Potocka et al. 2017), thereby offering a range of potential alternatives to the
use of AGPs.

The use of fermented feed

With the advancement of fermentation technologies (Sugiharto and Ranjitkar 2019),
pig farmers are increasingly applying fermented feed in pig production. Typically these
fermentations are started by thoroughly mixing solid feed with water at a ratio of 1:1.5 to
1:4. Sometimes the mixture is inoculated with beneficial microorganisms, and often used
microorganisms are strains from the group of lactic acid bacteria such as Lactobacillus and
Pediococcus (Missotten, Michiels et al. 2015), or yeasts such as Saccharomyces cerevisiae
(Niba, Beal et al. 2009) and Saccharomyces boulardii (Zhang, Bao et al. 2020). Fermenting
feed provides several advantages, such as enriching feed with vast amounts of live probiotic
cells (van Winsen, Urlings et al. 2001). Additionally, fermenting feed enriches feed with lactic
acid, SCFAs, other microbial metabolites and enzymes that help digest feed components
(van Winsen, Urlings et al. 2001, Zhang, Pan et al. 2021). Additionally, fermenting feed
lowers the feed’s pH, may make micro-nutrients more available to the host (Samtiya, Aluko
et al. 2021) and may reduce ammonia emissions by pigs (Ibrahim, Abdelfattah-Hassan et al.
2020). The lowering of the feed’s pH may strengthen the role of the stomach as a first line
of defence against pathogens (Missotten, Michiels et al. 2015). In addition, by fermenting
feed, one reduces the presence of easily accessible nutrients such as readily digestible
sugars (e.g. glucose or fructose) (Bachmann, Michel et al. 2021). This effect would help to
select against various gut pathogens that depend on readily digestible sugars (Bachmann,
Michel et al. 2021, Rastall, Diez-Municio et al. 2022). In fact, several studies have shown that
fermented feed can select against the proliferation of Salmonella (Van der Wolf, Wolbers et
al. 2001, Yin, Farzan et al. 2014) and other members of the Enterobacteriaceae (van Winsen,
Keuzenkamp et al. 2002, Hong, Thuy et al. 2009). For this effect to take place, the fermented

141



Chapter 6

feed should have a pH below 4.5, should contain sufficient lactic acid bacteria (i.e. > 10°CFU/
mL) and should contain sufficiently high concentrations of lactic acid (e.g. > 150 mmol/L)
(van Winsen, Urlings et al. 2001). Others, however, have reported that 75 mM of lactic acid
(Beal, Niven et al. 2002), or 100 mM (Brooks, Beal et al. 2003) of lactic acid suffices. With
fermentation of feed, care should, however, be taken that fermentation is taking place in a
controlled fashion, so as not to end up with too high levels of acetic acid (i.e. > 30 mmol/L) or
the production of biogenic amines, which both adversely affect the palatability of fermented
liquid feed. Additionally, a high concentration of yeasts should also be prevented, as growth
of detrimental yeast strains can result in off-flavours caused by the production of acetic acid
and alcohols (Missotten, Michiels et al. 2015). With a too high concentration of yeasts, the
amount of CO, gas produced can lead to excessive foaming which can also lower feed intake
by pigs (personal communication with pig producer). As more knowledge becomes available
to pig producers, and as liquid feed fermentations become more controlled due to advances
in fermentation technologies, the use of fermented feed will likely continue to be adopted
by increasingly more pig producers in the near future.

The use of microbial consortia

In this thesis’ in vivo study, a single probiotic strain was assessed for its impact on gut
microbiota composition and host health. This impact is influenced by the probiotic’s
capability to survive and possibly colonize the host’s GIT, and by its metabolic repertoire.
A consortium of multiple probiotic strains would in theory outperform any single probiotic
strain, both in terms of survivability of (at least part of) the probiotic strains, but also in
terms of the metabolic repertoire. Fortunately, already a number of in vivo studies have
been performed with microbial consortia (Stein, Tanoue et al. 2018, Vazquez-Castellanos,
Biclot et al. 2019, Pereira, Wasmund et al. 2020), and likely many more will be performed
in the near future.

Some microbial consortia have a long history of daily use by humans, such as milk kefir,
water kefir, kombucha, boza (Todorov, Botes et al. 2008), tuba, tepache (de la Fuente-
Salcido, Castafieda-Ramirez et al. 2015), ginger bug (Canakapalli 2019), Mabisi (Moonga,
Schoustra et al. 2019), and many others. In recent years, the scientific community has shown
increased interest in these microbial consortia, with several traditionally brewed beverages
being studied for their microbial composition (de la Fuente-Salcido, Castafieda-Ramirez
et al. 2015, Lynch, Wilkinson et al. 2021). What should be noted, is that the microbial
composition of these traditionally brewed beverages ranges widely and is also subject to
temporal changes. This makes it a challenge to pinpoint exactly what microbial composition
a given traditionally brewed beverage contains. A recent study endeavoured to generate an
overview of the microbial composition of water kefir beverages in several countries, and
it was reported that there is quite some overlap between kefir beverages that have their
origin in different countries (Lynch, Wilkinson et al. 2021). In addition, the water kefir’s
microbial communities contained several known probiotic species, such as Lactobacillus
brevis, Lactobacillus casei, Lactobacillus plantarum, Streptococcus lactis, Saccharomyces
cerevisiae, and Bifidobacterium. Next to the overlap in microbial composition, there seems
to also be a functional overlap, since for the 16 different water kefir sources tested, all of
them contained multiple lactid acid bacteria species, seven sources contained at least one
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acetic acid bacterial species and all contained at least one yeast species (Lynch, Wilkinson
et al. 2021).

For each of the mentioned traditionally brewed beverages, there is a long history of use in
human consumption, which raises the question whether these microbial consortia can be
successfully used to elevate the health status of production animals. Of the traditionally
brewed beverages, water kefir may prove to be the most interesting probiotic candidate
consortium for use in livestock production, as the used ingredients for production (cane sugar,
dried figs and water) are comparatively cheap when compared to many other traditionally
brewed beverages, that either require tea extraction, animal milk use or the use of chopped
ginger roots. Care should however be taken, that alcohol levels remain below desired levels
(especially when administered to young animals) and that the probiotic products remain
palatable for animals. Prevention measures should for instance be in place to avoid the
build-up of too high levels of acetic acid during fermentation, which in conventional pig
feed fermentation occasionally causes the fermented product to be non-palatable to pigs
(personal communication with a pig producer). A too high build-up of acetic acid is typically
caused by a too high exposure of oxygen during fermentation, meaning acetic acid build-
up can be prevented by fermenting in closed containers that have a water lock installed to
allow for off-gassing without introducing air from outside. In a recent pilot study with newly
weaned piglets, researchers found that piglets did not experience any detrimental effects
from the consumption of 1 litre of water kefir per day and that water kefir was palatable to
piglets (Gangnat and Kreuzer 2021). In another recent study, researchers found that the use
of milk kefir as feed additive during the post-weaning phase enhanced the average daily gain,
increased the number of lactic acid bacteria and Bacillus spp. in faeces, reduced the number
of coliforms in faeces and enhanced a number of indicators of innate immunity (Choi, Son et
al. 2021). These results are promising and may lead to the adoption of microbial consortia
from traditionally brewed beverages in pig production and other livestock production.

The use of live mushroom spawn

In this thesis’ in vivo study, yeast-derived B-glucans were assessed for their impact on gut
microbiota composition and host health. Alternative sources of B-glucans are cereal grains
or mushroom fruiting bodies and mycelial biomass. Especially the latter deserves further
attention as a promising candidate for dietary interventions, as mushroom-derived B-glucans
are structurally different than those derived from yeast or cereal grains (Zhu, Du et al. 2015),
and may elucidate stronger or different effects on host epithelium andimmune cells (Borchers,
Keen et al. 2004). Mycelial biomass is readily available in the form of mushroom spawn,
which is produced in relatively large batches (2-5 tons per production cycle, with several
daily cycles per production facility), and is packaged for solid fermentation in filter bags at
sizes of 10-30 litres. Several species of grain can be used as raw material for the production
of mushroom spawn, with wheat grains, rye grains, millet grains and corn as most often used
options. Prepared grains can be inoculated with mycelial sludge from dozens of different
mushroom species, of which currently Agaricus bisporus, Pleurotus ostreatus and Lentinula
edodes are the most often used options, as global production is highest for these mushroom
species. Other mushroom species that may be highly interesting to use in the production
of live mushroom spawn for pig feed, are Ganoderma lucidum, Cordyceps sinensis, Coriolus
versicolor, Grifola frondosa, Agaricus blazei, Hericium erinaceus, Flammulina velutipes and
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Pleurotus eryngii, as these species are renowned for their effects on human health. Duration
of fermentation can be extended from the regular four to eight weeks to a duration of up
to around four months to increase the amount of mycelial biomass and fermentation end-
products. Live mushroom spawn likely has a broad range of effects on animal health, as
hundreds of bio-active compounds are produced by mycelium of the mentioned mushroom
species. Drying of live mushroom spawn may be an option, but the drying process is likely
to lower the presence of numerous bio-active compounds, (Udomkun, Nagle et al. 2015).
This introduces a logistical obstacle, as live mushroom spawn typically has a high moisture
content (50-70% w/w), which makes it practically impossible to mix it through conventional
feed, as it would lower feed shelf-life. An added logistical obstacle is that live mushroom
spawn is best stored when refrigerated, as the fermentation process in the filter bag would
otherwise continue at ambient temperatures. However, these logistical obstacles do not
deter mushroom substrate producers to transport and work with vast amounts of mushroom
spawn filter bags, and so pig feed producers and pig farmers should be able to overcome the
mentioned logistical obstacles. Although produced in bulk, the cost of live mushroom spawn
may still be too high to use during pig fattening, and as such the best use-case may be during
the pre-weaning phase as part of creep feeding, until a few weeks after weaning.

Implementation of tracking EcN presence in future studies using high throughput
sequencing technologies

The observation that the presence of EcN could, apart from using qPCR, be detected by using
the amplicon sequence dataset, was a welcome surprise. This resulted in being able to use
two methods to verify the presence of EcN, and resulted in being able to find the presence
of EcN in faecal and luminal samples that were not planned to be analysed using gPCR. Since
amplicon and metagenomic sequence datasets have been generated for numerous in vivo
and cohort studies in the past, and since these technologies will frequently be used for future
studies, being able to track the presence of EcN by reprocessing such datasets may be an
interesting option for researchers. To allow for tracking of EcN presence, custom parameters
were used in the data processing pipeline, such as a lower threshold value for the prevalence
filter. What should be mentioned, is that the ASV that was found to be specific for EcN in the
study related to Chapter 5, does not turn out to be unique when comparing the ASV to large
E. coli datasets. With the help of Prof. Ulrich Dobrindt and Dr. Christoph Cichon, who both
work at the Medical Faculty of the University of Minster, the forward sequence of the EcN-
specific ASV was screened against the genomes of 778 strains that belong to ST73, which is
an E. coli lineage that is often linked to urinary tract infections (de Souza da-Silva, de Sousa
et al. 2017, Kallonen, Brodrick et al. 2017). Of the total of 778 strains that were screened,
71 strains were found to possess at least one identical sequence stretch within their 16S
rRNA gene(s). None of these 71 strains, nor EcN, was found to have this sequence in all of
their 16S rRNA gene copies (which are typically 7). Additionally, the genomes of those 71
ST73 strains do not cluster phenotypically, which means the sequence seems to be caused
by random mutation. In summary, the single-nucleotide polymorphism (SNP) that is related
to the EcN-specific ASV, is not specific for EcN outside of the in vivo study of Chapter 5. This
means that the EcN-specific ASV is likely still useful for studies where EcN is administered to
individuals, but may not be highly useful for exploratory studies like cohort studies. On the
other hand, with the use of the EcN-specific ECN sequence, researchers would be able to
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verify that EcN is not present in samples of interest, at least not at cell numbers above the
technique’s threshold level.

Concluding remarks

The results presented in this thesis contributed to a better understanding of the effects
of yeast-derived B-glucans and E. coli Nissle 1917 on the gut microbiota, gut epithelium,
and the immune system in early life. We demonstrated that conducting in vivo studies
in combination with the administration of dietary interventions, microbial assays and
immunological assays provides new insights and hypotheses for future research. Our results
may also motivate livestock farmers to include the administration of dietary interventions
into their regular farm practices. The main conclusions of the thesis are summarized below:

1. The effects of the probiotic strain E. coli Nissle 1917 on porcine intestinal microbiota
composition and immune system are in accordance with its temporal presence in the
gut.

2. Early life provides an important and effective window of opportunity to steer the
development of the gut microbiome and immune system.

3. E. coli Nissle 1917 has a stronger influence on overall porcine gut microbiota than
yeast-derived B-glucans. This was evidenced by the effect of the probiotic treatment
on microbiota beta diversity being significant, while this was not found for the B-glucan
treatment. In addition, EcN-treated pigs showed a reduced diversity of taxa within
the phylum Proteobacteria and a lower relative abundance of taxa within the genus
Treponema during the pre-weaning period.

4. E. coli Nissle 1917 has no significant effects on the gene expression of the porcine gut
epithelium. In total, 96 genes were tested for their gene expression in both ileum and
colon mucosal scrapings, but none were significantly differentially expressed in EcN
animals compared to control animals. This suggests that EcN has no large impact on
host epithelium, although variation in gene expression among individual animals was
high.

5. There is a need for extra precautionary measures and containment in in vivo studies
that are dealing with live biotherapeutics.

Dietary interventions such as yeast-derived B-glucans and E. coli Nissle 1917 have promising
effects to improve the development of the weanling pig. With an adequate timing and
dosing, dietary interventions may lead to the use of heavy metals and antibiotics in livestock
farming becoming obsolete. However, more research is needed to better understand
the effects of each dietary intervention, and to better understand what microbial and
immunological development lowers the incidence of post-weaning diarrhoea. Here, we
have shown that the administration of a single probiotic strain to piglets in early life seems
to have a beneficial effect on gut microbiota composition. The next phase would be to start
using microbial consortia, with hopefully even more beneficial effects to gut microbiota
composition. Effects that may very well empower the livestock farmers of the future to
improve animal health and welfare.

145






Appendices






List of references

List of References

Abel, A. M., et al. (2018). “Natural killer cells: Development, maturation, and clinical utilization.”
Frontiers in immunology 9: 1869.

Adam, D. (2021). “How far will global population rise? Researchers can’t agree.” Nature 597(7877):
462-465.

Adam, E., et al. (2010). “Probiotic Escherichia coli Nissle 1917 activates DC and prevents house dust
mite allergy through a TLR4-dependent pathway.” European journal of immunology 40(7): 1995-2005.

Adams, S., et al. (2019). “Effects of pulverized oyster mushroom (Pleurotus ostreatus) on diarrhea
incidence, growth performance, immunity, and microbial composition in piglets.” Journal of the
Science of Food and Agriculture 99(7): 3616-3627.

Al Masri, S., et al. (2015). “Influence of age at weaning and feeding regimes on the postnatal
morphology of the porcine small intestine.” Journal of Swine Health and Production 23(4): 186-203.

Allison, M. J., et al. (1979). “Comparison of bacterial populations of the pig cecum and colon based
upon enumeration with specific energy sources.” Applied and Environmental Microbiology 37(6):
1142-1151.

Andersen, C. L., et al. (2004). “Normalization of real-time quantitative reverse transcription-PCR data:
a model-based variance estimation approach to identify genes suited for normalization, applied to
bladder and colon cancer data sets.” Cancer research 64(15): 5245-5250.

Arfken, A. M., et al. (2020). “Temporal dynamics of the gut bacteriome and mycobiome in the weanling
pig.” Microorganisms 8(6): 868.

Argilaguet, J. M., et al. (2012). “DNA vaccination partially protects against African swine fever virus
lethal challenge in the absence of antibodies.” PLoS One 7(9): e40942.

Arglello, H., et al. (2019). “Influence of the intestinal microbiota on colonization resistance to
Salmonella and the shedding pattern of naturally exposed pigs.” MSystems 4(2): e00021-00019.

Ariizumi, K., et al. (2000). “Identification of a novel, dendritic cell-associated molecule, dectin-1, by
subtractive cDNA cloning.” Journal of Biological Chemistry 275(26): 20157-20167.

Arnal, M.-E., et al. (2015). “Maternal antibiotic-induced early changes in microbial colonization
selectively modulate colonic permeability and inducible heat shock proteins, and digesta concentrations
of alkaline phosphatase and TLR-stimulants in swine offspring.” PLoS One 10(2).

Arnal, M.-E., et al. (2014). “Early changes in microbial colonization selectively modulate intestinal
enzymes, but not inducible heat shock proteins in young adult swine.” PLoS One 9(2).

Atanasov, J., et al. (2020). “The effects of B-glucans on intestinal health.” Ernahrungs Umschau 67(3):
M140-M147.

Auray, G., etal. (2016). “Characterization and transcriptomic analysis of porcine blood conventional and
plasmacytoid dendritic cells reveals striking species-specific differences.” The Journal of Immunology:
1600672.

Bachmann, M., et al. (2021). “Fermentation characteristics and in vitro digestibility of fibers and fiber-
rich byproducts used for the feeding of pigs.” Animals 11(2): 341.

149



Appendices

Bailey, M., et al. (2005). “The development of the mucosal immune system pre-and post-weaning:
balancing regulatory and effector function.” Proceedings of the Nutrition Society 64(4): 451-457.

Bajagai, Y. S., et al. (2016). Probiotics in animal nutrition: production, impact and regulation, FAO.

Baker, A., et al. (2013). “The effect of a Bacillus-based direct-fed microbial supplemented to sows on
the gastrointestinal microbiota of their neonatal piglets.” Journal of animal science 91(7): 3390-3399.

Barba-Vidal, E., et al. (2019). “Practical aspects of the use of probiotics in pig production: A review.”
Livestock Science 223: 84-96.

Barszcz, M., et al. (2016). “The effects of inulin, dried Jerusalem artichoke tuber and a multispecies
probiotic preparation on microbiota ecology and immune status of the large intestine in young pigs.”
Archives of Animal Nutrition 70(4): 278-292.

Barth, S., et al. (2009). “Escherichia coli Nissle 1917 for probiotic use in piglets: evidence for intestinal
colonization.” Journal of applied microbiology 107(5): 1697-1710.

Barton, M. D. (2014). “Impact of antibiotic use in the swine industry.” Current opinion in microbiology
19: 9-15.

Bauer, E., et al. (2004). “Differences in microbial activity of digesta from three sections of the porcine
large intestine according to in vitro fermentation of carbohydrate-rich substrates.” Journal of the
Science of Food and Agriculture 84(15): 2097-2104.

Beal, J., et al. (2002). “The effect of temperature on the growth and persistence of Salmonella in
fermented liquid pig feed.” International journal of food microbiology 79(1-2): 99-104.

Bearson, S. M., et al. (2013). “Profiling the gastrointestinal microbiota in response to Salmonella: low
versus high Salmonella shedding in the natural porcine host.” Infection, Genetics and Evolution 16:
330-340.

Bednorz, C., et al. (2013). “The broader context of antibiotic resistance: zinc feed supplementation
of piglets increases the proportion of multi-resistant Escherichia coli in vivo.” International Journal of
Medical Microbiology 303(6-7): 396-403.

Behnsen, J., et al. (2013). “Probiotics: Properties, examples, and specific applications.” Cold Spring
Harbor perspectives in medicine 3(3): a010074.

Belkacemi, S., et al. (2020). “Prevalence of Treponema species in the gut microbiome is linked to
Bifidobacterium sp. and Bacteroides sp.”.

Bereswill, S., et al. (2013). “Pro-inflammatory potential of Escherichia coli strains K12 and Nissle 1917
in a murine model of acute ileitis.” European Journal of Microbiology and Immunology 3(2): 126-134.

Berto, P. N., et al. (2020). “Dietary supplementation with hydrolyzed yeast and its effect on the
performance, intestinal microbiota, and immune response of weaned piglets.” Anais da Academia
Brasileira de Ciéncias 92.

Bezkorovainy, A. (2001). “Probiotics: Determinants of survival and growth in the gut.” The American
journal of clinical nutrition 73(2): 399s-405s.

Bi, K., et al. (2020). “MicroRNAs regulate intestinal immunity and gut microbiota for gastrointestinal
health: A comprehensive review.” Genes 11(9): 1075.

150



List of references

Bian, G., et al. (2016). “Age, introduction of solid feed and weaning are more important determinants
of gut bacterial succession in piglets than breed and nursing mother as revealed by a reciprocal cross-
fostering model.” Environmental microbiology 18(5): 1566-1577.

Blum-Oehler, G., et al. (2003). “Development of strain-specific PCR reactions for the detection of the
probiotic Escherichia coli strain Nissle 1917 in fecal samples.” Research in microbiology 154(1): 59-66.

Blum, G., et al. (1995). “Properties of Escherichia coli strains of serotype 06.” Infection 23(4): 234-236.

Bonetti, A., et al. (2021). “Towards zero zinc oxide: Feeding strategies to manage post-weaning
diarrhea in piglets.” Animals 11(3): 642.

Borchers, A. T,, et al. (2004). “Mushrooms, tumors, and immunity: An update.” Experimental Biology
and Medicine 229(5): 393-406.

Bosworth, B., et al. (1996). “Vaccination with genetically modified Shiga-like toxin Ile prevents edema
disease in swine.” Infection and immunity 64(1): 55-60.

Broadway, P, et al. (2015). “Live yeast and yeast cell wall supplements enhance immune function and
performance in food-producing livestock: A review.” Microorganisms 3(3): 417-427.

Brogaard, L., et al. (2015). “Concurrent host-pathogen gene expression in the lungs of pigs challenged
with Actinobacillus pleuropneumoniae.” BMC genomics 16(1): 1-15.

Brooks, P., et al. (2003). Liquid feeding of pigs 2. Potential for improving pig health and food safety.
The IV Conference on effect of genetic and non-genetic factors on carcass and meat quality of pigs.

Broom, L., et al. (2006). “Effects of zinc oxide and Enterococcus faecium SF68 dietary supplementation
on the performance, intestinal microbiota and immune status of weaned piglets.” Research in

veterinary science 80(1): 45-54.

Broom, L. J. (2017). “The sub-inhibitory theory for antibiotic growth promoters.” Poultry Science 96(9):
3104-3108.

Brown, D., et al. (2006). “The influence of different management systems and age on intestinal
morphology, immune cell numbers and mucin production from goblet cells in post-weaning pigs.”
Veterinary immunology and immunopathology 111(3-4): 187-198.

Brown, K., et al. (2017). “Antimicrobial growth promoter use in livestock: a requirement to understand
their modes of action to develop effective alternatives.” International journal of antimicrobial agents
49(1): 12-24.

Bruininx, E., et al. (2002). “Effect of creep feed consumption on individual feed intake characteristics
and performance of group-housed weanling pigs.” Journal of animal science 80(6): 1413-1418.

Buddington, R., et al. (2012). “Prenatal gastrointestinal development in the pig and responses after
preterm birth.” Journal of animal science 90(suppl_4): 290-298.

Campbell, J. M., et al. (2013). “The biological stress of early weaned piglets.” Journal of animal science
and biotechnology 4(1): 19.

Canakapalli, S. S. (2019). “Analysis of the microbiome of homebrewed ginger beer for detection of
probiotics and determination of safety.”

Carney-Hinkle, E., et al. (2013). “Effect of dam parity on litter performance, transfer of passive
immunity, and progeny microbial ecology.” Journal of animal science 91(6): 2885-2893.

151



Appendices

Carstensen, L., et al. (2005). “Escherichia coli post-weaning diarrhoea occurrence in piglets with
monitored exposure to creep feed.” Veterinary microbiology 110(1-2): 113-123.

Castillo, M., et al. (2008). “Use of mannanoligosaccharides and zinc chelate as growth promoters and
diarrhea preventative in weaning pigs: effects on microbiota and gut function.” Journal of animal
science 86(1): 94-101.

Chae, J. P, et al. (2016). “Revealing the combined effects of lactulose and probiotic enterococci on the
swine faecal microbiota using 454 pyrosequencing.” Microbial biotechnology 9(4): 486-495.

Chen, J., et al. (2021). “The nutritional applications of garlic (Allium sativum) as natural feed additives
in animals.” Peer) 9: e11934.

Chen, L., et al. (2017). “The maturing development of gut microbiota in commercial piglets during the
weaning transition.” Frontiers in microbiology 8: 1688.

Chen, X., et al. (2018). “Co-occurrence of early gut colonization in neonatal piglets with microbiota in
the maternal and surrounding delivery environments.” Anaerobe 49: 30-40.

Chiang, M.--L., et al. (2015). “Optimizing production of two potential probiotic lactobacilli strains
isolated from piglet feces as feed additives for weaned piglets.” Asian-Australasian journal of animal
sciences 28(8): 1163.

Choi, W., et al. (2021). “The effect of fermented kefir as functional feed additive in post-weaned pigs.”
Fermentation 7(1): 23.

Choudhury, R., et al. (2021). “Early life feeding accelerates gut microbiome maturation and suppresses
acute post-weaning stress in piglets.” Environmental microbiology 23(11): 7201-7213.

Collier, C., et al. (2003). “Molecular ecological analysis of porcine ileal microbiota responses to
antimicrobial growth promoters.” Journal of animal science 81(12): 3035-3045.

Collier, C., et al. (2003). “Molecular ecological analysis of porcine ileal microbiota responses to
antimicrobial growth promoters.” Journal of animal science 81(12): 3035-3045.

Commission, E. (2005). Ban on antibiotics as growth promoters in animal feed enters into effect,
European Commission Brussels, Belgium.

Costeloe, K., et al. (2016). “A randomised controlled trial of the probiotic Bifidobacterium breve BBG-
001 in preterm babies to prevent sepsis, necrotising enterocolitis and death: the Probiotics in Preterm
infantS (PiPS) trial.” Health Technology Assessment (Winchester, England) 20(66): 1-194.

Cox, L. M., et al. (2014). “Altering the intestinal microbiota during a critical developmental window has
lasting metabolic consequences.” Cell 158(4): 705-721.

Cromwell, G. L. (2002). “Why and how antibiotics are used in swine production.” Animal biotechnology
13(1): 7-27.

Cross, M. L., et al. (2004). “Patterns of cytokine induction by gram-positive and gram-negative probiotic
bacteria.” FEMS Immunology & Medical Microbiology 42(2): 173-180.

Croxen, M. A. and B. B. Finlay (2010). “Molecular mechanisms of Escherichia coli pathogenicity.”
Nature Reviews Microbiology 8(1): 26.

Cullen, S., et al. (2005). “The effect of dietary garlic and rosemary on grower-finisher pig performance
and sensory characteristics of pork.” Irish journal of agricultural and food research: 57-67.

152



List of references

Czech, A, et al. (2009). “The effect of a herbal extract used in pig fattening on the animals.” Annales
UMCS, Zootechnica 27(2).

De Buck, M., et al. (2016). “Structure and expression of different serum amyloid A (SAA) variants and
their concentration-dependent functions during host insults.” Current medicinal chemistry 23(17):
1725-1755.

de la Fuente-Salcido, N. M., et al. (2015). “Isolation and characterization of bacteriocinogenic lactic
bacteria from M-Tuba and Tepache, two traditional fermented beverages in México.” Food science &
nutrition 3(5): 434-442.

de Souza da-Silva, A. P, et al. (2017). “Escherichia coli sequence type 73 as a cause of community
acquired urinary tract infection in men and women in Rio de Janeiro, Brazil.” Diagnostic microbiology
and infectious disease 88(1): 69-74.

de Vries, H., et al. (2020). “Impact of yeast-derived B-glucans on the porcine gut microbiota and
immune system in early life.” Microorganisms 8(10): 1573.

Denagamage, T. N, et al. (2007). “Efficacy of vaccination to reduce Salmonella prevalence in live and
slaughtered swine: A systematic review of literature from 1979 to 2007.” Foodborne Pathogens and
Disease 4(4): 539-549.

Dennehy, K. M. and G. D. Brown (2007). “The role of the B-glucan receptor Dectin-1 in control of fungal
infection.” Journal of leukocyte biology 82(2): 253-258.

Deriu, E., et al. (2013). “Probiotic bacteria reduce Salmonella typhimurium intestinal colonization by
competing for iron.” Cell host & microbe 14(1): 26-37.

Dominguez-Bello, M. G., et al. (2010). “Delivery mode shapes the acquisition and structure of the
initial microbiota across multiple body habitats in newborns.” Proceedings of the National Academy of
Sciences 107(26): 11971-11975.

Dos Santos, J. C., et al. (2019). “B-glucan-induced trained immunity protects against Leishmania
braziliensis infection: a crucial role for IL-32.” Cell reports 28(10): 2659-2672. e2656.

Dou, S., et al. (2017). “Characterisation of early-life fecal microbiota in susceptible and healthy pigs to
post-weaning diarrhoea.” PLoS One 12(1): e0169851.

Dowarah, R., et al. (2017). “Effect of swine based probiotic on performance, diarrhoea scores, intestinal
microbiota and gut health of grower-finisher crossbred pigs.” Livestock Science 195: 74-79.

Duncker, S. C., et al. (2006). “Effect of orally administered probiotic E. coli strain Nissle 1917 on intestinal
mucosal immune cells of healthy young pigs.” Veterinary immunology and immunopathology 111(3-
4): 239-250.

Eckburg, P. B., et al. (2005). “Diversity of the human intestinal microbial flora.” Science 308(5728):
1635-1638.

Elghandour, M., et al. (2020). “Saccharomyces cerevisiae as a probiotic feed additive to non and
pseudo-ruminant feeding: a review.” Journal of applied microbiology 128(3): 658-674.

Estrada, A., et al. (2001). “Effect of the dietary supplementation of fructooligosaccharides and
Bifidobacterium longum to early-weaned pigs on performance and fecal bacterial populations.”
Canadian journal of animal science 81(1): 141-148.

153



Appendices

Everaert, N., et al. (2017). “A review on early gut maturation and colonization in pigs, including
biological and dietary factors affecting gut homeostasis.” Animal feed science and technology 233:
89-103.

Fairbrother, J. M., et al. (2005). “Escherichia coli in postweaning diarrhea in pigs: an update on bacterial
types, pathogenesis, and prevention strategies.” Animal Health Research Reviews 6(1): 17-39.

FAO (2006). Probiotics in food: Health and nutritional properties and guidelines for evaluation, FAO.

Festing, M. F. (2011). “How to reduce the number of animals used in research by improving
experimental design and statistics.” ANZCCART Fact Sheet 10: 1-11.

Fons, A. G., Tuomo Karjalainen, Michel (2000). “Mechanisms of colonisation and colonisation
resistance of the digestive tract part 2: bacteria/bacteria interactions.” Microbial Ecology in Health
and Disease 12(2): 240-246.

Frese, S. A., et al. (2015). “Diet shapes the gut microbiome of pigs during nursing and weaning.”
Microbiome 3(1): 1-10.

Frese, S. A., et al. (2015). “Diet shapes the gut microbiome of pigs during nursing and weaning.”
Microbiome 3(1): 28.

Fung, T. C., et al. (2017). “Interactions between the microbiota, immune and nervous systems in health
and disease.” Nature neuroscience 20(2): 145.

Gangnat, I. D. and M. Kreuzer (2021). “Water kefir for weaned piglets: A pilot study on its farm-scale
production, its palatability and its effects on growth performance.” JSFA Reports 1(1): 11-16.

Gebbink, G., et al. (1999). “Effects of addition of frutooligosaccharide (FOS) and sugar beet pulp to
weanling pig diets on performance, microflora and intestinal health.” Acesso em 12.

Gedek, B., et al. (1992). “Influence of fumaric acid, hydrochloric acid, sodium formate, Tylosin and
Toyocerin on the microflora in different segments of the gastrointestinal tract, 14: Investigations
about the nutritive efficacy of organic acids in the rearing of piglets.” Journal of Animal Physiology and

Animal Nutrition.

Geervliet, M., et al. (2020). “Differentialimmunomodulation of porcine bone marrow derived dendritic
cells by E. coli Nissle 1917 and B-glucans.” PLoS One 15(6): e0233773.

George, D. (2011). SPSS for windows step by step: A simple study guide and reference, 17.0 update,
10/e, Pearson Education India.

Gerner, W., et al. (2009). “Porcine T lymphocytes and NK cells—an update.” Developmental &
Comparative Immunology 33(3): 310-320.

Gerritsen, J. (2015). The genus Romboutsia: genomic and functional characterization of novel bacteria
dedicated to life in the intestinal tract, Wageningen University.

Gerritsen, J., et al. (2017). “Genomic and functional analysis of Romboutsia ilealis CRIBT reveals
adaptation to the small intestine.” Peer) 5: €3698.

Giffin, K., et al. (2020). “A treponemal genome from an historic plague victim supports a recent
emergence of yaws and its presence in 15 th century Europe.” Scientific reports 10(1): 1-13.

Goldberger, G., et al. (1987). “Transcriptional regulation of genes encoding the acute-phase proteins
CRP, SAA, and C3.” The Journal of Immunology 138(11): 3967-3971.

154



List of references

Gong, J., et al. (2008). “Characterization of ileal bacterial microbiota in newly-weaned pigs in response
to feeding lincomycin, organic acids or herbal extract.” Livestock Science 116(1-3): 318-322.

Goodridge, H. S., et al. (2009). “B-glucan recognition by the innate immune system.” Immunological
reviews 230(1): 38-50.

Gordon, D. M. (2004). “The influence of ecological factors on the distribution and the genetic structure
of Escherichia coli” EcoSal Plus 1(1).

Gourbeyre, P, et al. (2015). “Pattern recognition receptors in the gut: Analysis of their expression
along the intestinal tract and the crypt/villus axis.” Physiological Reports 3(2): €12225.

Grabig, A., et al. (2006). “Escherichia coli strain Nissle 1917 ameliorates experimental colitis via toll-like
receptor 2-and toll-like receptor 4-dependent pathways.” Infection and immunity 74(7): 4075-4082.

Gresse, R., et al. (2017). “Gut microbiota dysbiosis in postweaning piglets: understanding the keys to
health.” Trends in microbiology 25(10): 851-873.

Gresse, R., et al. (2019). “Microbiota composition and functional profiling throughout the
gastrointestinal tract of commercial weaning piglets.” Microorganisms 7(9): 343.

Gronbach, K., et al. (2010). “Safety of probiotic Escherichia coli strain Nissle 1917 depends on intestinal
microbiota and adaptive immunity of the host.” Infection and immunity 78(7): 3036-3046.

Grozdanoy, L., et al. (2002). “A single nucleotide exchange in the wzy gene is responsible for the
semirough 06 lipopolysaccharide phenotype and serum sensitivity of Escherichia coli strain Nissle
1917.” Journal of bacteriology 184(21): 5912-5925.

Grudlewska, K., et al. (2014). “Possibility of using defensins in medicine.”

Guerra-Ordaz, A., et al. (2014). “Lactulose and Lactobacillus plantarum, a potential complementary
synbiotic to control postweaning colibacillosis in piglets.” Applied and Environmental Microbiology
80(16): 4879-4886.

Guevarra, R. B, et al. (2019). “Piglet gut microbial shifts early in life: causes and effects.” Journal of
animal science and biotechnology 10(1): 1.

Guevarra, R. B., et al. (2019). “Piglet gut microbial shifts early in life: causes and effects.” Journal of
animal science and biotechnology 10(1): 1-10.

Guo, B., et al. (2019). “Comparative characterization of bacterial communities in geese consuming of
different proportions of ryegrass.” PLoS One 14(10): e0223445.

Glttsches, A-K., et al. (2012). “Anti-inflammatory modulation of immune response by probiotic
Escherichia coli Nissle 1917 in human blood mononuclear cells.” Innate immunity 18(2): 204-216.

Guzy, C., et al. (2008). “The probiotic Escherichia coli strain Nissle 1917 induces yd T cell apoptosis via
caspase-and FasL-dependent pathways.” International immunology 20(7): 829-840.

Haenen, D., et al. (2013). “A diet high in resistant starch modulates microbiota composition, SCFA
concentrations, and gene expression in pig intestine.” The Journal of nutrition 143(3): 274-283.

Hahn, T.-W.,, et al. (2006). “Effects of supplementation of B-glucans on growth performance, nutrient
digestibility, and immunity in weanling pigs.” Journal of animal science 84(6): 1422-1428.

155



Appendices

Halas, D., et al. (2007). “Organic acids, prebiotics and protein level as dietary tools to control the
weaning transition and reduce post-weaning diarrhoea in piglets.” CAB Reviews: Perspectives in
Agriculture, Veterinary Science, Nutrition and Natural Resources 2(079).

Hallmaier-Wacker, L. K., et al. (2019). “A metataxonomic tool to investigate the diversity of Treponema.”
Frontiers in microbiology 10: 2094.

Hampson, D. (1986). “Alterations in piglet small intestinal structure at weaning.” Research in veterinary
science 40(1): 32-40.

Hassell, J. M., et al. (2017). “Urbanization and disease emergence: dynamics at the wildlife—livestock—
human interface.” Trends in ecology & evolution 32(1): 55-67.

Henker, J., et al. (2008). “Probiotic Escherichia coli Nissle 1917 versus placebo for treating diarrhea of
greater than 4 days duration in infants and toddlers.” The Pediatric infectious disease journal 27(6):
494-499.

Heo, J.-M., et al. (2008). “Effects of feeding low protein diets to piglets on plasma urea nitrogen, faecal
ammonia nitrogen, the incidence of diarrhoea and performance after weaning.” Archives of Animal
Nutrition 62(5): 343-358.

Heo, J. M., et al. (2013). “Gastrointestinal health and function in weaned pigs: a review of feeding
strategies to control post-weaning diarrhoea without using in-feed antimicrobial compounds.” Journal
of Animal Physiology and Animal Nutrition 97(2): 207-237.

Hernanz-Falcon, P, et al. (2001). “Cloning of human DECTIN-1, a novel C-type lectin-like receptor gene
expressed on dendritic cells.” Immunogenetics 53(4): 288-295.

Hester, S. N., et al. (2012). “Intestinal and systemic immune development and response to vaccination
are unaffected by dietary (1, 3/1, 6)-B-D-glucan supplementation in neonatal piglets.” Clinical and
Vaccine Immunology 19(9): 1499-1508.

Hill, G., et al. (2001). “Effect of pharmacological concentrations of zinc oxide with or without the
inclusion of an antibacterial agent on nursery pig performance.” Journal of animal science 79(4): 934-
941.

Hill, M. (1997). “Intestinal flora and endogenous vitamin synthesis.” European journal of cancer
prevention: the official journal of the European Cancer Prevention Organisation (ECP) 6: S43-45.

Ho, N. T, etal. (2019). “metamicrobiomeR: an R package for analysis of microbiome relative abundance
data using zero-inflated beta GAMLSS and meta-analysis across studies using random effects models.”
BMC bioinformatics 20(1): 188.

Hgjberg, O., et al. (2005). “Influence of dietary zinc oxide and copper sulfate on the gastrointestinal
ecosystem in newly weaned piglets.” Applied and Environmental Microbiology 71(5): 2267-2277.

Hong, T. T. T, et al. (2009). “Gut ecology, feed digestion and performance in weaned piglets fed liquid
diets.” Livestock Science 125(2-3): 232-237.

Hooper, L. V., et al. (2012). “Interactions between the microbiota and the immune system.” Science
336(6086): 1268-1273.

Hopwood, D. and D. Hampson (2003). “Interactions between the intestinal microflora, diet and
diarrhoea, and their influences on piglet health in the immediate post-weaning period.” Weaning the
pig: concepts and consequences: 199-217.

156



List of references

Hornef, M. W. and N. Torow (2020). “‘Layered immunity’and the ‘neonatal window of opportunity’—
timed succession of non-redundant phases to establish mucosal host—microbial homeostasis after
birth.” Immunology 159(1): 15-25.

Hu, Y., et al. (2015). “Dietary Enterococcus faecalis LAB31 improves growth performance, reduces
diarrhea, and increases fecal Lactobacillus number of weaned piglets.” PLoS One 10(1): e0116635.

Huang, C., et al. (2004). “Effects of lactobacilli on the performance, diarrhea incidence, VFA
concentration and gastrointestinal microbial flora of weaning pigs.” Asian Australasian Journal of
Animal Sciences 17(3): 401-409.

Huttner, K. M. and C. L. Bevins (1999). “Antimicrobial peptides as mediators of epithelial host defense.”
Pediatric research 45(6): 785-794.

Ibrahim, D., et al. (2020). “Impact of feeding anaerobically fermented feed supplemented with
acidifiers on its quality and growth performance, intestinal villi and enteric pathogens of mulard
ducks.” Livestock Science 242: 104299.

lliev, I. D. (2015). “Dectin-1 exerts dual control in the gut.” Cell host & microbe 18(2): 139-141.

Inoue, R, et al. (2005). “Development of the intestinal microbiota in the piglet.” The Journal of general
and applied microbiology 51(4): 257-265.

Isaacson, R. and H. B. Kim (2012). “The intestinal microbiome of the pig.” Animal Health Research
Reviews 13(1): 100-109.

Isolauri, E., et al. (2001). “Probiotics: effects on immunity.” The American journal of clinical nutrition
73(2): 444s-450s.

Jacela, J. Y., et al. (2010). “Feed additives for swine: Fact sheets—prebiotics and probiotics, and
phytogenics.” Kansas Agricultural Experiment Station Research Reports(10): 132-136.

Jacobi, C. A. and P. Malfertheiner (2011). “Escherichia coli Nissle 1917 (Mutaflor): new insights into an
old probiotic bacterium.” Digestive diseases 29(6): 600-607.

Jensen, P. (1986). “Observations on the maternal behaviour of free-ranging domestic pigs.” Applied
Animal Behaviour Science 16(2): 131-142.

Jeppsson, B., et al. (2004). “Bacterial translocation: impact of probiotics.” Scandinavian Journal of
Nutrition 48(1): 37-41.

Jiang, X., et al. (2020). “The microbiome—metabolome response in the colon of piglets under the
status of weaning stress.” Frontiers in microbiology: 2055.

Jiao, L., et al. (2015). “Effects of cello-oligosaccharide on intestinal microbiota and epithelial barrier
function of weanling pigs.” Journal of animal science 93(3): 1157-1164.

Jin, X., et al. (2019). “Saccharomyces cerevisiae B-glucan-induced SBD-1 expression in ovine ruminal
epithelial cells is mediated through the TLR-2-MyD88-NF-kB/MAPK pathway.” Veterinary research
communications 43(2): 77-89.

Joffre, O., et al. (2009). “Inflammatory signals in dendritic cell activation and the induction of adaptive
immunity.” Immunological reviews 227(1): 234-247.

Jondreville, C., et al. (2003). “Dietary means to better control the environmental impact of copper and
zinc by pigs from weaning to slaughter.” Livestock Production Science 84(2): 147-156.

157



Appendices

Jost, T., et al. (2012). “New insights in gut microbiota establishment in healthy breast fed neonates.”
PLOS One 7(8): e44595.

Kallonen, T., et al. (2017). “Systematic longitudinal survey of invasive Escherichia coli in England
demonstrates a stable population structure only transiently disturbed by the emergence of ST131.”
Genome research 27(8): 1437-1449.

Kandasamy, S., et al. (2016). “Differential effects of Escherichia coli Nissle and Lactobacillus rhamnosus
strain GG on human rotavirus binding, infection, and B cell immunity.” The Journal of Immunology
196(4): 1780-1789.

Kanjan, P, et al. (2017). “Immune effects of B-glucan are determined by combined effects on Dectin-1,
TLR2, 4 and 5.” Journal of functional foods 37: 433-440.

Karasova, D., et al. (2021). “Development of piglet gut microbiota at the time of weaning influences
development of postweaning diarrhea—a field study.” Research in veterinary science 135: 59-65.

Kedia, G., et al. (2008). “Enzymatic digestion and in vitro fermentation of oat fractions by human
lactobacillus strains.” Enzyme and Microbial technology 43(4-5): 355-361.

Kiarie, E. G. and A. Mills (2019). “Role of feed processing on gut health and function in pigs and poultry:
conundrum of optimal particle size and hydrothermal regimens.” Frontiers in Veterinary Science 6: 19.

Kim, H. B., et al. (2011). “Longitudinal investigation of the age-related bacterial diversity in the feces of
commercial pigs.” Veterinary microbiology 153(1-2): 124-133.

Kim, J., et al. (2012). “Nutrition and pathology of weaner pigs: nutritional strategies to support barrier
function in the gastrointestinal tract.” Animal feed science and technology 173(1-2): 3-16.

Kirchhelle, C. (2018). “Pharming animals: a global history of antibiotics in food production (1935—
2017).” Palgrave Communications 4(1): 1-13.

Kleta, S., et al. (2006). “Detection and distribution of probiotic Escherichia coli Nissle 1917 clones in
swine herds in Germany.” Journal of applied microbiology 101(6): 1357-1366.

Knecht, D., et al. (2020). “Development of swine’s digestive tract microbiota and its relation to
production indices—a review.” Animals 10(3): 527.

Kogan, G. and A. Kocher (2007). “Role of yeast cell wall polysaccharides in pig nutrition and health
protection.” Livestock Science 109(1-3): 161-165.

Konstantinoy, S. R., et al. (2006). “Post-natal development of the porcine microbiota composition and
activities.” Environmental microbiology 8(7): 1191-1199.

Konstantinoy, S. R., et al. (2008). “Feeding of Lactobacillus sobrius reduces Escherichia coli F4 levels in
the gut and promotes growth of infected piglets.” FEMS microbiology ecology 66(3): 599-607.

Krause, D., et al. (2010). “Response of nursery pigs to a synbiotic preparation of starch and an anti-
Escherichia coli K88 probiotic.” Applied and Environmental Microbiology 76(24): 8192-8200.

Kubasova, T., et al. (2017). “Housing systems influence gut microbiota composition of sows but not of
their piglets.” PLoS One 12(1): e0170051.

Kumar, H., et al. (2011). “Pathogen recognition by the innate immune system.” International reviews
of immunology 30(1): 16-34.

158



List of references

Lagkouvardos, I., et al. (2019). “Sequence and cultivation study of Muribaculaceae reveals novel
species, host preference, and functional potential of this yet undescribed family.” Microbiome 7(1):
1-15.

Lahti, L. and S. Shetty (2017). “Tools for microbiome analysis in R. Version 2.1.26.”. from http://
microbiome.github.com/microbiome.

Lalles, J.-P., et al. (2007). “Nutritional management of gut health in pigs around weaning.” Proceedings
of the Nutrition Society 66(2): 260-268.

Lalles, J.-P., et al. (2004). “Gut function and dysfunction in young pigs: physiology.” Animal Research
53(4): 301-316.

Lam, K.-L. and P. C.-K. Cheung (2013). “Non-digestible long chain beta-glucans as novel prebiotics.”
Bioactive carbohydrates and dietary fibre 2(1): 45-64.

Lammers, K., et al. (2002). “Effect of probiotic strains on interleukin 8 production by HT29/19A cells.”
The American journal of gastroenterology 97(5): 1182-1186.

Landers, T. F, et al. (2012). “A review of antibiotic use in food animals: perspective, policy, and
potential.” Public health reports 127(1): 4-22.

Lasaro, M. A, et al. (2009). “F1C fimbriae play an important role in biofilm formation and intestinal
colonization by the Escherichia coli commensal strain Nissle 1917.” Applied and Environmental
Microbiology 75(1): 246-251.

Lee, S. H., et al. (2014). “Effects of dietary supplementation with Bacillus subtilis LS 1-2 fermentation
biomass on growth performance, nutrient digestibility, cecal microbiota and intestinal morphology of
weanling pig.” Animal feed science and technology 188: 102-110.

Lépine, A. F,, et al. (2019). “Combined dietary supplementation of long chain inulin and Lactobacillus
acidophilus W37 supports oral vaccination efficacy against Salmonella typhimurium in piglets.”
Scientific reports 9(1): 1-13.

Ley, D., et al. (2019). “Early life nutrition influences susceptibility to chronic inflammatory colitis in
later life.” Scientific reports 9(1): 1-15.

Li, J. (2017). “Current status and prospects for in-feed antibiotics in the different stages of pork
production—A review.” Asian-Australasian journal of animal sciences 30(12): 1667.

Li, J., et al. (2005). “Effects of B-glucan extracted from Saccharomyces cerevisiae on humoral and
cellular immunity in weaned piglets.” Archives of Animal Nutrition 59(5): 303-312.

Li, P.,, et al. (2012). “Effects of adding essential oil to the diet of weaned pigs on performance, nutrient
utilization, immune response and intestinal health.” Asian-Australasian journal of animal sciences
25(11): 1617.

Li, S., et al. (2012). “The effect of essential oils on performance, immunity and gut microbial population
in weaner pigs.” Livestock Science 145(1-3): 119-123.

Lin, J. (2014). “Antibiotic growth promoters enhance animal production by targeting intestinal bile salt
hydrolase and its producers.” Frontiers in microbiology 5: 33.

Liu, G., et al. (2008). “Effects of herbal extract supplementation on growth performance and insulin-
like growth factor (IGF)-I system in finishing pigs.” Journal of Animal and Feed Sciences 17(4): 538-547.

159



Appendices

Liu, H., et al. (2012). “Inclusion of chicory (Cichorium intybus L.) in pigs’ diets affects the intestinal
microenvironment and the gut microbiota.” Applied and Environmental Microbiology 78(12): 4102-
4109.

Lodinova-Zadnikova, R. and U. Sonnenborn (1997). “Effect of preventive administration of a
nonpathogenic Escherichia coli strain on the colonization of the intestine with microbial pathogens in
newborn infants.” Neonatology 71(4): 224-232.

Loh, G., et al. (2006). “Inulin alters the intestinal microbiota and short-chain fatty acid concentrations
in growing pigs regardless of their basal diet.” The Journal of nutrition 136(5): 1198-1202.

Looft, T., et al. (2014). “Bacteria, phages and pigs: the effects of in-feed antibiotics on the microbiome
at different gut locations.” The ISME journal 8(8): 1566-1576.

Luppi, A. (2017). “Swine enteric colibacillosis: diagnosis, therapy and antimicrobial resistance.” Porcine
health management 3(1): 16.

Lynch, K. M., et al. (2021). “An update on water kefir: Microbiology, composition and production.”
International journal of food microbiology 345: 109128.

Mach, N., et al. (2015). “Early-life establishment of the swine gut microbiome and impact on host
phenotypes.” Environmental microbiology reports 7(3): 554-569.

Macpherson, A. J. and K. Smith (2006). “Mesenteric lymph nodes at the center of immune anatomy.”
The Journal of experimental medicine 203(3): 497.

Maisetta, G., et al. (2005). “Susceptibility of Streptococcus mutans and Actinobacillus
actinomycetemcomitans to bactericidal activity of human B-defensin 3 in biological fluids.”
Antimicrobial agents and chemotherapy 49(3): 1245-1248.

Makki, K., et al. (2018). “The impact of dietary fiber on gut microbiota in host health and disease.” Cell
host & microbe 23(6): 705-715.

Mallo, J. J., et al. (2010). “The addition of Enterococcus faecium to diet improves piglet’s intestinal
microbiota and performance.” Livestock Science 133(1-3): 176-178.

Maribo, H., et al. (2000). Different doses of organic acids to piglets, Danish Bacon and Meat Council.

McCormack, U. M., et al. (2017). “Exploring a possible link between the intestinal microbiota and feed
efficiency in pigs.” Applied and Environmental Microbiology 83(15): e00380-00317.

McCracken, B. A,, et al. (1999). “Weaning anorexia may contribute to local inflammation in the piglet
small intestine.” The Journal of nutrition 129(3): 613-619.

McMurdie, P. J. and S. Holmes (2013). “phyloseq: an R package for reproducible interactive analysis
and graphics of microbiome census data.” PLoS One 8(4): €61217.

Medardus, J. J.,, et al. (2014). “In-feed use of heavy metal micronutrients in US swine production
systems and its role in persistence of multidrug-resistant Salmonellae.” Applied and Environmental
Microbiology 80(7): 2317-2325.

Melkebeek, V., et al. (2013). “ETEC vaccination in pigs.” Veterinary immunology and immunopathology
152(1-2): 37-42.

Meng, X. (2000). “Heterogeneity of porcine reproductive and respiratory syndrome virus: implications
for current vaccine efficacy and future vaccine development.” Veterinary microbiology 74(4): 309-329.

160



List of references

Merchant, H. A,, et al. (2011). “Assessment of gastrointestinal pH, fluid and lymphoid tissue in the
guinea pig, rabbit and pig, and implications for their use in drug development.” European Journal of
Pharmaceutical Sciences 42(1-2): 3-10.

Messori, S., et al. (2013). “Effect of susceptibility to enterotoxigenic Escherichia coli F4 and of dietary
tryptophan on gut microbiota diversity observed in healthy young pigs.” Veterinary microbiology
162(1): 173-179.

Metzler-Zebeli, B. U., et al. (2011). “Dietary calcium phosphate content and oat B-glucan influence
gastrointestinal microbiota, butyrate-producing bacteria and butyrate fermentation in weaned pigs.”
FEMS microbiology ecology 75(3): 402-413.

Mi, J., et al. (2019). “Diversity and community of methanogens in the large intestine of finishing pigs.”
BMC microbiology 19(1): 83.

Michael, H., et al. (2021). “Escherichia coli Nissle 1917 Enhances Innate and Adaptive Immune
Responses in a Ciprofloxacin-Treated Defined-Microbiota Piglet Model of Human Rotavirus Infection.”
Msphere 6(2).

Michael, H., et al. (2021). “Escherichia coli Nissle 1917 administered as a dextranomar microsphere

biofilm enhances immune responses against human rotavirus in a neonatal malnourished pig model
colonized with human infant fecal microbiota.” PLoS One 16(2): e0246193.

Mirsepasi-Lauridsen, H. C., et al. (2016). “Secretion of alpha-hemolysin by Escherichia coli disrupts
tight junctions in ulcerative colitis patients.” Clinical and translational gastroenterology 7(3): e149.

Missotten, J. A., et al. (2015). “Fermented liquid feed for pigs: An ancient technique for the future.”
Journal of animal science and biotechnology 6(1): 1-9.

Moeser, A. J., et al. (2017). “Weaning stress and gastrointestinal barrier development: Implications for
lifelong gut health in pigs.” Animal Nutrition 3(4): 313-321.

Mglbak, L., et al. (2006). “Identification of a novel, invasive, not-yet-cultivated Treponema sp. in the
large intestine of pigs by PCR amplification of the 16S rRNA gene.” Journal of clinical microbiology
44(12): 4537-4540.

Montagne, L., et al. (2010). “Effect of sanitary conditions and dietary fibre on the adaptation of gut
microbiota after weaning.” Livestock Science 133(1-3): 113-116.

Moonga, H. B., et al. (2019). “The art of mabisi production: A traditional fermented milk.” PLoS One
14(3): e0213541.

Moreno, M. A. (2014). “Survey of quantitative antimicrobial consumption per production stage in
farrow-to-finish pig farms in Spain.” Veterinary record open 1(1): e000002.

Mori, K., et al. (2011). “Oral administration of multispecies microbial supplements to sows influences
the composition of gut microbiota and fecal organic acids in their post-weaned piglets.” Journal of
bioscience and bioengineering 112(2): 145-150.

Mukhopadhya, A., et al. (2019). “A combination of yeast beta-glucan and milk hydrolysate is a suitable
alternative to zinc oxide in the race to alleviate post-weaning diarrhoea in piglets.” Scientific reports
9(1): 616.

Mulder, I. E., et al. (2009). “Environmentally-acquired bacteria influence microbial diversity and natural
innate immune responses at gut surfaces.” BMC biology 7(1): 79.

161



Appendices

Nagpal, R. and H. Yadav (2017). “Bacterial translocation from the gut to the distant organs: an
overview.” Annals of Nutrition and Metabolism 71(Suppl. 1): 11-16.

Nagy, B. and P. Z. Fekete (2005). “Enterotoxigenic Escherichia coli in veterinary medicine.” International
Journal of Medical Microbiology 295(6-7): 443-454.

Namkung, H., et al. (2004). “Impact of feeding blends of organic acids and herbal extracts on growth
performance, gut microbiota and digestive function in newly weaned pigs.” Canadian journal of animal
science 84(4): 697-704.

Neis, E. P, et al. (2015). “The role of microbial amino acid metabolism in host metabolism.” Nutrients
7(4): 2930-2946.

Niba, A., et al. (2009). “Potential of bacterial fermentation as a biosafe method of improving feeds for
pigs and poultry.” African Journal of Biotechnology 8(9).

Nielsen, T. S., et al. (2014). “Diets high in resistant starch and arabinoxylan modulate digestion
processes and SCFA pool size in the large intestine and faecal microbial composition in pigs.” British
Journal of Nutrition 112(11): 1837-1849.

Nowak, P., et al. (2017). “The effect of eubiotic feed additives on the performance of growing pigs and
the activity of intestinal microflora.” Archives of Animal Nutrition 71(6): 455-469.

O’Doherty, J., et al. (2010). “The effects of lactose inclusion and seaweed extract derived from
Laminaria spp. on performance, digestibility of diet components and microbial populations in newly
weaned pigs.” Animal feed science and technology 157(3-4): 173-180.

OECD/FAO (2021). OECD-FAO agricultural outlook 2021-2030, OECD Publishing Paris, France.

Ohashi, Y. and K. Ushida (2009). “Health-beneficial effects of probiotics: Its mode of action.” Animal
Science Journal 80(4): 361-371.

Orrhage, K. and C. Nord (1999). “Factors controlling the bacterial colonization of the intestine in
breastfed infants.” Acta Paediatrica 88: 47-57.

Ouwerkerk, J. P., et al. (2016). “Adaptation of Akkermansia muciniphila to the oxic-anoxic interface of
the mucus layer.” Applied and Environmental Microbiology 82(23): 6983-6993.

@verland, M., et al. (2008). “Organic acids in diets for entire male pigs: Effect on skatole level,
microbiota in digesta, and growth performance.” Livestock Science 115(2-3): 169-178.

Pajarillo, E. A. B., et al. (2014). “Assessment of fecal bacterial diversity among healthy piglets during
the weaning transition.” The Journal of general and applied microbiology 60(4): 140-146.

Parada Venegas, D., et al. (2019). “Short chain fatty acids (SCFAs)-mediated gut epithelial and immune
regulation and its relevance for inflammatory bowel diseases.” Frontiers in immunology: 277.

Partanen, K. H. and Z. Mroz (1999). “Organic acids for performance enhancement in pig diets.”
Nutrition Research Reviews 12(1): 117-145.

Patil, Y., et al. (2020). “Interactions between host and gut microbiota in domestic pigs: a review.” Gut
Microbes 11(3): 310-334.

Patzer, S., et al. (2003). “The colicin G, H and X determinants encode microcins M and H47, which might
utilize the catecholate siderophore receptors FepA, Cir, Fiu and IroN.” Microbiology 149(9): 2557-2570.

162



List of references

Pence, B. D., et al. (2012). “Dietary whole glucan particles do not affect antibody or cell-mediated
immune responses to influenza virus vaccination in mice.” Immunological investigations 41(3): 275-
289.

Peng, J., et al. (2021). “Gut health: The results of microbial and mucosal immune interactions in pigs.”
Animal Nutrition 7(2): 282-294.

Pereira, F. C., et al. (2020). “Rational design of a microbial consortium of mucosal sugar utilizers
reduces Clostridiodes difficile colonization.” Nature communications 11(1): 1-15.

Petri, D., et al. (2010). “Microbial succession in the gastrointestinal tract (GIT) of the preweaned pig.”
Livestock Science 133(1-3): 107-109.

Pfefferle, P. I. and H. Renz (2014). “The mucosal microbiome in shaping health and disease.”
F1000prime reports 6.

Pieper, R., et al. (2015). “Dietary fibre and crude protein: impact on gastrointestinal microbial
fermentation characteristics and host response.” Animal production science 55(12): 1367-1375.

Pierce, K., et al. (2006). “The effect of lactose and inulin on intestinal morphology, selected microbial
populations and volatile fatty acid concentrations in the gastro-intestinal tract of the weanling pig.”
Animal Science 82(03): 311-318.

Pinheiro, J., et al. (2015). nime: Linear and nonlinear mixed effects models. R package version 3.1-121,
R Foundation for Statistical Computing Vienna.

Pluske, J. R., et al. (2018). “Gastrointestinal tract (gut) health in the young pig.” Animal Nutrition 4(2):
187-196.

Poncheewin, W., et al. (2019). “NG-Tax 2.0: A semantic framework for high-throughput amplicon
analysis.” Frontiers in genetics 10.

Poulsen, H. D. (1995). “Zinc oxide for weanling piglets.” Acta Agriculturae Scandinavica A-Animal
Sciences 45(3): 159-167.

Poulsen, L. K., et al. (1994). “Spatial distribution of Escherichia coli in the mouse large intestine inferred
from rRNA in situ hybridization.” Infection and immunity 62(11): 5191-5194.

Precup, G. and D.-C. Vodnar (2019). “Gut Prevotella as a possible biomarker of diet and its eubiotic
versus dysbiotic roles: a comprehensive literature review.” British Journal of Nutrition 122(2): 131-140.

Price, K., et al. (2010). “Use of Saccharomyces cerevisiae fermentation product on growth performance
and microbiota of weaned pigs during Salmonella infection.” Journal of animal science 88(12): 3896-
3908.

Pu, G., et al. (2020). “Adding appropriate fiber in diet increases diversity and metabolic capacity of
distal gut microbiota without altering fiber digestibility and growth rate of finishing pig.” Frontiers in

microbiology 11: 533.

Quast, C., et al. (2012). “The SILVA ribosomal RNA gene database project: improved data processing
and web-based tools.” Nucleic acids research 41(D1): D590-D596.

Ramayo-Caldas, Y., et al. (2016). “Phylogenetic network analysis applied to pig gut microbiota identifies
an ecosystem structure linked with growth traits.” The ISME journal 10(12): 2973.

163



Appendices

Ramiro-Garcia, J., et al. (2016). “NG-Tax, a highly accurate and validated pipeline for analysis of 16S
rRNA amplicons from complex biomes.” F1000Research 5.

Rastall, R., etal.(2022). “Structure and function of non-digestible carbohydrates in the gut microbiome.”
Beneficial microbes 13(2): 95-168.

Ravindran, V. and E. Kornegay (1993). “Acidification of weaner pig diets: A review.” Journal of the
Science of Food and Agriculture 62(4): 313-322.

Reister, M., et al. (2014). “Complete genome sequence of the gram-negative probiotic Escherichia coli
strain Nissle 1917.” Journal of biotechnology 187: 106-107.

Ren, J., et al. (2012). “Susceptibility towards enterotoxigenic Escherichia coli F4ac diarrhea is governed
by the MUC13 gene in pigs.” PLoS One 7(9): e44573.

Rettedal, E., et al. (2009). “Alteration of the ileal microbiota of weanling piglets by the growth-
promoting antibiotic chlortetracycline.” Applied and Environmental Microbiology 75(17): 5489-5495.

Rhouma, M., et al. (2016). “Resistance to colistin: What is the fate for this antibiotic in pig production?”
International journal of antimicrobial agents 48(2): 119-126.

Risely, A. (2020). “Applying the core microbiome to understand host—microbe systems.” Journal of
Animal Ecology 89(7): 1549-1558.

Rist, V., et al. (2013). “Impact of dietary protein on microbiota composition and activity in the
gastrointestinal tract of piglets in relation to gut health: A review.” Animal 7(7): 1067-1078.

Roesler, U., et al. (2010). “Persistence, excretion and efficacy of an attenuated Salmonella vaccine in
suckling piglets.” Praktische Tierarzt 91(1): 59-65.

Romagosa, A., et al. (2011). “Vaccination of Influenza A virus decreases transmission rates in pigs.”
Veterinary research 42(1): 120.

Rooks, M. G. and W. S. Garrett (2016). “Gut microbiota, metabolites and host immunity.” Nature
Reviews Immunology 16(6): 341.

Rose, N., et al. (2016). “A commercial PCV2a-based vaccine significantly reduces PCV2b transmission
in experimental conditions.” Vaccine 34(33): 3738-3745.

Roselli, M., et al. (2017). “Immunomodulating effects of probiotics for microbiota modulation, gut
health and disease resistance in pigs.” Animal feed science and technology 233: 104-119.

Ruiz-Herrera, J. (2016). Fungal cell wall: Structure, synthesis, and assembly, CRC press.

Sahasrabudhe, N. M., et al. (2016). “Particulate B-glucans synergistically activate TLR4 and Dectin-1 in
human dendritic cells.” Molecular nutrition & food research 60(11): 2514-2522.

Samolinska, W., et al. (2020). “Evaluation of garlic and dandelion supplementation on the growth
performance, carcass traits, and fatty acid composition of growing-finishing pigs.” Animal feed science
and technology 259: 114316.

Samtiya, M., et al. (2021). “Enhancing micronutrients bioavailability through fermentation of plant-
based foods: A concise review.” Fermentation 7(2): 63.

Sanchez, B., et al. (2017). “Probiotics, gut microbiota, and their influence on host health and disease.”
Molecular nutrition & food research 61(1): 1600240.

164



List of references

Sassone-Corsi, M., et al. (2016). “Microcins mediate competition among Enterobacteriaceae in the
inflamed gut.” Nature 540(7632): 280-283.

Sattler, V., et al. (2015). “Impact of a probiotic, inulin, or their combination on the piglets’ microbiota
at different intestinal locations.” Beneficial microbes 6(4): 473-483.

Scaldaferri, F., et al. (2016). “Role and mechanisms of action of Escherichia coli Nissle 1917 in the
maintenance of remission in ulcerative colitis patients: An update.” World journal of gastroenterology
22(24): 5505.

Schmidt, B., et al. (2011). “Establishment of normal gut microbiota is compromised under excessive
hygiene conditions.” PLoS One 6(12): e28284.

Schokker, D., et al. (2015). “Long-lasting effects of early-life antibiotic treatment and routine animal
handling on gut microbiota composition and immune system in pigs.” PLoS One 10(2): e0116523.

Schokker, D., et al. (2014). “Early-life environmental variation affects intestinal microbiota and immune
development in new-born piglets.” PLoS One 9(6): e100040.

Schroeder, B., et al. (2006). “Preventive effects of the probiotic Escherichia coli strain Nissle 1917 on
acute secretory diarrhea in a pig model of intestinal infection.” Digestive diseases and sciences 51(4):
724-731.

Schultz, M., et al. (2004). “Preventive effects of Escherichia coli strain Nissle 1917 on acute and chronic
intestinal inflammation in two different murine models of colitis.” Clinical and diagnostic laboratory
immunology 11(2): 372-378.

Schultz, M., et al. (2005). “Green fluorescent protein for detection of the probiotic microorganism
Escherichia coli strain Nissle 1917 (EcN) in vivo.” Journal of microbiological methods 61(3): 389-398.

Sciascia, Q., et al. (2016). “The pig as a model for humans: Effects of nutritional factors on intestinal
function and health.” Journal of animal science 94(suppl_3): 441-452.

Shankar, V., et al. (2017). “Advantages of phylogenetic distance based constrained ordination analyses
for the examination of microbial communities.” Scientific reports 7(1): 1-5.

Shao, L., et al. (2016). “Tissue-specific mMRNA expression profiles of porcine Toll-like receptors at
different ages in germ-free and conventional pigs.” Veterinary immunology and immunopathology
171: 7-16.

Sharma, R., et al. (2010). “Molecular modulation of intestinal epithelial barrier: Contribution of
microbiota.” BioMed Research International 2010.

Shim, S. (2005). Effects of prebiotics, probiotics and synbiotics in the diet of young pigs, Wageningen
University and Research.

Shim, S., et al. (2005). “Effects of feeding antibiotic-free creep feed supplemented with oligofructose,
probiotics or synbiotics to suckling piglets increases the preweaning weight gain and composition of
intestinal microbiota.” Archives of Animal Nutrition 59(6): 419-427.

Shim, S., et al. (2005). Prebiotics and probiotics or synbiotics in the diets of newly weaned pigs-with
regard to gut fermentation: 41.

Sibai, M., etal. (2020). “Microbiome and longevity: High abundance of longevity-linked Muribaculaceae
in the gut of the long-living rodent spalax leucodon.” OMICS: A Journal of Integrative Biology 24(10):
592-601.

165



Appendices

Slifierz, M., et al. (2015). “Zinc oxide therapy increases prevalence and persistence of methicillin-
resistant Staphylococcus aureus in pigs: A randomized controlled trial.” Zoonoses and public health
62(4): 301-308.

Smajs, D., et al. (2012). “Experimental administration of the probiotic Escherichia coli strain Nissle
1917 results in decreased diversity of E. coli strains in pigs.” Current microbiology 64(3): 205-210.

Smith, J. J., et al. (1996). “Cystic fibrosis airway epithelia fail to kill bacteria because of abnormal airway
surface fluid.” Cell 85(2): 229-236.

Solano-Aguilar, G., et al. (2018). “The effect of dietary mushroom Agaricus bisporus on intestinal
microbiota composition and host immunological function.” Nutrients 10(11): 1721.

Sonck, E. (2011). Immunomodulation of porcine leukocytes and dendritic cells by B-(1, 3) glucans,
Ghent University.

Sonck, E., et al. (2011). “Varying effects of different B-glucans on the maturation of porcine monocyte-
derived dendritic cells.” Clin. Vaccine Immunol. 18(9): 1441-1446.

Sonck, E., et al. (2009). “Identification of the porcine C-type lectin dectin-1.” Veterinary immunology
and immunopathology 130(1-2): 131-134.

Sonck, E., et al. (2010). “The effect of B-glucans on porcine leukocytes.” Veterinary immunology and
immunopathology 135(3): 199-207.

Sonck, E., et al. (2010). “The effect of B-glucans on porcine leukocytes.” Veterinary immunology and
immunopathology 135(3-4): 199-207.

Sonnenborn, U. (2016). “Escherichia coli strain Nissle 1917—from bench to bedside and back: History
of a special Escherichia coli strain with probiotic properties.” FEMS microbiology letters 363(19).

Sonnenborn, U. and J. Schulze (2009). “The non-pathogenic Escherichia coli strain Nissle 1917—features
of a versatile probiotic.” Microbial Ecology in Health and Disease 21(3-4): 122-158.

Sorbara, M. T,, et al. (2019). “Inhibiting antibiotic-resistant Enterobacteriaceae by microbiota-mediated
intracellular acidification.” Journal of Experimental Medicine 216(1): 84-98.

Splichal, 1., et al. (2019). “High mobility group box 1 and TLR4 signaling pathway in gnotobiotic
piglets colonized/infected with L. amylovorus, L. mucosae, E. coli Nissle 1917 and S. Typhimurium.”
International journal of molecular sciences 20(24): 6294.

Starke, I. C., et al. (2014). “The impact of high dietary zinc oxide on the development of the intestinal
microbiota in weaned piglets.” FEMS microbiology ecology 87(2): 416-427.

Stein, R. R, et al. (2018). “Computer-guided design of optimal microbial consortia for immune system
modulation.” Elife 7: e30916.

Stier, H., et al. (2014). “Immune-modulatory effects of dietary Yeast Beta-1, 3/1, 6-D-glucan.” Nutrition
journal 13(1): 38.

Stokes, C. (2017). “The development and role of microbial-host interactions in gut mucosal immune
development.” Journal of animal science and biotechnology 8(1): 12.

Stuyven, E., et al. (2010). “Oral administration of beta-1, 3/1, 6-glucan Macrogard® fails to enhance
the mucosal immune response following oral F4 fimbrial immunisation in gnotobiotic pigs.” Veterinary
immunology and immunopathology 137(3-4): 291-297.

166



List of references

Sugiharto, S. and S. Ranjitkar (2019). “Recent advances in fermented feeds towards improved broiler
chicken performance, gastrointestinal tract microecology and immune responses: A review.” Animal
Nutrition 5(1): 1-10.

Suiryanrayna, M. V. and J. Ramana (2015). “A review of the effects of dietary organic acids fed to
swine.” Journal of animal science and biotechnology 6(1): 45.

Surendran Nair, M., et al. (2019). “Influence of pig gut microbiota on Mycoplasma hyopneumoniae
susceptibility.” Veterinary research 50(1): 1-13.

Sweeney, T, et al. (2012). “Effect of purified B-glucans derived from Laminaria digitata, Laminaria
hyperborea and Saccharomyces cerevisiae on piglet performance, selected bacterial populations,
volatile fatty acids and pro-inflammatory cytokines in the gastrointestinal tract of pigs.” British Journal
of Nutrition 108(7): 1226-1234.

Tako, E., et al. (2008). “Dietary inulin affects the expression of intestinal enterocyte iron transporters,
receptors and storage protein and alters the microbiota in the pig intestine.” British Journal of Nutrition
99(03): 472-480.

Tang, K. L., etal.(2017). “Restricting the use of antibiotics in food-producing animals and its associations
with antibiotic resistance in food-producing animals and human beings: a systematic review and meta-
analysis.” The Lancet Planetary Health 1(8): e316-e327.

Tanner, S. A,, et al. (2015). “Effect of Bifidobacterium thermophilum RBL67 and fructo-oligosaccharides
on the gut microbiota in Gottingen minipigs.” British Journal of Nutrition 114(5): 746-755.

Tapio, I., et al. (2017). “The ruminal microbiome associated with methane emissions from ruminant
livestock.” Journal of animal science and biotechnology 8(1): 1-11.

Taylor, P.R,, et al. (2007). “Dectin-1 is required for $-glucan recognition and control of fungal infection.”
Nature immunology 8(1): 31.

Thompson, C. L., et al. (2008). “The immediate environment during postnatal development has long-
term impact on gut community structure in pigs.” The ISME journal 2(7): 739.

Thompson, I. J., et al. (2010). “Potential of the B-glucans to enhance innate resistance to biological
agents.” Expert Review of Anti-Infective Therapy 8(3): 339-352.

Tian, L., et al. (2017). “Effects of pectin on fermentation characteristics, carbohydrate utilization, and
microbial community composition in the gastrointestinal tract of weaning pigs.” Molecular nutrition &
food research 61(1): 1600186.

Tiwari, U. P, et al. (2019). “Fermentation characteristics of resistant starch, arabinoxylan, and B-glucan
and their effects on the gut microbial ecology of pigs: a review.” Animal Nutrition 5(3): 217-226.

Todorov, S., et al. (2008). “Boza, a natural source of probiotic lactic acid bacteria.” Journal of applied
microbiology 104(2): 465-477.

Tournut, J. (1989). “Applications of probiotics to animal husbandry.” Scientific and Technical Review of
the Office International des Epizooties 8(3): 551-556.

Trevisi, P., et al. (2011). “Dietary addition of Lactobacillus rhamnosus GG impairs the health of
Escherichia coli FA-challenged piglets.” Animal 5(9): 1354-1360.

Trevisi, P, et al. (2021). “Timely control of gastrointestinal eubiosis: A strategic pillar of pig health.”
Microorganisms 9(2): 313.

167



Appendices

Tsilingiri, K. and M. Rescigno (2012). “Postbiotics: What else?” Beneficial microbes 4(1): 101-107.

Tzortzis, G., et al. (2005). “A novel galactooligosaccharide mixture increases the bifidobacterial
population numbers in a continuous in vitro fermentation system and in the proximal colonic contents
of pigs in vivo.” The Journal of nutrition 135(7): 1726-1731.

Udomkun, P., et al. (2015). “Influence of air drying properties on non-enzymatic browning, major bio-
active compounds and antioxidant capacity of osmotically pretreated papaya.” LWT-Food Science and
Technology 60(2): 914-922.

Ukena, S. N., et al. (2007). “Probiotic Escherichia coli Nissle 1917 inhibits leaky gut by enhancing
mucosal integrity.” PLoS One 2(12): e1308.

Vahjen, W., et al. (2010). “Bar-coded pyrosequencing of 16S rRNA gene amplicons reveals changes
in ileal porcine bacterial communities due to high dietary zinc intake.” Applied and Environmental
Microbiology 76(19): 6689-6691.

Vahjen, W., et al. (2011). “Increased dietary zinc oxide changes the bacterial core and enterobacterial
composition in the ileum of piglets.” Journal of animal science 89(8): 2430-2439.

Van Altena, S., et al. (2016). “Bovine natural antibodies in antibody-dependent bactericidal activity
against Escherichia coli and Salmonella Typhimurium and risk of mastitis.” Veterinary immunology and
immunopathology 171: 21-27.

Van den Brink, P. J. and C. J. T. Braak (1999). “Principal response curves: Analysis of time-dependent
multivariate responses of biological community to stress.” Environmental Toxicology and Chemistry:
An International Journal 18(2): 138-148.

Van der Hee, B., et al. (2018). “Optimized procedures for generating an enhanced, near physiological
2D culture system from porcine intestinal organoids.” Stem cell research 28: 165-171.

van der Peet-Schwering, C., et al. (2004). Gefermenteerde granen in brijvoer voor gespeende biggen,
Animal Sciences Group.

Van der Wolf, P,, et al. (2001). “Herd level husbandry factors associated with the serological Salmonella
prevalence in finishing pig herds in The Netherlands.” Veterinary microbiology 78(3): 205-219.

Van Hees, H., et al. (2019). “Dietary fibre enrichment of supplemental feed modulates the development
of the intestinal tract in suckling piglets.” Journal of animal science and biotechnology 10(1): 83.

van Lingen, H. J., et al. (2017). “Diurnal dynamics of gaseous and dissolved metabolites and microbiota
composition in the bovine rumen.” Frontiers in microbiology 8: 425.

van Winsen, R. L., et al. (2002). “Effect of fermented feed on shedding of Enterobacteriaceae by
fattening pigs.” Veterinary microbiology 87(3): 267-276.

van Winsen, R. L., et al. (2001). “Effect of fermented feed on the microbial population of the
gastrointestinal tracts of pigs.” Applied and Environmental Microbiology 67(7): 3071-3076.

VanderWaal, K. and J. Deen (2018). “Global trends in infectious diseases of swine.” Proceedings of the
National Academy of Sciences 115(45): 11495-11500.

Vandesompele, J., et al. (2002). “Accurate normalization of real-time quantitative RT-PCR data by
geometric averaging of multiple internal control genes.” Genome biology 3(7): 1-12.

168



List of references

Véazquez-Castellanos, J. F., et al. (2019). “Design of synthetic microbial consortia for gut microbiota
modulation.” Current Opinion in Pharmacology 49: 52-59.

Vels, L., et al. (2009). “Cytokine and acute phase protein gene expression in repeated liver biopsies of
dairy cows with a lipopolysaccharide-induced mastitis.” Journal of dairy science 92(3): 922-934.

Verdu, E. (2009). “Probiotics effects on gastrointestinal function: Beyond the gut?”
Neurogastroenterology & Motility 21(5): 477-480.

Vetvicka, V. and C. Oliveira (2014). “B (1-3)(1-6)-D-glucans modulate immune status in pigs: potential
importance for efficiency of commercial farming.” Annals of translational medicine 2(2).

Vlasova, A. N., et al. (2016). “Escherichia coli Nissle 1917 protects gnotobiotic pigs against human
rotavirus by modulating pDC and NK-cell responses.” European journal of immunology 46(10): 2426-
2437.

Volman, J. J., et al. (2008). “Dietary modulation of immune function by B-glucans.” Physiology &
behavior 94(2): 276-284.

Von Buenau, R., et al. (2005). “Escherichia coli strain Nissle 1917: Significant reduction of neonatal calf
diarrhea.” Journal of dairy science 88(1): 317-323.

Von Mutius, E. and D. Vercelli (2010). “Farm living: Effects on childhood asthma and allergy.” Nature
Reviews Immunology 10(12): 861-868.

Vondruskova, H., et al. (2010). “Alternatives to antibiotic growth promoters in prevention of diarrhoea
in weaned piglets: A review.” Veterinarni Medicina 55(5): 199-224.

Vreman, S., et al. (2018). “Neonatal porcine blood derived dendritic cell subsets show activation after
TLR2 or TLR9 stimulation.” Developmental & Comparative Immunology 84: 361-370.

Wales, A. and R. Davies (2017). “Salmonella vaccination in pigs: A review.” Zoonoses and public health
64(1): 1-13.

Wang, S., et al. (2019). “Combined supplementation of Lactobacillus fermentum and Pediococcus
acidilactici promoted growth performance, alleviated inflammation, and modulated intestinal
microbiota in weaned pigs.” BMC veterinary research 15(1): 1-11.

Wang, X., et al. (2019). “Longitudinal investigation of the swine gut microbiome from birth to market
reveals stage and growth performance associated bacteria.” Microbiome 7(1): 109.

Wang, X., et al. (2019). “Lentinan modulates intestinal microbiota and enhances barrier integrity in a
piglet model challenged with lipopolysaccharide.” Food & function 10(1): 479-489.

Wassenaar, T. M. (2016). “Insights from 100 years of research with probiotic E. coli.” European Journal
of Microbiology and Immunology 6(3): 147-161.

Wegh, C. A, et al. (2019). “Postbiotics and their potential applications in early life nutrition and
beyond.” International journal of molecular sciences 20(19): 4673.

Wehkamp, J., et al. (2004). “NF-kB-and AP-1-mediated induction of human beta defensin-2 in intestinal
epithelial cells by Escherichia coli Nissle 1917: A novel effect of a probiotic bacterium.” Infection and
immunity 72(10): 5750-5758.

169



Appendices

Wei, H.-K., et al. (2017). “A carvacrol-thymol blend decreased intestinal oxidative stress and influenced
selected microbes without changing the messenger RNA levels of tight junction proteins in jejunal
mucosa of weaning piglets.” Animal 11(2): 193-201.

Wellock, I., et al. (2006). “The effect of dietary protein supply on the performance and risk of post-
weaning enteric disorders in newly weaned pigs.” Animal Science 82(3): 327-335.

Wynne, J. W,, et al. (2020). “Microbiome profiling reveals a microbial dysbiosis during a natural
outbreak of tenacibaculosis (Yellow mouth) in Atlantic salmon.” Frontiers in microbiology 11: 586387.

Xiao, Y., et al. (2018). “Comparative biogeography of the gut microbiome between Jinhua and Landrace
pigs.” Scientific reports 8(1): 5985.

Xiao, Y., et al. (2018). “Gut microbiota is a major contributor to adiposity in pigs.” Frontiers in
microbiology 9: 3045.

Yang, H., et al. (2016). “Uncovering the composition of microbial community structure and

metagenomics among three gut locations in pigs with distinct fatness.” Scientific reports 6: 27427.

Yin, F., et al. (2014). “Reduction of Salmonella enterica serovar Typhimurium DT104 infection in
experimentally challenged weaned pigs fed a Lactobacillus-fermented feed.” Foodborne Pathogens
and Disease 11(8): 628-634.

Yu, T., et al. (2017). “Dietary high zinc oxide modulates the microbiome of ileum and colon in weaned
piglets.” Frontiers in microbiology 8: 825.

Zeng, Z., et al. (2015). “Effects of essential oil supplementation of a low-energy diet on performance,
intestinal morphology and microflora, immune properties and antioxidant activities in weaned pigs.”
Animal Science Journal 86(3): 279-285.

Zhang, L., et al. (2016). “Effects of dietary fibre source on microbiota composition in the large intestine
of suckling piglets.” FEEMS microbiology letters 363(14).

Zhang, M., et al. (2021). “Study of fermented feed by mixed strains and their effects on the survival,
growth, digestive enzyme activity and intestinal flora of Penaeus vannamei.” Aquaculture 530: 735703.

Zhang, N., et al. (2005). “Serum amyloid A-luciferase transgenic mice: Response to sepsis, acute
arthritis, and contact hypersensitivity and the effects of proteasome inhibition.” The Journal of
Immunology 174(12): 8125-8134.

Zhang, W., et al. (2020). “Administration of Saccharomyces boulardii mafic-1701 improves feed
conversion ratio, promotes antioxidant capacity, alleviates intestinal inflammation and modulates gut
microbiota in weaned piglets.” Journal of animal science and biotechnology 11(1): 1-11.

Zhang, W., et al. (2017). “Oral administration of a select mixture of Bacillus probiotics affects the
gut microbiota and goblet cell function following Escherichia coli challenge in newly weaned pigs of
genotype MUC4 that are supposed to be enterotoxigenic E. coli FAab/ac receptor negative.” Applied
and Environmental Microbiology 83(3): e02747-02716.

Zhang, Y., et al. (2019). “Acute phase reactant serum amyloid A in inflammation and other diseases.”
Advances in clinical chemistry 90: 25-80.

Zheng, D., et al. (2020). “Interaction between microbiota and immunity in health and disease.” Cell
Research: 1-15.

170



List of references

Zheng, D., et al. (2020). “Interaction between microbiota and immunity in health and disease.” Cell
Research 30(6): 492-506.

Zhou, D., et al. (2015). “Oral administration of a select mixture of Bacillus probiotics generates Trl
cells in weaned F4ab/acR- pigs challenged with an F4+ ETEC/VTEC/EPEC strain.” Veterinary research
46(1): 95.

Zhou, M., et al. (2011). “Relationship between rumen methanogens and methane production in dairy
cows fed diets supplemented with a feed enzyme additive.” Journal of applied microbiology 111(5):
1148-1158.

Zhu, F., et al. (2015). “Beta-glucans from edible and medicinal mushrooms: Characteristics,
physicochemical and biological activities.” Journal of Food Composition and Analysis 41: 165-173.

Zmora, N., et al. (2019). “You are what you eat: Diet, health and the gut microbiota.” Nature reviews
Gastroenterology & hepatology 16(1): 35-56.

Zyrek, A. A., et al. (2007). “Molecular mechanisms underlying the probiotic effects of Escherichia
coli Nissle 1917 involve ZO-2 and PKC redistribution resulting in tight junction and epithelial barrier
repair.” Cellular microbiology 9(3): 804-816.

171



Appendices

English Summary

It is well established that abrupt environmental, social and dietary changes associated with
weaning can impair animal health. In the past, antibiotic growth promoters (AGPs) were
intensively used in the livestock industry to prevent the development of gastro-intestinal
disorders and to enhance animal performance. However, the use of in-feed AGPs has
been banned in the European Union since 2006 because of the worldwide concern on the
emergence of multi-drug resistant bacteria. As a result, alternatives to in-feed AGPs that
effectively support animal health and performance received a lot of attention. Researchers
have been studying the effects of several promising microbial and non-microbial feed
interventions in pigs. Several pre- and probiotics, for example, have been shown to modulate
the porcine gut microbiota and to improve gut epithelial barrier function. In addition, it has
become evident that the gut microbiota and the immune system are intrinsically linked to
each otherand are both important determinants of health and disease (Chapter 1). However,
diet-induced changes in the gastro-intestinal tract (GIT) and immune system are often mild
and momentary, which is possibly due to the fact that the resilience of the gut microbiota
to modulation increases with age and because most feed additives are administered post-
weaning. Since piglets do not have a fully developed gut microbiota and immune system in
the first weeks of life, it was hypothesized that dietary interventions administered shortly
after birth would have a greater chance to induce significant changes to gut microbiota
composition, gut epithelial gene expression, and overall immunological responsiveness. By
modulating these systems in early life, we ultimately aim to make pigs more resilient to
perturbations around the weaning period.

In Chapter 2, we reviewed the available literature on gut microbiota development in pigs.
The review offers a comprehensive understanding of the factors that can influence gut
microbiota composition and how they may impair porcine gut health. We also described
how the porcine gut microbiota plays numerous beneficial roles. For example, apart
from its fermentation activity, the gut microbiota stimulates proper development of gut
physiology, host immunity and general well-being of the piglet. The intestinal microbiota
of neonatal piglets rapidly develops from a simple to a more stable and mature ecosystem,
following a highly dynamic developmental trajectory. Especially around weaning, piglets
are highly susceptible to develop gastro-intestinal problems due to weaning-associated
perturbations. Conventional methods to prevent gut-related issues include the use of AGPs
and the inclusion of zinc oxide in feed. Because these conventional methods have several
disadvantages, new methods are being developed to improve gut microbiota development
to prevent gut-related issues. Of these new methods, the implementation of fibrous
components in feed and the (oral) administration of probiotics to pigs are considered to
be the most promising, as several in vivo studies have shown the effectiveness of such
fibrous components or probiotics on the gut microbiota. Although results are promising
in a number of these studies, optimal inclusion rates of fibrous components are still to be
determined, and the use of probiotics comes with some practical obstacles that need to be
addressed. We also concluded that relatively few studies investigated the effects of dietary
interventions during the suckling period. However, administration of dietary components
during the suckling period might be more promising in terms of early-life modulation of the
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gut microbiota, gut epithelial barrier and mucosal and systemic immune development, and
subsequent disease prevention.

The review in Chapter 2 demonstrated that administration of fibrous components and
probiotics to pigs are considered promising strategies to enhance porcine health and
performance through modulation of the GIT and immune system. A promising feed additive
that has already been widely implemented in the food and feed chain are baker’s yeast-
derived B-glucans. They have been shown to stimulate immune cells by binding to cell
receptors such as Dectin-1 and CR3, which in turn triggers a number of immunological cell
signalling pathways. In addition to their immunostimulatory effects, yeast-derived B-glucans
are also thought to confer beneficial effects as prebiotic fibres. Because of their molecular
structure they are not digested by the host’s enzymes, but are fermented by fibre-fermenting
bacteria in the hindgut. In Chapter 3, we investigated how early life supplementation of
yeast-derived B-glucans affects the porcine gut microbiota and immune function during the
pre- and post-weaning period. In addition, this study also provided extensive information
on how these complex systems develop over time. Yeast-derived B-glucans were orally
administered from day two after birth until two weeks after weaning. Faeces, digesta,
blood, and mesenteric lymph node tissue samples were collected at different pre- and post-
weaning time points. Overall, yeast-derived B-glucans had modest effects on microbiota
alpha diversity and the abundance of specific bacterial genera pre-weaning. A similar
pattern was observed for the tested immune parameters. These results imply that the pre-
weaning period offers an opportunity to modulate the gut microbiota and immune system
through diet, but the induction of any long-lasting effects by yeast-derived B-glucans still
remain to be elucidated.

Another promising feed additive that has been studied for over 100 years is the probiotic
E. coli strain Nissle 1917 (EcN). It is known for its ability to protect against pathogenic E.
coli strains and has been used against gastro-intestinal disorders in humans and animals.
However, no studies have investigated its effects in conventional neonatal piglets. In a pilot
study described in Chapter 4, we investigated the presence, abundance and location of EcN
in the porcine GIT after peroral administration of high, medium, or low concentrations of
EcN (10°, 108, or 107 CFU/mL, respectively). EcN was detected in faeces of all piglets that
received EcN, however, EcN was also detected in control animals, albeit at a low abundance.
We therefore highly recommended the implication of control measures that aim to prevent
cross-contamination in in vivo studies that use microbial products such as probiotics.
Overall, no major differences were observed between the piglets that received different
concentrations of EcN but the amount of EcN present in faeces was highest in piglets that
received 108 and 10° EcN/inoculation. In addition, EcN was detected in the mesenteric lymph
node (MLN) of one animal that received 10° EcN/inoculation, which implies that EcN is able
to translocate to gut-associated lymphoid tissue. Taken together, we demonstrated that EcN
is present in faeces, in all segments of the GIT, and in the MLN after peroral administration.
This pilot study contributed to a better understanding of EcN’s traits and served as a basis
for the larger in vivo study presented in Chapter 5.

In Chapter 5, we investigated the spatio-temporal effects of ECN on gut microbiota
composition, intestinal epithelial gene expression, and immune system by collecting and
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analysing faeces, digesta, blood, mucosal scrapings and mesenteric lymph node tissue at
different time points. Piglets perorally received the probiotic strain EcN (10° CFU/inoculation)
or a control treatment from day two after birth until two weeks post-weaning. Moreover,
peroral vaccinations against Salmonella enterica serovar Typhimurium were given on days
21 and 45 to assess EcN’s ability to affect immune responsiveness. In short, piglets that
received EcN showed a reduced diversity of taxa within the phylum Proteobacteria and a
lower relative abundance of taxa within the genus Treponema. Interestingly, this was only
observed during the pre-weaning period. Although Treponema and Proteobacteria include
harmless commensal bacterial species, several members are primarily known as potential
pathogens. Thus, the association between EcN and reduced Proteobacteria diversity as
well as the potential antagonistic effect against Treponema suggest a beneficial effect
with respect to porcine gut microbiota composition pre-weaning. In addition, its effect on
immune cells (e.g. NK cell activation) and cell responses (e.g. IL-10 production by immune
cells) strengthened this conclusion, but should ultimately be confirmed by infection studies.
Body weight, gut epithelial gene expression, and immune responses upon vaccination did
not differ significantly between the treatment groups, and any differences observed during
the post-weaning period were modest. In summary, we concluded that the pre-weaning
period offers a ‘window of opportunity’ to modulate the porcine gut microbiota and immune
system through dietary interventions such as EcN.

In Chapter 6, | discussed the results of this thesis by addressing different topics and issues
related to the porcine gut microbiota and in light of relevant scientific literature. Based on
the results presented in this thesis, | concluded that yeast-derived B-glucans and EcN are
both able to modulate the porcine gut microbiota (Chapters 3 & 5). Importantly, the majority
of these effects were solely observed during the pre-weaning period, which is in line with
the immunological results presented in these chapters. Post-weaning effects were modest,
and any long-term effects induced by these feed additives remain to be elucidated. This
confirms our hypothesis that early life provides an opportunity to modulate the porcine gut
microbiota and the immune system through diet. In Chapter 6, | also discussed the practical
implications of our in vivo findings, the relevance of conducting a pilot study and the relative
importance of dietary interventions. These topics contribute to a better understanding of
the impact of my research and how these results can be used in a more applied context.
Lastly, | provided future recommendations and perspectives for follow-up research.
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