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Early supplementation with probiotics and
prebiotics to pigs-Effects on gut microbiota,
metabolite production and behavioural
outcomes

Abstract

The early establishment of intestinal microbiota is essential for gut health in pigs.
Nutritional interventions that target the microbiota during the first weeks of life can
positively influence microbiota development and thereby impact gut health, immune
function, growth, as well as behavioural development. This thesis aimed to evaluate
the effects of early dietary interventions by supplementing piglets’ oat B-glucan or
two lactobacilli strains during the suckling period. The oat B-glucan supplement was
examined for its effects on gut microbiota development, short chain fatty acid
(SCFA) production, growth, gut histology, and behaviour. The supplement with
lactobacilli, Limosilactobacillus reuteri, and Lactiplantibacillus plantarum focused
on effects on microbiota composition, SCFA, gut histology, and growth
performance. The initial study, predominantly showed age-related effects, with
limited oat B-glucan supplement specific impacts. However, analysis of microbiota
composition and behaviour in the follow-up study revealed significant correlations
between certain bacterial taxa and specific behavioural traits. Oat B-glucan
negatively affected reversal learning. The supplement with the two lactobacilli did
not significantly alter microbiota composition rectal swabs of piglets, but induced
localised changes in the ileum and colon, including an increased abundance of
Prevotella 2 in ileum mucosa and an increased abundance of
Lachnospiraceae NK4136 in ileum mucosa, colon mucosa, and colon digesta. The
supplements did not affect SCFA production, gut histology, or growth performance
compared to controls. Taken together, the results revealed certain, albeit limited,
impacts of prebiotic and probiotics for gut health in piglets during suckling.
Additional studies are needed to clarify these findings and unravel the complexity of
their interactions.

Keywords: early interventions, B-glucan, SCFA, behaviour, Limosilactobacillus
reuteri and Lactiplantibacillus plantarum, Prevotella 2 and
Lachnospiraceaec NK4136



Tidigt tillskott av probiotika och prebiotika till
grisar - Effekter pa tarm mikrobiota,
metabolitproduktion och beteende

Sammanfattning

Den tidiga etableringen av mikrobiotan i tarmen &r viktig for grisens tarmhélsa.
Dietinterventioner med syfte att pAverka mikrobiotan under de fosta veckorna i livet
har potential att ge en positiv utveckling pa tarmmikrobiotan vilket i sin tur kan
paverka tarmhélsa, immunfunktion, tillvixt, men ocksa grisens kognitiva utveckling.
Syftet med avhandlingen var att utvirdera effekterna av tidiga kostinterventioner till
diande grisar, antingen genom tillskodd av B-glukaner fran havre, eller via tillskott
av tvd mjolksyrabakterier under diperioden. I studierna med p-glukanerna
studerades effekter pa tarmmikrobiota, kortkedjiga fettsyror, tillvéxt, tarmhistologi
och beteende. I studien med mjolksyrabakterierna anvidndes en blandning av
Limosilactobacillus reuteri och Lactiplantibacillus plantarum, och fokuserade pa
tarmmikrobiotans = sammanséttning, korta  fettsyror, tarmhistologi  och
viktutveckling. Resultaten fran studierna visade pa tydliga &ldersrelaterade effekter
men supplementet av B-glukanerna visade inte nagra tydliga effekter. Daremot, sags
en koppling mellan mikrobiotans sammansittning och beteendevariabler med
signifikanta samband mellan specifika bakteriegrupper och beteendemonster.
Tillskott av B-glukaner hade dessutom en negativ inverkan pé grisens formaga att
bryta ett inldrt beteende. Tillskott av mjdlksyrabakterierna fordndrade inte
mikrobiotans sammanséttning i rektalsvabbar hos grisar, men orsakade lokala
fordndringar i tunntarmen (ileum) och tjocktarmen (kolon), med 6kad forekomst av
bakteriegruppen Prevotella 2 1 tarmslemhinnan i ileum och okad forekomst av
Lachnospiraceae NK4136 1 tarmslemhinnan i bade ileum och kolon, samt i
tarminnehéllet som fanns i kolon. Tillskotten paverkade dock inte méngd kortkedjiga
fettsyror, tarmhistologi eller tillvixt jamfort med kontrollgruppen. Sammantaget
visade resultaten frdn interventionen pa begridnsade effekter, men uppfoljande
studier behdver genomforas inom for att klarldgga potentialen med tidiga
kostinterventioner.

Nyckelord: Kostintervention, [-glukan, kostkedjuga fettsyror, beteende,
Limosilactobacillus  reuteri, Lactiplantibacillus  plantarum, Prevotella 2,
Lachnospiraceae NK4136
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1. Introduction

1.1 The pig-weaning challenges and pre-weaning
opportunities

The pig (Sus scrofa) is an important species within agriculture and the second
most terrestrial-farmed animal after chickens, with a global population of
almost one billion (Kim et al. 2024). Pork meat consumption is estimated to
be 36% of the world’s meat intake, on average 11.4 kg/capita/year (Mateos
et al. 2024). Worldwide, pig production represents 42% of total meat
production, with an estimated growth of 11% by 2032 (OECD-FAO,
Agricultural Outlook 2021). China, the world’s largest producer, is
responsible for 50% of global pig production, followed by Europe with 21%
production (OECD, 2023). Pork production contributes significantly to
global agriculture and the overall economy, supporting various jobs and
sectors.

Throughout the past decades, the pig industry has changed considerably.
Indeed, the focus on fertility and advanced programmes in breeding have
resulted in increased litter sizes (Harper et al. 2024), which is key for high
profitability in pig production. Currently, the average litter size is over 19.8
live-born piglets in Western Europe with Denmark as number one (Hansen
et al. 2022; Theil et al. 2023).

Defining the appropriate weaning age is critical for promoting and ensuring
the welfare of nursery pigs. This has been widely researched and plays a
crucial role in determining the health and performance of piglets during the
post-weaning phase of life. The weaning age has drastically changed in
modern pig production; what was once a process that took between 12-18
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weeks is now just 3 to 4 weeks in most production systems. In the pig's
natural setting, development is gradual; as they grow and mature they begin
to explore and consume solid feed, whilst the sow gradually reduces the
duration of suckling bouts, encouraging independence. Piglets have a longer
period to progressively transition from an exclusively milk-based diet to
solid feed. In modern pig farming, weaning is abrupt, with an average
standard of 3-4 weeks of age, with little to no gradual transition, sharply
contrasting to the natural weaning process. In Sweden, the average weaning
age is 5 weeks.

Various arguments have been voiced regarding different weaning ages,
focusing on different aspects: gut and immune development and health,
growth, feed intake and efficiency, survival and mortality rate, and
behavioural adaptation and welfare (Faccin et al. 2020; Huting ef al. 2019;
Van Kerschaver et al. 2023; Lyderik et al. 2023). To this day, no “ideal” age
has been determined as the most economically effective for the industry, as
numerous factors affect weaning. However, the entire pig industry is unified
in recognising that weaning is one of the vital periods in a pig’s life. Piglets
are confronted with a range of stressors at weaning. The social and physical
environments, management, and nutrition are changed. Weaning occurs
abruptly, in a couple of days, resulting in tremendous stress, followed by
changes in gastrointestinal physiology, microbiology, and immunology,
generating a dramatic shift in the microbiota (Li et al. 2018). Unbalanced
intestinal health will predispose piglets to diseases and the proliferation of
pathogenic bacteria such as enterotoxigenic Escherichia coli (ETEC) or
diarrhoea viruses that can cause post-weaning diarrhoea (PWD). Disease is
a significant threat to the swine industry and one of the largest sources of
economic loss for pig farmers. Post-weaning diarrhoea can be financially
devastating for farmers, notably large-scale pig farms which can be affected
by PWD by more than 50% and experience a mortality rate of 15-20 % (Tang
et al. 2024). Diarrhoea at weaning and adjusting to the new diet after weaning
often results in growth depression, villous atrophy in the small intestine, and,
therefore, impaired absorption and digestion of feed, resulting in decreased
growth performance and profitability of pig meat production (Cornelison et
al. 2018). Antibiotics have been a means of prevention against subclinical
and clinical diseases for decades. However, this drives the development of
antimicrobial-resistant bacteria (AMR), which are imminent threats to global
animal and human health. Consequently, in January 2006 the European
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Union banned the use of antibiotics as growth promoters (AGP) in the
livestock industry (Salam et al. 2023). Sweden was the first country in the
world to ban all use of AGP in 1986 (Wierup, 2001) and was followed by
other Scandinavian countries about ten years later (Grave et al. 2006).
Several other countries have since followed the ban. Replacements for
antibiotics for many years among pig farmers were zinc oxide (ZnO) and
copper sulphate, added to the feed in high doses in the first two weeks after
weaning. Studies have shown that minerals such as copper and zinc can be
highly harmful to the environment when used long-term, especially for
aquatic species (Jensen et al. 2018). Although ZnO was well-known for its
antimicrobial properties, it also had a negative impact on public health due
to an increase in AMR, resulting in another ban by the European Commission
in June 2022 for all veterinary medical products containing ZnO
administrated orally to food-producing species (Ortiz et al. 2024).
Resultingly, the need to find alternatives to prevent infections and increase
robustness in production has increased exponentially. Various nutritional
strategies have been proposed as an effective alternative known to improve
the function and structure of the gastrointestinal tract (GI tract) and promote
post-weaning growth to avoid PWD in piglets. A wide range of nutritional
strategies have been studied over the years; feed additives such as prebiotics
and probiotics seem promising, although they have not been conclusively
proven effective. There is some evidence that probiotics and prebiotics may
improve the establishment of robust gut microbiota, reduce the growth of
harmful pathogenic bacteria, promote beneficial gut microbiota and boost
immune responses and protection in the host (Maftei et al. 2024). Studies
have shown that probiotics may enhance the intestinal barrier function in pigs
(Zheng et al. 2023b), whilst both probiotics and prebiotics appear to increase
the number of desirable microorganisms in the intestine (Liao et al. 2017;
Kiernan et al. 2023).

Although multiple factors predispose piglets to PWD, one of the most
significant is an abrupt change in feed at weaning. The abrupt post-weaning
transition from highly digestible sow milk rich in bioactive compounds to
dry plant-based feed often results in diarrhoea, a period characterised with
low feed intake and decreased growth rate (Canibe et al. 2022). Despite the
presumption that offering creep feed during the suckling period will prepare
and train piglets' guts for an abrupt diet change, research results are
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conflicting and still unclear (Muro ef al. 2023). In addition, studies have
shown that piglets actively discover and consume creep feed in larger
amounts at around three to four weeks of age. (Bruininx et al. 2004;
Middelkoop et al. 2018). Piglets generally only eat small amounts of creep
feed before four weeks of age but there is a large individual variation in
intake. In countries where the weaning age is 5 weeks of age, such as
Sweden, the consumption of creep feed in the final weeks before weaning
could be beneficial for piglets. However, in most commercial pig
productions worldwide, weaning occurs at around 2 to 4 weeks of age, often
before piglets have the opportunity to discover creep feed (Faccin et al.
2020). Consumption of creep feed has been correlated to both digestive
maturation and lower milk yield of the sow before weaning (Pluske et al.
2018; de Greeff et al. 2016). A certain proportion of piglets in every litter
(ca 30%) do not consume creep feed in significant amounts even at the age
of four weeks and thereby possibly miss an opportunity to accelerate the
maturation of the gut microbiota and better prepare themselves for weaning
(Muro et al. 2023). Thus, specific bioactive components found in different
prebiotics and probiotics that are given to piglets as a supplement early in
life may stimulate the consumption of solid feed pre-weaning. Prebiotics are
known to help balance the gut microbiota, improve the digestive process,
enhance the breakdown of feed components, make nutrients more available
for absorption, alter the appetite-related hormones (such as ghrelin and
leptin), and make animals consume more feed. Probiotics can help decrease
inflammation, boost the growth of certain bacteria and contribute to
maturation of the gut microbiota, and mitigate the abrupt microbial changes
at weaning. Enhanced microbial development and gut enzyme production
optimise the gut for easier absorption of solid feed earlier in life (Liu ef al.
2014). Thus, these supplements can offer the bridge that piglets need to
successfully overcome the sudden loss of bioactive compounds in sow milk
by consuming more solid feed during suckling. This process better reflects
how piglets gradually increase their intake of solid feed in nature. A smooth
weaning transition could therefore be an alternative to prevent PWD without
medication.
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1.2 Microbiota-gut brain axis

Weaning, being a highly stressful period for piglets, can, aside from causing
gastrointestinal issues, lead to psychological stress and behavioural issues.
Recently, greater focus has been placed on the microbiota-gut-brain axis
(MGBA) in piglets, a bi-directional biochemical signalling pathway that
represents the interaction and communication between the gut and the brain
(Figure 1). Studies have discovered that the intestinal microbiota is an
important regulator and modulator of the central nervous system (CNS),
influencing brain physiology and behaviour (Collins et al. 2012; Sherwin et
al. 2019). Although the exact communication pathways are not yet fully
elucidated, they may occur through endocrine, neural, and immune pathways
that can be affected and modulated by the gut microbiota and/or gut
microbiota metabolites (Liu et al. 2015). The hypothalamic-pituitary-adrenal
axis (HPA-axis) plays a primary role in regulating stress responses as well
as the interaction between the gut microbiota and the brain. During
environmental challenges such as weaning, the hypothalamus releases
corticotropin-releasing hormone (CRH), leading to the release of
adenocorticotropic hormone (ACTH) from the pituitary which consequently
leads to the release of cortisol from the adrenal glands (Neuman, 2022).
Therefore, alterations in the gut microbiome may influence concentrations
of the stress hormones cortisol and catecholamines (adrenaline,
noradrenaline, and dopamine) (Rusch et al. 2023; Paudel et al. 2022).
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Figure 1. Regulation of stress response by gut-brain axis; corticotropin-releasing
hormone (CRH), adenocorticotropic hormone (ACTH).

The study by Sudo et al. (2004) is a landmark paper that demonstrates how
microbiota early in life can programme the HPA axis and stress responses in
mice. The researchers compared germ-free mice (raised in sterile conditions
without any gut microbes) to specific pathogen-free mice (with normal gut
microbiota) in a short-term restrain test. Germ-free mice displayed
significantly higher corticosterone and adrenocorticotropic hormone
concentrations when compared to pathogen free mice. However, when
Bifidobacterium infantis was introduced to germ-free mice early in life, their
stress responses normalised and were similar to specific pathogen-free mice
responses. If this microbial colonisation occurred later in life, stress
responses persisted, suggesting a critical early window for microbial
programming of the HPA axis (Sudo ef al. 2004). Another study conducted
on pigs also showed a link between gut microbiota changes, cortisol
fluctuations, and stress responses. In this study, weaning was used as a
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stressor. When cortisol concentrations were compared between suckling and
weaned piglets, cortisol concentrations were elevated in weaned piglets.
Concurrently, notable shifts in colonic microbiota were observed, including
a higher abundance of the genus Prevotellaceae-NK3B31 which was also
positively correlated to cortisol concentrations (Jiang et al. 2020).

Thus, the bi-directional relationship and communication between the co-
development of microbiota and the neuroendocrine system early in life may
be critical in preventing intestinal diseases and a range of behavioural and
emotional issues that can be problematic later in life. This may be the best
period in a piglet’s life for desirable modulation of both the gut and the HPA-
axis resulting in healthier piglets that are more tolerable to weaning stressors.
Pigs possess significant cognitive abilities, and enhancing these through
probiotic and prebiotic supplements may decrease stress and anxiety.
Increased playing behaviour can make piglets more curious, social, and
explorative. Early interventions together with environmental enrichments
may be the solution that would positively influence their tolerance to stress
and improve their overall well-being (Zebunke et al. 2013; Vanheukelom et
al. 2012). However, studies directly addressing the possibilities of different
dietary interventions to enhance cognitive abilities in pigs are limited. From
a production perspective, attending to a piglet’s cognitive needs early in life
can lead to better health and productivity whilst also addressing ethical
considerations (Nawroth et al. 2019). Nevertheless, only a handful of studies
are based on early life pig development of the gut and the brain, evaluating
the two-way influence that gut microbiota and behaviour have. (Fleming et
al. 2017; Verbeek et al. 2021; Parois et al. 2021; Choudhury et al. 2022).
Current evidence suggests that both strategies individually may positively
contribute to piglets’ health and behaviour. Further research is needed to
confirm the synergic effects of combining environmental enrichment with
prebiotic and probiotic supplementation.

In certain gut-bran axis studies, pigs were used as a translational model for
humans (Mudd et al. 2017). However, most studies examining the possible
effects of different interventions that potentially impact the gut-brain axis
were performed on mice or germ-free rodents that have quite a different
developmental physiology from humans and pigs (Cryan et al. 2019). For
example, it has been shown that mice given prebiotics had improved
recognition memory (Griffin et al. 2022) and social behaviour, as well as
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reduced anxiety (Savignac ef al. 2016), neuroinflammation (Zhang et al.
2023), and stress responses (Dinan et al. 2012). A potential cognitional
improvement was uncovered in pigs supplemented with a combined
probiotic and prebiotic known as symbiotic (Parois ef al. 2021). In humans,
prebiotics improved cognitive performance among both young and older
individuals (Fekete et al. 2024).

There is a scarcity of information regarding the impact that prebiotics have
on the GI tract, microbiota, and brain early in life before weaning,
necessitating more research to expand the knowledge and find successful
strategies that will improve piglet’s health and wellbeing.

1.3 Prebiotics and probiotics and gut health

1.3.1  Prebiotics definition and mode of action

In 1995, Gibson and Roberfroid defined a prebiotic as “a non-digestible food
ingredient that beneficially affects the host by selectively stimulating the
growth and/or activity of one or a limited number of bacteria in the colon,
and thus improves host health” (Gibson ef al. 1995; Hutkins ef al. 2016). A
recently upgraded and expanded definition has been provided by The
International Scientific Association for Probiotic and Prebiotics: “a substrate
that is selectively utilized by host microorganisms conferring a health
benefit”. Not all fermentable carbohydrates are prebiotics, only those with
documented microbial and beneficial health effects (Gibson et al. 2017).
Several dietary fibres (DF) and their by-products have interesting bioactive
properties but are not classified as prebiotics (Nunez-Gomez et al. 2023).
The implementation of DF in pig nutrition has increased due to the potential
beneficial effects on gut health, boosted immunity, and increased growth
performance, together with favourable economic reasons such as lowering
the cost of diet (Molist ef al. 2014; Atta et al. 2017). Fibres are known to
enhance the intestinal barrier function and alleviate inflammatory responses
(Slavin 2013; Jha et al. 2019). Fermentation of fibres in the hindgut produce
short chain fatty acids (SCFA) that can be utilised by epithelial cells and play
different roles in modulatory processes of GIT (gastrointestinal tract) and
immunity. There are two major SCFA signalling pathways involving G-

26



protein-coupled receptors (GPCRs) and histone deacetylases. SCFA bind to
cell membrane receptors that activate different signalling pathways in
inflammation, glucose, and lipid metabolism or it directly enters the cell to
regulate histone deacetylation. (He et al. 2020). Polysaccharide and
bioactive DF cereal B-glucan has demonstrated prebiotic properties by
passing the GIT undigested and acting as a substrate for microbes,
stimulating the growth and activity of beneficial bacteria (Lam et al. 2013).
A slow fermentation of cereal B-glucan also exhibited prebiotic properties by
stimulating beneficial metabolite production of the SCFA (Shoukat et al.
2021). Cereal B-glucan is a well-researched novel prebiotic that provides
health benefits to both humans and animals (Shoukat ez al. 2021; Lante ef al.
2023; Choi et al. 2023). B-glucans are located in the cell walls of the
endosperm of cereals such as oat, barley, wheat, and rice. Regardless of the
source, cereal P-glucan share the same molecular structure whilst other
characteristics, such as molar ratio, molar mass, solubility, viscosity, and
content of B-glucans differ between different cereal B-glucans (Lante et al.
2023). Viscose fibre such as oat bran is a rich source of -glucan, containing
between 3% to 7% of soluble B-glucan (Jurkaninova et al. 2024). Nutrient
digestibility and its effect on the gut microbiota is directly correlated with
increased viscosity of DF modulating the digestive physiology by affecting
the passage of digesta (Kim et al. 2013; Hung et al. 2022). Research on
humans and pigs has found positive correlations between decreased passage
time of nutrients and more active and diverse gut microbiota composition,
leading to an increased SCFA production and reduced proliferation of
pathogens in the small intestine (Hung et al. 2022; Minnebo et al. 2023). B-
glucan from oat bran has a high fermentation rate and may increase the
production of butyric acid, provide energy to epithelial cells, and increase
gut tissue development, immune modulation, and inflammation reduction
(Jha et al. 2015; Bedford et al. 2018; Gongalves et al. 2018). Oat B-glucan
has also been reported to promote the growth of beneficial bacteria in the gut
and reduce and prevent the binding and colonisation of harmful pathogenic
bacteria in the GI tract (Fabiano et al. 2023).

1.3.2 Probiotics definition and mode of action

The International Scientific Association for Probiotics and Prebiotics defines
probiotics as “live microorganisms that, when administered in adequate
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amounts, confer a health benefit on the host” (Hill et. al. 2014). Probiotics
can be bacteria or yeast. Certain bacteria used as probiotics are spore-
forming bacteria such as Bacillus spp. and Clostridium spp. whereas others
are non-spore forming. All probiotic additives must be toxic-free, non-
pathogenic, and lack any transmissible antibiotic resistant genes (Vidal et al.
2022). Additionally, probiotics must be able to resist gastric acid, bile salts,
and enzymes in the pancreas to survive and grow in the Gl-tract (Goderska
et al. 2024). Probiotics have various benefits to the host. These include
altering the gastrointestinal microbiota population, producing antimicrobial
substances such as organic acids, proteins, and peptides, as well as
competing for nutrients and epithelial binding sites with pathogenic bacteria.
Probiotics can enhance and maintain intestinal barrier function, thereby
improving growth and immunity by reducing the migration of pathogenic
bacteria from gut lumen through the intestinal mucosa (Ma et al. 2018).

In general, the most common probiotics on the market are lactic acid bacteria
(LAB) and bifidobacteria. However, many of the probiotics used within
research are not commercially available. Specific strains are developed in
labs and tested for particular experiments targeting specific health effects.
LAB strains have good adhesive abilities and can bind to the intestinal
mucosa and colonise it rapidly. They excel in competing for food sources
and produce organic acids that will inhibit the growth of pathogenic bacteria
such as E. coli and Salmonella (Aleman et al. 2024). On the other hand, oral
administration of probiotics does not appear to establish permanent residence
on the intestinal mucosal surface and they cannot compete with the
indigenous microbiota and are excreted from the colon shortly after
administration (Han et al. 2021). Changes in the gut microbiota with an
increased microbial diversity and richness have also been observed with a
supplement containing Lactobacillus strains as well as an increased number
of mucin-producing goblet cells, all resulting in an improved intestinal
barrier function and gut health (Huang et al. 2022a). Additionally,
Lactobacillus spp. may support absorption of nutrients by increasing villus
height and crypt depth within the mucosa (Shin ef al. 2019; Zhu et al. 2022).
One of the dominant species in the Gl-tract of pigs is Limosilactobacillus
reuteri and is therefore often used as a suitable probiotic in pigs (Valeriano
et al. 2017; Wang et al. 2020a). It has a known role in modulation of gut
microbiota and elevation of SCFA, protection against stress, and regulation
of immune responses (Yu et al. 2023). Another beneficial strain known to be
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a promotor of intestinal barrier function with a robust repair effect of
epithelial cells and the possibility to modulate gut microbiota is
Lactiplantibacillus plantarum. This species has been studied to effectively
prevent diarrhoea via microbiota modulation and regulation of pro-
inflammatory cytokines in humans and pigs infected with E. coli (Yang et
al. 2021a; Wang et al. 2018).
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2. Background

2.1 The digestive tract of pigs

The functional maturation of the digestive system i.e. maturation of enzymes
responsible for the breakdown of food in pigs commences before birth and
grows exponentially in the first month to meet all of the challenges that occur
in that period. In comparison, for humans a similar maturation takes more
than 6 months. The GI tract serves as an interface between the pigs’ physical
body and the outer environment. The gastrointestinal mucosa constitutes a
barrier from harmful components and it is the main absorbent of nutrients
(carbohydrate, protein, and fat), the source of vital energy. GIT includes five
main parts, the mouth, oesophagus, stomach, and small and large intestines
(Figure 2). Food is broken down mechanically and enzymatically through
the digestion process, to be absorbed by intestinal epithelium, enters the
bloodstream and becomes the energy that fuels metabolism and contributes
to physical performance. In mechanical digestion, food is broken down into
smaller particles that digestive enzymes can further degrade into a form that
can be absorbed into the bloodstream. Digestible carbohydrates such as
starch and disaccharides are hydrolysed to monosaccharides and absorbed in
the small intestine, whilst non-digestible carbohydrates such as
oligosaccharides, resistant starch, and non-starch polysaccharides may be
digested by microbial enzymes in the large intestine. The remaining
undigested food components leave the body via faeces. (Larke, et al. 2012;
Navarro et al. 2019).
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Figure 2. The digestive tract of a piglet.

2.1.1 Maturation of Gl-tract in the first weeks of life

Although piglets are capable of suckling within half an hour after birth, the
ability to chew and ingest feed requires more complex motoric activity and
mouth and dentition maturation takes several weeks. To be able to masticate
feed, piglets must develop coordinated action of the tongue and jaw, facial
muscles, and the teeth. Research suggests that piglets can consume solid feed
after just 3 weeks of age. However, in certain production systems, piglets are
weaned from as early as 2 weeks of age (Faccin et al. 2020). Before 3 weeks
of age piglets are clumsy, drop much of the feed, and seem to experience
dental discomfort, inflammation, and bleeding, as the first premolars erupt
(Tucker et al. 2009; Depalle et al. 2023). The stomach capacity and weight
increase with age and appears to adapts to a feeding regime around the third
week of age. The secretion of hydrochloric acid follows the same pattern.
With an increased intake of solid feed at week three of age, stomach acids
increase as well as the digestive enzyme capacity (Cranwell et al. 1995). The
small intestine grows tremendously in the first two weeks of a piglet’s life,
representing up to 4% of their body weight. Supplemental feeding with milk
and creep feed revealed a positive correlation in the maturation of the small
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intestine and nutrient intake. This indicates the capacity of the small intestine
to adjust early in life as it prepares to accommodate to the increased feed
intake (Adeola et al. 2006; De Greeff et al. 2016; Wang et al. 2020b;
Chordhury et al. 2021a). Within the small intestine, the cells (enterocytes)
that line the intestinal wall form the brush border and produce key enzymes
for carbohydrate digestion. Secretion of the enzyme lactase, responsible for
breakdown of lactose, seems to be highest up to three weeks of age in
suckling pigs regardless of solid feed intake. However, after 21 days the
access to solid feed decreased the secretion of lactase and increased secretion
of the enzyme sucrose that breaks down disaccharides and oligosaccharides
to absorbable monosaccharides (Rabb et al. 2007; Marion et al. 2005).
Intestinal barrier maturation was previously considered to be solely
dependent on age. Studies found an increase in intestinal permeability to
micro-molecules with age. Post-weaning stressors often result in an increase
in small intestinal permeability and lower feed intake. However, recent
studies hint toward a possibly earlier maturation and better response to post-
weaning stress with different nutritional approaches early in life (Upandhaya
et al. 2021). Development and maturation of the large intestine is moderate
and slower in first weeks of a piglet’s life, compared to small intestine. The
transition at weaning to solid feed seems to stimulate the growth of the large
intestine (Pluske et al. 2018).

2.1 Gut health in pigs, microbiota, and SCFA

2.1.1  Gut health and its importance in pig production

The health of the gastrointestinal tract, known as “gut health”, involves a
broad range of factors, both physiological and functional. Although, a clear
definition of gut health is still not comprehensibly defined within scientific
literature, gut health can be explained as not just the absence of disease but
also the prevention or avoidance of disease (Bischoff, 2011). A healthy GIT
includes a successful nutrient digestion and absorption, a balanced, active,
and diverse microbiota and homeostatic host metabolism. In addition, the
epithelial barrier function and immune function should be active but
balanced. Moreover, there should be an efficient interaction between all of
these components (Kogut et al. 2016; Celi et al. 2017; Pluske et al. 2018). In
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modern and intensive pig farming systems, many challenging factors can
impair gut health. This is especially important early in piglets’ life when GI
maturation is dynamic and influenced by both intrinsic and extrinsic factors.
It is crucial to establish and maintain beneficial gut microbiota in those initial
weeks of life by utilising a certain degree of plasticity of GIT in young
animals in response to bioactivities of supplied nutrients. Throughout this
period, rapid gut development is occurring, meaning there is increasing
enzyme production, microbiota establishment, and immune system
maturation. Interventions during this time can have lasting effects on
digestive efficiency and overall health. Thus, by leveraging this window of
opportunity, it may be possible to decrease antibiotic usage, and increase
survival rate and growth performance resulting in higher returns of
investment and successful pig farming business. (Bischoff, 2011; Guevarra
et al. 2019; Szabo et al. 2023).

2.1.2 The gut microbiota and its function in health

The gut microbiota can be defined as a community of microorganisms,
encompassing bacteria, viruses, fungi, archaea, and protozoa, that adheres to
the intestinal mucosa and also appears more loosely in the intestinal lumen.
Bacteria is the most abundant and studied component of the gut microbiota
and, thus, the only domain of focus in this thesis.

The bacterial part of the microbiota, hereinafter referred to as the microbiota,
has a symbiotic relationship with the host. It regulates gut tissue structure,
gut health and functionality, produces SCFA, protects against pathogens, and
promotes immune homeostasis (Rinninella et al. 2018). Nutrients largely
define the number, diversity, and composition of bacteria in different
locations in the gut. The resident bacteria are more adapted to the
environment and have co-evolved with the host, becoming an important and
beneficial part in the metabolism of the ingested food that is otherwise
indigestible for the host such as milk oligosaccharides and dietary fibre
(Broom et al. 2018). Regulation of gut mucosa and permeability is also one
of the microbial mechanisms which help the host to absorb nutrients. The
host interacts with microbes directly via food metabolism or indirectly
through the immune system as well as via the microbial metabolites that can
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regulate or alter the permeability, thus affecting the nutrient transfer,
microbiota metabolism, and immune system. (Aurora, 2015). Certain
bacteria produce substances such as SCFA, hydrogen peroxide, and
bacteriocins with antimicrobial activity that prevent other harmful bacteria
from flourishing in the gut. Bacteria also boast a range of adhesins, and some
of these facilitate binding to the intestinal mucosa. Thus, bacteria with these
adhesins can persist in the gut mucus layer. Other strains rely on another
bacteria’s metabolism for metabolic cross-feeding, meaning that different
bacterial strains have different metabolic activities, and they help each other
to further metabolise the available nutrient source (Dunne 2002; Smith et al.
2019). Thus, to obtain a healthy balance of that complex ecosystem, diversity
and richness of each microbial community is paramount.

The microbiota composition of a healthy pig is challenging to define as many
factors can influence the gut microbiota. At the phylum level, the most
dominant bacteria found in the swine gut belongs to the Bacillota (formerly
Firmicutes), Bacteroidota (formerly Bacteroidetes), and Pseudomonadota
(formerly Proteobacteria) phyla. The pig microbiota is influenced by
genetics, breed, nutrition, life stage, level of feed intake, digestion and
absorption efficiency, environment, extent of stress, and medication intake
along with individual differences (Kubasova ef al. 2018; Szabo et al. 2023).
However, studies primarily based on pig fecal microbiota established that the
structure of microbial communities differ more at early ages, becoming more
unified with age. They can be roughly categorised in these several phases;
birth to weaning phase, post-weaning phase and growing, and finishing
phase, with an additional gestation phase for female pigs (Dong ef al. 2023;
Pantazi et al. 2023; Liao et al. 2024).

2.1.3 Gut microbiota pre-weaning

Possible in utero microbial colonisation during gestation has not been
investigated in pigs and appears to stay contradictory across species. The gut
microbiota in new-born piglets, apart from genetics and individual
variations, are acquired mostly from the mother, possibly from exposure to
the microbiome through the fetal membranes, amniotic fluid, and placenta
before birth, traveling through the birth canal during the birth, and after birth
from the farrowing environment. The colostrum additionally builds the
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piglets gut microbiota and their immune system development via colostrum
immunoglobulins. Microbiota during the suckling period is likely affected
by the combination of many factors such as the bacterial communities and
nutrients from sow milk (Jost ef al. 2014), social contact with mother and
siblings’, their nasal and oral cavity and skin, their faeces, and the pen
environment. Additional factors that impact microbiota development is if the
pig consumes milk replacement and creep or sow feed, medication, genetics,
and exposure to stressors (Chen et al. 2018; Lim et al. 2023; Mahmud et al.
2023). The “suckling microbiome” are most abundant during the first weeks
of life when piglets suckle sow milk containing the genera Bacteroides,
Escherichia, Lactobacillus, Clostridium, Prevotella, and Fusobacterium.
(Luo et al. 2022). Gastrointestinal infections in the first weeks of a piglet’s
life cause diarrhoea and gut microbiota disturbances with reduced species
richness and diversity. There is also a shift in community composition with
decreased abundances of Prevotellaceae, Ruminococcaceae, Rikenellaceae,
and Lachnospiraceae and an accumulation of Enterobacteriaceae such as
Escherichia-like species (Huang at al. 2019; Shrestha er al. 2020). Studies
have found that healthy pigs that did not develop diarrhoea early in life had
a higher abundance of Bacferoides within their faeces. Other taxa with a
higher abundance found in their facces are Prevotellaceae, Lachnospiraceae,
and Lactobacillaceae (Yang et al. 2021; Kong et al. 2022). Another study
refuted previous reports and did not find any significant statistical
differences in microbiota between healthy piglets and those with diarrhoea
(Gryaznova et al. 2023). The discrepancy between these studies nessitates
further research within this area, as numerous factors can affect this complex
and diverse ecosystem. What may be a healthy microbiota for one group of
pigs may not be for another group, considering various environments and
circumstances with different feed sources, housing, hygienic status, genetics,
etc. Another reason that may explain differences is the selected research
methodology and the small sample size in many studies.

The genus Prevotella is often associated with the post-weaning period.
Prevotella  produce enzymes that utilise plant-based complex
polysaccharides, thus it is more abundant when the appropriate nutrient
source appears (Guevarra et al. 2019; Liao et al. 2024). Studies have found
an opportunity to build-up the gastrointestinal microbiota to a more mature
composition in the suckling phase through an earlier introduction to solid
feed in the pre-weaning phase. The increased abundance of Prevotella could
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improve fibre digestibility and feed efficiency (Choudhury et a/. 2021a and
Choudhury ef al. 2021b). Possible advances in optimising gut health with
dietary interventions in the initial weeks of life are becoming increasingly
important and recognised.

Even less is known about microbiota in the first weeks of a piglet’s life in
different intestinal segments. From the available few studies it appears that
the microbiota from digesta in the small intestine, ileum, and jejunum differ
from that of the colon in the early stages of life. Microbial composition from
colon digesta at 4 weeks of age was similar to faecal microbiota with a higher
abundance of Bacteroides, Campylobacter, Helicobacter, Clostridium,
Prevotella, and Streptococcus, whilst ileal and jejunal digesta consisted of
predominantly Proteobacteria, Prevotella, and Lactobacillus. Additionally,
differences were found between digesta and mucosa in same region;
Bacteroides, Campylobacter, Helicobacter, Prevotella, and Roseburia, were
found to be higher in mucosa compared to digesta. However, Lactobacillus,
Clostridium, and Streptococcus were found to be higher in digesta compared
to mucosa. (Mu et al. 2017; Adhikari et al. 2019; Arnaud et al. 2020;
Shrestha et al. 2020; Gryaznova et al. 2022).This may suggest that
microbiota in every niche have a different role and function, however, more
research and knowledge is needed to make any final conclusions.

2.1.4 Gut microbiota at weaning and early post-weaning stage

In most counties weaning occurs at around 3 to 4 weeks of age, when piglets
are still in a development phase and thus vulnerable to stressors that suddenly
take place at weaning. Disruption in gut microbial diversity due to the abrupt
absence of sow milk as the main energy source and radical diet change can
have a negative long-term effect setting the foundation for adult microbiota
development. The pre-weaning microbial population, adapted to a nutrient
source primarily from sow milk is not well suited to utilise polysaccharides
and other plant-based substrates which become the only available nutrient
source at weaning. Post-weaning is often followed by a low voluntary intake
of feed, reducing the microbial diversity and opening the door for
opportunistic pathogens to proliferate, which can lead to diseases such as
PWD (St-Pierre et al. 2023).
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Recently gained knowledge around plasticity of gut microbiota in young
piglets and the possibility of early colonisation with beneficial microbial
species open the gates for further research focusing on gut microbiota around
weaning. Some of the taxa present in faecal samples at weaning are
Prevotella, the most predominant genera, followed by Ruminococcaeae,
Lactobacillus, Alloprevotella, Bacteroides, Echerichia-Shigella, and
Fusobacterium. Firmicutes and Bacteroidetes increase successively with age
(Chen et al. 2017; Cremonesi et al. 2022). Diarrhoea at weaning is
associated with a dysbiotic microbiota.

Piglets with diarrhoea post-weaning have been shown to have an increased
abundance of Campylobacter and E. coli, Fusobacteriaceae, Prevotella spp,
and Bacteroides fragilis whilst the abundance of Lactobacillus and
Muribaculaceae, (previously known as S24-7), Lachnospiraceae, and
Strepotococcaceae were decreased (Gryaznova et al. 2023; Zheng et al.
2023a). Despite some studies not finding any difference in microbiota
between piglets with diarrhoea and healthy piglets pre-weaning (Rydal et al.
2023) others found an increased abundance of Fusobacterium and decreased
abundance of Enterococcus faecium and Bacteroides fragilis in suckling
piglets with diarrhoea (Herman-Bank et al. 2015; De-Witte ef al. 2017; Yang
et al. 2021a).

2.1.5 Short-chain fatty acids in pigs and its function in health

One of the functions of the gut microbiota that benefits the host is the
production of SCFA as a result of microbial metabolism. SCFA are
recognised as potential mediators between gut microbiota and gut tissue, and
are thus potentially crucial for intestinal immune function. Receptors
involved in the regulation and immune response to an inflammation are the
GPCRs, specifically GPR43 that is expressed by enteroendocrine L cells and
activated by acetate and propionate (Macia et al. 2015). SCFA are also
involved in several cellular processes such as cell proliferation, cell
differentiation, gene expression, and chemotaxis. Moreover, SCFA have
been linked to the regulation of several biological functions that maintain
intestinal health through preservation of barrier integrity, mucus production,
and protection against inflammation and regulation of microbial structure in
the gut. The colon has the highest microbial density. Therefore, the highest
concentration of SCFA is also located in the proximal colon where they are
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utilised by enterocytes or transported across the gut epithelium into the
bloodstream. The concentration of SCFA increases with age and is relatively
stable during the early growing stages of life.

SCFA predominantly exist in the intestine as acetate, propionate, and
butyrate in the approximate ratio of 60:20:20, respectively (den Besten ef al.
2013). The proportion of these acids depends on catabolism of different
SCFA producing bacteria. In pigs, acetic acid is mainly produced by
anaerobic bacteria that digest DF, such as Bacteroides spp. and several taxa
within the Firmicutes phylum. It is absorbed by intestinal epithelial cells and
transported via the portal vein to the liver where it is either metabolised or
further released to the peripheral venous system. Among the SCFA, acetic
acid is the most abundant not just in gut lumen but also in the peripheral
circulation. Both animal and human studies have found that acetate has
different effects on tissue, and it is involved in lipid metabolism; it maintains
energy balance, and affects appetite, and immunity. In the brain, acetate is
thought to have an effect on microglial maturation and play a role in the
regulation of metabolic homeostasis (den Besten et al. 2013). Acetate is also
able to pass the blood-brain barrier and can be found in different
concentrations in almost every tissue and fluid in the body. Together with
butyrate it is impertive for the energy supply in colonocytes as well (Frost et
al. 2014). Propionate is another organic acid produced from carbohydrate
metabolism by bacteria such as Bacteroides, Clostridium, and Roseburia. It
benefits the host by inhibiting the growth of harmful bacteria, and is involved
in lipid metabolism and gluconeogenesis (the process that generates glucose
from non-carbohydrate sources) and has a neuroprotective effect. However,
an excessive concentration of propionate has been reported to potentially
lead to dementia and Alzheimer’s disease (Killingsworth et al. 2021)
Propionate can be absorbed by epithelial cells and is further transported via
the portal vein to the liver where it is absorbed by hepatocytes. After acetate,
propionate is the most abundant SCFA found in the portal circulation (Zhang
et al. 2023b). Butyrate is mainly produced by members of the Firmicutes
phylum from Ruminococcaceae and Lachnospiraceae families, and it is
mostly utilised in the intestinal epithelium by colonocytes. It plays an
important role in the maintenance of energy supply in colon cells, restores
the epithelial barrier, and locally suppresses intestinal inflammatory
responses. Butyrate together with propionate regulate division and
proliferation of the large intestinal mucosa (Lange et al. 2023). In
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homeostatic conditions, the colonocyte metabolism consume much oxygen.
Consequently, epithelial hypoxia in colon forms an ideal environment for
fermentation and beneficial anaerobic microbial communities, whilst in
dysbiosis, colon epithelial oxygenation is increased making the environment
more suitable for pathogenic facultative anaerobic bacteria. Butyrate is an
important substrate that helps colonocytes to maintain homeostasis (Litvak
et al. 2018). A low concentration of propionate and butyrate is connected to
certain bowel diseases such as irritable bowel syndrome (IBS) (Pozuelo et
al. 2015). The production of propionate and butyrate by the same bacteria is
not common. Only a few bacteria such as Roseburia inulinivorans and
Coprococcus catus have the ability to produce both propionic and butyric
acid (Louis et al. 2014). There is no “perfect” method or site to measure gut
SCFA concentration, they all only partially provide information. Most of the
SCFA produced in the colon are rapidly absorbed by colonocytes whilst the
remaining part is secreted in faeces. It is estimated that only 5% of the
produced SCFA are left unabsorbed and excreted in faeces (Sakata, 2019).
Some researchers found that the circulating concentration of SCFA best
reflects the consumption of dietary fibres (DF) (Mueller et al. 2020) whereas
others found the faecal concentration to be more accurate (den Besten et al.
2013). Interpretations of the findings in both faeces and blood have their
limits. The process of DF fermentation and absorption is dynamic and
dependent on, among other things, the occurrence of the fermentation, as
different parts of the colon may give different results in faeces. Different
fibre types ferment in different parts of the colon, slow fermentable in the
distal part whilst rapidly fermented DF are fermented in the proximal colon.
Gut transit time along the colon is another factor that can affect the
fermentation and thus also the concentration of SCFA in faeces (Gill et al.
2018).

2.1.6 Short-chain fatty acids and their function in health early in life

Research on microbiota and SCFA and its importance early in life has gained
interest but clear knowledge about microbiota development, SCFA
production, and metabolism in young animals is still largely unclear.

The solid diet has a more prominent role once the suckling period ends. From
the few studies that have been researching SCFA and its effect on pigs early
in life a similar pattern was found (Beaumont et a/. 2021, Nakatani et al.
2018; Li et al. 2018; Lerch et al. 2023).
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Both human and pig studies have reported that during
breastfeeding/suckling, concentrations of acetate, propionate, and butyrate in
circulating blood is lower but increased after or at the end of the lactation
period. A possible explanation may be that during intensive development
early in life enterocytes, as well as other cell tissue and organs, use organic
acids as a source of energy which limits the hepatocytic metabolism.
Conversely, at weaning and post-weaning, the concentration of SCFA
increase in the circulation due to the involvement of SCFA in cell
reinforcement and protection of the gut health. The gut microbial density,
composition, and diversity is lower early in life also directly affects the
microbial production of SCFA. Ultimately, different intestinal microbes will
produce different amounts of SCFAs (van Beets-Schreurs et al. 1998;
Nakatani et al. 2018; Tsukuda et al. 2021).

2.2 Gut-brain axis

Over the past decade, researchers have uncovered evidence of the gut
microbiota not only being the crucial player in the intestinal ecosystem and
digestive health but also playing an important role in shaping the host’s
cognitive processes, mood, and behaviour. It has become evident that host
behaviour can be influenced by the gut microbiota through bidirectional
communication with the brain, a pathway commonly referred to as the
microbiota-gut-brain axis. Research found a clear connection between
normal microbiota and normal brain development and behaviour when
comparing mice with intact microbiota and germ free mice (without any
microbiota brought up in sterile conditions). Germ free mice were more open
to risky behaviour, hyperactivity and anxiety, had social deficits and had
greater difficulty learning and remembering how to navigate different
obstacles than mice with a normal microbiota (Diaz Heijtz et al. 2011;
Luczynski et al. 2016). The MGBA involves close communication between
the central and the enteric nervous systems, the emotional and cognitive
centres of the brain which are connected to peripheral intestinal functions
(Carabotti et al. 2015). A global research trend in the last decade has
remarkably advanced our understanding of the importance of gut microbiota
in gut-brain axis. Studying the communication mode as well as signalling
pathways and the structure is crucial for understanding its role in diseases.
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The production of stress hormones is regulated via the neuroendocrine
system activating two central axis hypothalamus-pituitary-adrenal axis
(HPA) and the sympathetic-adrenal-medullary axis (SAM) (Kanczkowski et
al. 2017). Later studies suggested one additional axis, the gut-brain axis
(GBA) (Carabotti et al. 2015; Foster et al. 2017). That changed the outlook
on the intestinal microbiota and increased interest regarding the role it plays
in control of GBA. Further research established that the microbiota plays one
of the key roles during environmental challenges and the body’s stress
responses. The routes of communication between the gut microbiota and the
brain include gut hormone signalling, the immune system, vagus nerve,
tryptophan metabolism, and microbial metabolites such as SCFA but the
mechanisms are not yet fully elucidated (Tremblay et al. 2021). It is believed
that the gut microbiota contributes to this communication route via hormone-
like metabolites such as stress hormones and neurotransmitters that host cells
use in systemic responses. The same metabolites have an effect on the
proliferation of certain microbes, such as gram-negative pathogens, resulting
in gut microbial dysbiosis (Clarke ef al. 2014; Ahmed et al. 2022). It is a
bidirectional process of communication between the GIT and the brain. On
one side, the brain is sending neural, hormonal, and enzymatic signals to the
GIT lumen to regulate secretion, movement, and transmission. On the other,
signals are being sent from the GIT to the brain, thereby impacting brain
function and regulation. (Ansari ef al. 2023). The importance of microbiota
in regulating the development of the brain and behaviour was prominent in
studies on germ-free mice. Maladaptive stress responses were much more
common with behaviour involving self-harm, persistent chronic stress with
high blood cortisol, aggression, fear, or depression compared to normal mice
(Luczynski et al. 2016; Foster et al. 2017). In pigs, studies found an
association between tail biting and microbiota, another abnormal behaviour
that has severe welfare and financial consequences in the pig industry due to
pain and distress leading to both appetite and weight loss and subsequently
more veterinary treatments or even culling and damaged carcasses. (Rabhi et
al. 2020; Verbeek et al. 2021; Kobek-Kjeldagen et al. 2022). Other studies
linked a disrupted microbiota in pregnant animals to higher aggression levels
in their offspring as well as the possibility of intervention during the early
development and suppressing the aggression level in young animals (Mikami
et al. 2023).
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2.3 The specific prebiotics and probiotics impact on the
gut-brain axis

Data from different studies have indicated beneficial modulation of the brain
by different probiotics and prebiotics via the gut-brain axis. The impact of
prebiotics and probiotics on the brain seems to be of a dual nature, both
directly and by balancing the gut microbiota. The mode of action may be by
directly influencing the gut epithelium and signalling via the enteric nerve
system and the vagus nerve. It can also be through modification of the gut
microbiota leading to a shift in metabolites, for example, SCFA or other
metabolites linked to tryptophan metabolism, gamma-aminobutyric acid
(GABA), serotonin, and dopamine (Liu et al. 2015; Ansari et al. 2023).
Dietary fibres may impact brain function via the gut microbiota composition
and SCFA. In human studies, a clear relationship between the consumption
of DFs and better cognitive performance has been detected (Smith et al.
2010; Defeyter et al. 2013; Kennedy et al. 2020; Hu et al. 2022). Similar
results were detected in studies on mice (Shi et al. 2020; Zhang et al. 2023).
SCFA produced by the microbiota fermentation of DF appears to have a role
in the gut-brain axis by impacting the blood-brain barrier integrity, regulating
neurotransmission, and improving brain memory (Silva et al. 2020; Hart et
al. 2024).

Certain lactobacilli may also influence the brain and regulate behaviour
(Bravo et al. 2011; Casertano et al. 2024). Some probiotic strains such as L.
plantarum and L. reuteri have been found capable of decreasing the amount
of stress hormones such a cortisol and reducing the levels of pro-
inflammatory cytokines, via the gut-brain axis, thereby reducing stress and
anxiety in humans (Lew et al. 2019; Xie ef al. 2020). Similar results were
reported in studies on pigs (Konig er al. 2024; Verbeek et al. 2021). Other
studies found a connection between the abundance of different bacteria
within the faeces, such as Acidaminococcaceae, Fusobacteriaceae,
Porphyromonadaceae, Rikenellaceae , Enterobacteriaceae , Lactobacillus
and stress-induced behaviour, mental disorders, and cognitive abilities (Jiang
et al. 2015; Lew et al. 2019; Konig et al. 2024).
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2.3.1  Microbiota gut-brain axis, interventions early in life

The gut microbiota may play a key role in immune activation, metabolism,
brain development, and behaviour via the gut-brain axis early in life, opening
up the possibility for better-developed postnatal MGBA. Early life
interventions have the prospect of boosting the rapid parallel developmental
maturation of the brain at an early age to get ensure established
communication paths later in life. This may be essential during periods when
different stressors, such as weaning, perturb microbial composition and
challenge immune responses. A study on mice found abnormal brain
development later in life when young animals experienced stress. Elevated
stress caused behavioural abnormalities, anxiety, decreased memory, and
increased corticosterone secretion (Ueno et al. 2018). Another study on mice
showed the possibility of changing and modulating the behaviour early in
life when germ-free mice were exposed to the microbiota of conventional
mice early in life which reversed the behaviour of germ-free mice via the
modulation of gut microbiota (Diaz Heijtz et al. 2011).

Research from the last decade has revealed the ability of probiotics to
influence central neuronal processes such as neurogenesis, neuro-
inflammation, and expression of neuropeptides, as well as neuro-
transmission and behaviour. This has opened the possibility to treat various
disorders by targeting the gut microbiota at early age (Jena et al. 2020).
Microbiota interventions during this early stage of development may help
ease stress-related behaviours that cause injury and pain in pigs. Along with
environmental improvements more adequately meet piglets’ needs,
microbiota modulations can contribute to lowering overall stress levels. The
potential of probiotic supplementation with different Lactobacillus strains
has been detected in different studies in young humans, mice, and pigs. The
impact on the brain and behaviour has been observed during the first weeks
(or months in humans) of life whilst the gut microbes were improving barrier
function and stress induced inflammation demonstrating the bidirectional
function of the MGBA (Verbeek et al. 2021; Zhou et al. 2022a; Sabit et al.
2023; Ansari et al. 2023; Mikami et al. 2023). At present, most research on
MGBA has been performed on rodent animal models with a different
developmental trajectory than pigs. Pigs are also a more suitable animal
model for humans due to their more comparable anatomy and physiology
(Walters et al. 2013).
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Gaining a better understanding of the MGBA and its pathways may be
another tool to tackle challenges within pigs’ production that impact animal
welfare and health.
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3. Aim and Objectives

Dietary interventions early in a piglet’s life became a focus of research
interest following the issues related to overuse of antibiotics, the ban of
antibiotics as growth promotors, and the ban for all veterinary medical
products containing zinc oxide. Certain feed supplements have the potential
to improve gut health and stimulate early development of piglets’ microbiota.
This can lead to a richer, diverse, and mature microbiota that is sufficiently
prepared for utilisation of a post-weaning diet and stronger and more resilient
piglets. Thus, different early dietary interventions may be crucial in
preventing diseases such as PWD, one of the major economic and welfare
problems that affects pig production.

The overall aim of this thesis was to evaluate the possible effects of early
nutritional interventions in piglets during the suckling period and its impact
on the development of microbiota and short-chain fatty acids, along with the
role it plays in the microbiota-gut-brain axis.

Specific objectives of the work in Papers I-11I were to:

» Determine the effects of B-glucan supplementation during the
suckling period on microbiota development and SCFA production
(Paper I)

» Evaluate the effects of a mixture of two lactobacilli, L. reuteri and
L. plantarum, orally supplemented to piglets during the suckling
period on gut microbiota and SCFA production at the end of suckling
period and shortly after weaning (Paper II)

» Investigate the association between the microbiota and SCFA and
how these link to pig behaviour i.e. the microbiota-gut-brain axis in
piglets supplemented with B-glucan during the suckling period
(Paper III)
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4. Material and methods

Detailed information on the materials and methods applied in Papers I-1I1
can be found in the individual papers. All animals were housed at the
Swedish Livestock Research Centre at Lovsta in Uppsala, Sweden.

4.1 Experimental design

The studies reported in Papers I-IIl were all performed with piglets
supplemented with B-glucan or L. reuteri and L. plantarum and control
animals.

Throughout the studies,blood and rectal swab samples were obtained
together with different behavioural observations and tests. Pre-post-mortem
sampling of blood and intestinal content was performed for selected animals
from both the treated and control groups. An overview of the study design
is illustrated in figures 3 and 4. The behaviours registered in the study are
summarised in Table 1.

49



Supplement

Paper Il

dis]

I Oat B-glucan

(Lp}

I Oat P-glucan

3 times/ weeks (w), from day 7 toweaning

Supplementation
LP—:E“"" (35days)

3 times/ weeks , from day 7 to weaning

‘ (35 days)

3 times/ weeks , from day 7 to weaning

(35days|

Dosage of supplement > Amg/kg Lp 2¢10°25x107 colony forming units (cfu) 40mg/kg
‘ g i body weight Lr Bx10743x107 efu bodyweight
‘ Material sampled >| Rectal swab Blood jugularvein | [ Rectat swab Bloodjugularvein | | Rectalswab Bloodjugulariein
| Peried of sampling >| 1wtodw | [ 1w, 3w, dw ] | Awtobw ] [ Awtobw | I aw ] [ aw

o inal content o inal content
Pre-post-mortem {ileum, colon) Blood (ileurn, calon) Blood
Sampling o Mucosal scrapings © Jugularvein o Mucosal scrapings o Jugularvein
{ileum, colon) o Portalvein (ilewm, colon) o Portalvein

(at week 5 of age)

o Gut tissue samples

Analyses >

o Microbiota
@ SCFA digesta
o Histology

o Gut tissue samples

o Microbiota
o Histology

Figure 3. The schematic diagram of the experimental design in Papers I-III
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Figure 4. The schematic diagram of the experimental design of the behavioural part of
the study in Paper III

Table 1. Ethogram used for scan sampling outside the home pen.

Behaviour Definition
Eating concentrates Pig’s mouth inside the feeder
Exploring Snout movements along the floor and into the substrate,

often making chewing movements

Affiliate Sum of touch, play, and social play

behaviours

Agonistic Sum of pushing, head knocks, levering, parallel
behaviours pressing, fighting, tail-related behaviour, ear biting,

other biting, belly nosing

Nursing behaviour Sum of suckling and teat directed behaviour
Locomotion Sum of running and walking
Standing All four hooves are on the pen floor, no movement
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4.2 The piglets included in experiments

The piglets used in all experiments (Papers I-III) were of Hampshire x
Yorkshire breed. A total number of 50 animals (Paper I) from five litters, 70
(Paper II) from seven litters, and 60 (Paper III) from six litters, respectively,
were included in the experiments. In Papers I and III, the same 50 animals
were included in both experiments; however, in Paper III an additional litter
of 10 piglets was included. All piglets were healthy, with no record of severe
diarrhoea that required treatment. In the case of infectious arthritis during
suckling, animals treated with antimicrobial drugs were excluded from the
experiment. Animals selected for each respective experiment were balanced
for the body weight and sex in each treatment group. Mean birth body weight
at the start of the experimentin Paper I was 1.85 (B-glucan) and 1.86 kg
(control), in Paper II 1.62 (probiotic) and 1.67 (control), and lastly in Paper
II 1.83 kg (B-glucan) and 1.83 kg (control). Aside from the provided
supplementation, the piglets were housed and managed according to regular
routines and conditions at the farm. All piglets had ad libitum access to water.
Creep feed was offered during the suckling period, from 5 days of age. The
experiments were conducted at the Swedish Livestock Research Centre
Lovsta, Uppsala. The farm is certified as Specific Pathogen Free (SPF).

4.3 The piglets included in experiments

The dietary supplements used in all three papers were formulated and
produced at Swedish University of Agricultural Sciences (SLU) in Uppsala,
Sweden.

Papers [ and I1I

The oat bran BG28 used in the first and third experiment (Papers I and III)
contained 28% of soluble B- glucan with a molecular weight 2000 kDa and
a total of 52 g/100 g dietary fibre. Five piglets from each litter were fed with
freshly prepared oat - glucan paste (oat - glucan powder mixed with water)
orally via disposable syringes (Figure 5). The remaining five piglets in each

52



litter received water as a control, supplemented in the same manner as
described above. Administration of f-glucans to piglets commenced at seven
days of age, thrice a week until weaning at day 35 of age. Each supplement
dose contained 40mg of - glucan per kg body weight.

Paper I

The supplement applied in the second experiment was a mixture of two
bacterial strains: L. reuteri ATCC-PTA-6475 and L. plantarum L1-6. Each
supplement contained a dose of 8x107+3x107 colony forming units (CFU) of
L. reuteri and 2x10°+5x107 CFU of L. plantarum. The mixture was made of
an aliquot of 100 pl of each bacterial strain mixed with 20 pl caramel colour
and 80 pl water (Figure 5). Syringes filled with 300 pl of a freshly made
mixture of bacteria (described above) were retained on ice until
administration. Ten piglets were selected from each litter and five were
supplemented orally with the mixture of Lactic Acid Bacteria (LAB)
probiotic, whist the remaining five received an oral control supplement
consisting of the same liquid formula but without any bacteria.
Supplementation of piglets started from day three of age until weaning at 35
days of age.
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Figure 5. Illustration of the preparation and administration of the supplement used in
Papers I-I1I. Letters correspond to different steps performed to prepare supplements in
all three papers. Papers I and III: The oat B- glucan supplement was prepared by weighing
(A), making a paste by mixing it with water (B), filling the syringe with the paste (C),
and the paste was then orally administrated (D). The probiotic supplement in Paper II
was prepared by mixing caramel colour and water (E) with aliquots of L. reuteri and L.
plantarum (F), filling syringes with the mixture (G), and orally administering it to the
piglets (H).

4.4 Sampling

Sampling for both the supplemented piglets and the controls was conducted
at approximately the same time.

441 Rectal swab sampling (Papers I-l1I)

In Paper I, rectal swab samples for microbiota composition were collected
weekly from week 1 to 4 from 20 piglets, four piglets per litter and two from
each treatment group, balanced as much as possible for sex and birth weight.
In Paper I, rectal swab samples were collected from 46 animals, 23 from the
probiotic group and 23 from the control group at week 4, during suckling,
and at week 6, in the early post-weaning phase. In Paper III rectal swab
samples were collected at 4 weeks of age from 16 animals supplemented with
oat - glucan and 20 controls. All three studies' samples were kept on ice and
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stored shortly after arriving at SLU in a freezer at -80°C until further
analysis.

Although most studies on pigs use faecal samples for gut microbiota
analyses, in the present experiments rectal swab samples were obtained
instead. Due to a limited time for sampling, considering that blood sampling
was completed at the same time, rectal swabs were more suitable. Rectal
swabs are a good alternative to faecal samples and no significant differences
were found in alpha and B- diversity when swab and faecal samples were
compared (Radhakrishnan et al. 2023). Moreover, studies have concluded
that storage conditions did not alter the gut microbiota results when
microbiota from stool samples was compared between samples stored at 4
°C or -20 °C and those immediately stored at -80 °C (Bassis ef al. 2017).

4.4.2 Post-mortem intestinal sampling (Papers I-II)

In Paper I, one piglet from each treatment and litter was euthanised one day
before weaning for post-mortem sampling, meaning that a total of 10 piglets
were euthanised. Digesta and mucosal scraping samples were obtained from
the central colon, and mucosal scraping were also obtained from the distal
part of the ileum. The collected samples were immediately snap-frozen in
liquid nitrogen and stored at -80 °C until analysis. Additionally, tissue
samples were obtained from the ileum and colon, and fixed in 10% formalin
for further histology analyses. A similar post-mortem sampling was
performed in Paper 11, with sampling from one pig per treatment and litter,
in total 14 piglets. Intestinal samples were collected from the distal ileum
and proximal colon, approximately 50 cm, before and after cecum. The
tissue samples were fixed for 24 hours in Carnoy’s solution. Both of the
fixatives used in the two studies are suitable for preservation of intestinal
tissue for histology analysis. However, Carnoys’s solution was more suitable
for the preparation of the mucus layer and analysis of the barrier function
(Blick et al. 2019) which was initally planned at the time of sampling but
ultimately not included in Paper II. Animals in both experiments were
balanced for sex and body weight as much as possible.
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4.4.3 Blood sampling

To avoid placing any additional unnecessary stress on the animals, blood
sampling was usually collected in connection to the the rectal swabs. In the
first experiment (Paper I) blood samples from the jugular vein were obtained
in weeks 1, 3, and 4. In the second experiment (Paper II) blood samples were
taken at week 4 and 6 of age. In Paper III, blood samples were obtained at 4
weeks of age. All samples were placed on ice immediately after sampling
and kept on ice until arriving at SLU where they were centrifuged for
collection of blood plasma, which was then aliquot, and subsequently stored
in a freezer at -80°C. Studies have concluded that the condition of blood
samples cooled on ice before centrifuging will not significantly change the
test results for the analyses performed in Papers I-I11 (Tobias ef al. 2016).

4.4.4 Pre-mortem blood sampling Papers | and Il

In Papers I and II blood samples were obtained from the jugular vein from
all 10 animals , respectively, from 14 animals under anesthesia. Access to
the portal vein blood was not always achievable due to a rupture of the vein
causing a high tendency of quick blood coagulation. Portal vein blood
samples were successfully obtained from 9 animals in Paper I, 5 from the [3-
glucan group and 4 from the control group. In Paper II, portal vein samples
were obtained from 10 animals, 6 from the control group and 4 from the
probiotic treatment group. The blood samples were kept on ice until the
sampling procedure was completed, and the samples were then centrifuged
and plasma was stored in a freezer at -80°C until analyses.

4.4.5 Behavioural observations

In Paper I1I, several behavioural observations were performed. Behaviour in
the home pen was observed as a baseline behaviour at 20, 34, 41, 48, and 55
days of age. A t-maze test, assessing spatial learning, memory, and decision-
making, was performed between day 59 and 84 on 20 piglets from the p-
glucan supplemented group and 24 piglets from the control group. Piglets
were trained to find a food reward in one of the arms and were given 60
seconds to choose between the east and west arms (Figure 6A). After, they
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were assessed on a reversal learning test. In the novel object test piglets were
tested for fear responses after the t-maze test was finished, at around day 86
of age (Figure 6B).
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Figure 6. Schematic diagram showing the T-maze used to examine learning and memory
in pigs supplemented with oat B- glucan (A), schematic diagram of the T-maze with
umbrella used in a novel object test to examine fear responses (B).

4.5 Analyses

4.5.1 Microbiota

In Papers I and III, DNA extraction and PCR amplification of the V3-V4
regions of the 16S rRNA gene were performed at SLU. Samples were pooled
in equimolar amounts and sent to ScilLifeLab in Stockholm, Sweden for
[Nlumina MiSeq sequencing. In Paper II, the V3-V4 16S rRNA gene PCR
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amplicons were generated and sequenced on the Illumina platform using a
NovaSeq 6000 system at Novogene in Beijing, China.

4.5.2 Short-chain fatty acids

In Paper I, SCFAs were analysed in both plasma and digesta, whereas in
Papers II and III only SCFA in plasma was analysed. The concentration of
SCFAs was determined using a liquid chromatography-mass spectrometry
method (Fristedt et al. 2024). This method is accurate and highly sensitive,
and can detect a wide range of concentrations (0.2-200pM) making it
suitable for both plasma and rectal swab samples (Qian et al. 2006; Mayo-
Martinez et al. 2024).

4.5.3 Weight gain and intestinal tissue histology analysis

In Papers I-111, animal growth was analysed from birth to nine weeks of age.
This was completed by weighing the animals on a weekly basis.
Additionally, the average daily weight gain (ADG) was calculated for all
animals in Papers I and II. For histological analyses, microscopy image
analysis was used to view and measure gut and mucosal thickness, villi
heights, crypt depths, and thickness of muscularis externa in Papers I and II.

4.5.4 Behavioural observations, home pen, T-maze test, and novel
object test

In Paper 111, different behavioural tests were analysed. Live observations
were conducted from outside the home pen, using the behavioural recording
program Mangold Interact. Scan sampling was conducted for six hours at 5
dates, 60 scans per piglet, two dates before weaning and three dates after
weaning. Additionally, certain behaviours were summed into a final
ethogram for easier categorisation and inventory.

The T-maze test analysed learning and memory, whilst the novel object test
assessed fear responses using an ethogram. The time spent in the arms
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finding the reward food, time spent exploring the umbrella, and the
occurrence and frequency of behavioural elements were analysed.

455 Statistical analysis

Univariate and multivariate approaches were used to assess the effects of
treatments. Data was analysed using statistical software PAST and R as well
as R studio version 4.2.1. In Paper I, multivariate analyses were performed
with PAST software, version 4.04, to determine the microbial composition
and relative abundance data from all OTUs using principal coordinate
analysis (PCoA) based on the Bray-Curtis dissimilarity index. Clustering
patterns were validated by analysis on similarity (ANOSIM) based on 9999
permutations. The linear mixed model package Ime4 and ImerTest were used
(Bates et al. 2015, Kuznetsova et al. 2017) with treatment, sex, age, and their
interactions as fixed effects and piglet ID nested within litter as a random
effect to analyse the relative abundance of the five most abundant phyla and
10 most abundant genera, alpha diversity, SCFAs, and weight data. All data
met normality assumptions after applying a log transformation and removing
outliers greater than 2.5 units. Post-hoc Turkey HSD test was used for
pairwise comparison, and correlations between microbiota and SCFA plasma
concentration were analysed with linear Pearson correlations. A T-test was
performed to determine the effect of supplements on samples taken from
euthanised animals.

In Paper II, a similar approach was used but all data was analysed with R,
version 4.2.1. Multivariate analysis detected microbial composition and
relative abundance from OTU data with PCoA based on Bray-Curtis
distance. ANOSIM test based on 9999 permutations analysed clustering
patterns. A linear mixed model approach was performed to assess the effect
of treatments on the ten most abundant genera, alpha diversity, SCFAs,
weight, and ADG data and samples from euthanised animals.

In Paper III, PAST software performed a principal component analysis
(PCA) to explore the effects of the supplement on microbiota, SCFA, and
their correlation with the behaviour data. Correlations were further assessed
with Spearman rank correlation coefficient. Scan samples, learning and
memory, and novel object data were analysed by linear mixed model in R.
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5. Main Results

The main results obtained from Papers I-III are described briefly below. A
more detailed description of the results can be found in the individual papers.

5.1 General outcome of supplementing piglets with
specific pre-probiotics

The dietary supplements did not lead to any significant changes in overall
gut microbiota, SCFA production, weight, or histological measurement. In
Paper I, an age effect was prominent for all evaluated parameters. However,
certain effects of treatment were detected in Paper II. Microbiota
composition in the ileum and colon was affected by the probiotic
supplement. Several correlations between microbiota and SCFAs were also
found in Papers I-11, as well as correlations between microbiota, SCFA, and
behaviour data in Paper III. Sex and litter effects were significant across all
three papers.

5.2 Gut microbiota in Papers | and |l

In Paper I, supplementation with oat - glucan did not impact microbiota
development. However, a change in gut microbiota composition with age
was present in all treatments. Development of microbiota (swab samples)
gradually changed to more a “mature” composition in the third and fourth
week, i.e. more similar to composition known from literature after weaning,
with a higher relative abundance of Prevotella spp. (Amat et al. 2020).
Escherichia, Lactobacillus, and Bacteroides were dominating taxa
throughout the experiment but Lactobacillus and Bacteroides decreased
significantly with age whilst Prevotella gradually increased throughout the
suckling period in Paper 1. In Paper II, the rectal swab samples taken at 4 and
6 weeks of age did not show any treatment effects. The difference in the
microbiota composition was predominantly age-related. Escherichia
dominated, followed by Bacteroides, Lactobacillus, and Prevotella.
Prevotella spp. in Paper 1l followed a similar pattern to Paper I with an
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increased abundance with higher age. Lactobacillus also increased with age
and was higher in week 6 compared to week 4 of age but with no difference
in abundance linked to the treatment. The microbial composition differed
significantly between colon and ileum in Paper II. The Shannon diversity
index was lower in ileum mucosa than in colon digesta, but no differences
were found between colon mucosa and ileum mucosa. However, the species
richness was higher in ileum mucosa compared to both colon digesta and
mucosa. The probiotic supplement had an effect on the abundance of some
microbial taxa in ileum. The abundance of Bacteroides was lower in ileum
mucosa in the probiotic group than ileum mucosa in the control group. In the
probiotic group, there was also a difference in the abundance of Bacteroides
between sample types (mucosa vs digesta). Moreover, the relative abundance
was higher in ileum mucosa compared to both colon mucosa and digesta in
probiotic group. The abundance of Prevotella 2 was higher in ileum mucosa
in the probiotic group of piglets when compared to the control group.
Lachnospiraceae NK4136 was more abundant in the probiotic group than
the control group in all three sample types (ileum mucosa, colon mucosa, and
digesta).

Although individual differences were present in microbiota composition
between animals in both Papers I and 11, a clear clustering pattern based on
litter was observed in both studies (Figure 7).
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Figure 7. Principal coordinate analysis (PCoA) plots based on Bray-Curtis dissimilarities
showing the clustering pattern of the microbiota. Panel A shows the plot with a separation
in microbiota composition in different litters at 4 weeks of age in piglets in - glucan
(Papers I and III) (A) and the probiotic study (Paper II) (B). Each colour represents a
different litter.
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To assess any possible differences between the two studied treatments on
microbiota development, the relative abundance of the most dominating taxa
from rectal swabs at four weeks of age was compared in this thesis (Figure
8). Although large individual differences were present in both studies, when
relative abundance was compared between the two studies, microbial taxa
were similar, quite consistent, and not supplement-dependent. However,
Escherichia was more abundant in the probiotic study, whilst Prevotella was
more dominant in the B-glucan study.
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Figure 8. The relative abundance of the 4 most abundant genera in rectal swabs in both
the B- glucan (BG) and probiotic (PRO) experiment at 4 weeks of age. Line within boxes
marks the median and X marks the mean. Whiskers show samples within the 1.5
interquartile range whilst dots outside whiskers represent outliers.
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5.3 Short-chain fatty acids in Papers | and Il

SCFA concentration was measured in both plasma and colon digesta in Paper
I. Acetic acid concentration in plasma was lower in pigs supplemented with
B- glucan (p < 0.05) than pigs in the control group. All SCFA were influenced
by age and gradually increased, except for succinic and formic acids.
Propionic acid had the highest concentration in week 3 of the 4 week
experiment. The concentration of SCFA in colon digesta and plasma samples
taken from euthanised animals showed no effect of the treatment. The SCFA
concentrations were higher in plasma taken from portal vein blood samples
compared to jugular vein blood samples and colon digesta samples. Portal
vein blood samples and digested samples were more comparable than jugular
vein samples, indicating that SCFA were likely metabolised in the liver. The
SCFA concentrations were lower in the jugular vein. (Figure 9).
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Figure 9. Mean concentration (umol/L) of SCFAs from plasma and digesta from five
piglets in the supplemented group and five piglets in the control group in Paper I, BG
indicates - glucan supplemented group, CON indicates control.
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In Paper II, SCFA concentration was measured in plasma and displayed
findings similar to Paper I, as it was mainly affected by age rather than
treatment. Propionic acid showed an interaction between the probiotic
supplement and age, where the concentration was higher in the probiotic
group (p <0.05) of animals in week 4 when compared with the control group.
All SCFA increased with age with higher concentrations after weaning
compared to before weaning. In week 5, at weaning, plasma samples from
the jugular vein were taken from euthanised animals, and the probiotic
supplement was associated with lower concentration of caproic acid.

The concentration of acetic, propionic, and butyric acid comparison was
examined from jugular vein samples at 4 weeks of age to investigate a
possible influence of the supplements on the SCFA concentrations (Figure
10). Treatment comparisons revealed certain numerical differences in the
SCFA concentrations. However, no statistical analysis was conducted to
determine if this difference was significant. Butyric acid was highest in the
BG supplemented group compared to the other groups. Propionic acid was
lower in the probiotic group compared to the B-glucan group, whereas the
opposite pattern was observed for acetic acid, which was somewhat higher
in the probiotic group. The SCFA concentration was higher in the portal vein
than in the jugular vein in both experiments (Figure 11).
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Figure 10. Boxplot showing the concentration (umol/L) of acetic, propionic, and butyric
acid taken from jugular vein samples at 4 weeks of age from piglets supplemented with
- glucan and probiotic treatment. BG indicates - glucan supplemented group, CON is
for control, and PRO indicates probiotic supplemented group. The line within the boxes
marks the median. Whiskers show samples within the 1.5 interquartile range, whilst dots
outside whiskers represent outliers.
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Figure 11. The concentration (umol/L) of acetic, butyric, and propionic acid from portal
vein (A) and from jugular vein (B) taken in both experiments from euthanised animals.
BG indicates B- glucan supplemented group, CON is for control, and PRO indicates
probiotic supplemented group. The line within the boxes marks the median. Whiskers
show samples within the 1.5 interquartile range whilst dots outside whiskers represent
outliers.

5.3.1 Correlations between bacterial taxa and SCFA in Papers | and Il

There were correlations among the 10 most abundant bacterial taxa and
SCFA in plasma in both Papers I and II. In Paper I, correlations followed the
microbiota age development. Lactobacillus and Bacteroides decreased in
abundance as age increased and were thus negatively correlated with acetic
and propionic acid that had increased concentrations in plasma with older
age. On the contrary, Prevotella increased with age and was positively
correlated with acetic, butyric and valeric acid. In Paper II, correlations were
different at week 4 before weaning and week 6 after weaning. Before
weaning the strongest correlations were found between Prevotella 2 and
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several SCFA, however, after weaning a strong positive correlation was
found between Bacteroides and formic acid, as well as both positive and
negative correlations between SCFA and different Prevotella species.

To observe the possible influence of two different supplements on
correlations between microbiota and SCFA, and identify possible
generalisable patterns, a comparison was made for correlating SCFA and
bacteria at week 4 of age. Prevotella spp. was positively correlated in both
studies with acetic acid. The supplement containing p-glucan revealed
several positive and negative correlations between different SCFA and
bacteria at week 4 of age (Figure 12). However, the probiotic supplement
showed positive correlations with several SCFAs at week 4 with just one
bacteria, Prevotella 2 (Figure 12).

Paper | Paper Il
Formic acid < Prevotella —+ Acetic acid «Prevotella 2 —
(R=-0.31) 4 4
Acetic acid *+ Lactobacillus — Succinic ac Prevotella 2 —+
(R=-0.46) =0.3
Propionic acid <= Bacteroides —,. Acetic acid < Prevotella 2
(R=-0.35) (R=-0.34)

Escherichia —* Caproic acid Prevotella 2 —*

o Negative correlations

Figure 12. The correlations between the most abundant bacterial taxa from rectal swab
samples and SCFA in plasma samples at 4 weeks of age in Papers I and II.

5.4 Growth performance and histology of intestinal
tissue samples

In studies I and II, no differences were found in weight gain between
supplemented piglets and controls. ADG did not reveal statistical differences
in any of the studies between the two groups linked to the supplement.
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However, certain numerical differences in ADG measurements were found
in Paper II from week 6 to week 9 where the probiotic group had higher ADG
compared to controls.

In Paper I, histological analysis of ileum and colon tissue samples did not
reveal any effects of treatment on any of the measured parameters; however,
in Paper II, total gut thickness in ileum was higher in the control group than
in the probiotic group.

5.5 Associations between the gut microbiota and
behaviour

In Paper III, the B-glucan supplement did not affect behaviours such as
eating, exploring, nursing, learning, and memory. The novel object test for
assessing fear did not reveal any differences between the treatment and
control piglets. However, affiliative behaviours including playfulness, social
bonding, and touching each other playfully was noted less in the f-glucan
supplemented group than the control group. Additionally, the B-group of
piglets demonstrated lower performance in reversal learning compared to the
control group.

Furthermore, several correlations were found between microbiota, SCFA,
and behaviours. Exploring, standing, and locomotion displayed several
significant correlations to microbiota abundance and the SCFA
concentrations. For example, Ruminococcaceae spp. was negatively
correlated to exploring behaviour and standing in week 5, whilst a negative
correlation was found with locomotion and standing in week 7.
Fusobacterium showed a positive correlation with locomotion and standing
at week 7 and a positive correlation with exploring at week 5.
Lachnospiraceae was negatively correlated with exploring behaviour at
week 5 and standing behaviour at both weeks 5 and 7. Further, Chao-1
community richness index was negatively correlated to behavioural
variables, exploring at week 5, and locomotion and standing at week 7.
Concentration of formic acid revealed a negative correlation to locomotor
behaviour and exploring at week 7 of age.
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6. General discussion

This thesis explored the influence of early-life supplementation of specific
probiotics and prebiotics on intestinal microbiota and SCFA in piglets.
Moreover, it studied the impact of several behavioural parameters and
examined if there were associations between the microbiota, SCFA, and
behaviours that could indicate an impact via the gut-brain axis.

Neither the B-glucan nor the probiotic supplement significantly impacted
overall gut microbiota, SCFA production, weight, or histological
measurements. However, specific gut segments showed microbial changes
in Papers Il and III, with correlations found between specific bacteria and
behaviours. Additionally, the P-glucan supplement had an effect on
cognition.

It is important to highlight the challenges and difficulties among the results
in this thesis compared to previous studies and the inconsistencies within the
literature. Firstly, there is a lack of knowledge as a limited number of studies
have focused on the effects of supplements during the suckling period on the
GIT, and the gut microbiota and its metabolites. Additionally, there are
minimal studies on how prebiotic supplements influence early-life behaviour
in pigs. Although more studies have addressed the topic in the last couple of
years, many research gaps remain. General knowledge of the developmental
stages of the GIT, morphology, and the piglet’s ability to utilise feed in those
first weeks of life is not consistent within the literature, and data is, at times,
conflicting, likely because of differences in age, breed, and diets, housing
conditions, and analytical and statistical methodologies. Secondly, different
weaning ages are used in different research studies, ranging from 21-28 in
some studies to 35 days in the present studies. The comparison was primarily
made, especially in Papers I and II, with published papers that used already
weaned piglets that were around the same age as the piglets in the present
studies. The differences in outcome between the studies and other published
papers may be explained by the intensive development of the GIT microbiota
and the plasticity of the developing brain in the first weeks of a piglet’s life.
Further, the differences in microbiota between suckling piglets and post-
weaned piglets fed solid plant-based feed may also explain some of the
differences. There were also some general differences in the methodology
of obtained SCFAs. In the present studies, SCFA concentration was obtained
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from blood plasma samples, whereas the vast majority of other studies
analysed only the concentration of SCFA from faecal samples. Comparing
these is challenging as they represent different biological contexts and serve
various purposes.

6.1 Gut microbiota

6.1.1 Oat B-glucan effects on the gut microbiota

The role of oat B- glucan on the gut health of suckling piglets has not been
investigated to a large extent. In Paper I, the results showed that intestinal
microbiota composition was not affected by the oat B- glucan supplement.
Other published studies reported significant variabilities in the results of the
effects of oat B- glucans on the bacterial composition both pre- and post-
weaning. One study reported an increase in the abundance of
Bifidobacterium spp and Lactobacillus spp in the colon and stomach (Choi
et al. 2023). Another study reported a decreased number of Lactobacillus
and an increased total number of y-Proteobacteria in colon digesta when
suckling piglets were fed oat hulls (van Hess ef al. 2023). A different study
found that oat B- glucan in weaned piglets decreased the abundance of
Bifidobacterium in ileum digesta (Wu et al. 2018). Conversely, findings from
another study showed that the number of Lactobacillus spp. and
Bifidobacterium spp. increased in colon digesta, whereas the abundance of
clostridia cluster XIVa in colon digesta decreased in weaned piglets fed with
oat B-glucan enriched with calcium phosphate (Metzler-Zebeli ef al. 2011).
These inconsistencies make it difficult to assess the impact of oat B- glucan
on microbiota composition and draw any final conclusions. Interestingly,
the study by Metzler-Zebeli (2011) showed an increased number of several
bacteria in digesta from the stomach such as Lactobacillus spp.,
Streptococcus spp., clostridia clusters I and XIVa, the Bacteroides—
Prevotella— Porphyromonas group, and Enterobacteriaceae. These findings
highlight that B-glucan supplement may enhance microbiota already present
in the stomach of weaned pigs (Metzler-Zebeli ef al. 2011). In comparison,
the samples in Paper I were not collected from the stomach, therefore no
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information and insights can be provided regarding the impact of oat -
glucans on the microbiota in the stomach. However, the ileum and colon
digesta samples did not show similar differences. The oat B- glucans
supplement did not seem to have a significant and measurable impact on
microbiota development, nor did the rectal swab samples show any direct
effects of the supplement on the microbiota composition.

A reason for the inconsistency in results between studies may be due to the
purity of the offered product, and the variation in processing methods and
extraction techniques that effect the size of polysaccharide chains and thus
the molecular weight of B-glucans and the functionality of oat B-glucans
(Hakkola et al. 2021). The molecular weight of oat B-glucan is reported to
be between 65-3100kDa (Du ef al. 2019). A lower molecular weight of -
glucans makes them more fermentable by the gut microbiota. Indeed, studies
on mice have shown an enhanced enrichment of bacteria such as
Bacteroides, Prevotella, and Bifidobacterium that thrive on more soluble
fibres with lower molecular weight (Luo et al. 2017; Cronin et al. 2021).
This may provide short-term benefits in modulating microbiota but may also
reduce microbial diversity over time due to the domination of bacterial
species that have easy access to rapid and easily metabolised substrate.
However, oat B-glucans with lower molecular weight did not show consistent
responses on the gut microbiota in pigs in previously published studies. In
one study, the Bacteroides decreased in faecal samples (Metzler-Zebeli ef al.
2010) and Bifidobacterium increased in the ileum and colon in the early
growing phasein pigs (Reilly ef al. 2010) and decreased in the ileum in
weaned pigs (Wu et al. 2018). This highlights that soluble dietary fibres with
low molecular weight, although important nutrients, may have different
implications for gastrointestinal health. However, it is also important to
consider that during the early period of a piglet’s life soluble fibre with low
molecular weight may not be the optimal choice due to insufficient support
for fibre degrading bacteria that are essential for the transition towards a
mature gut microbiota (Mahmud ef al. 2023). It may also exacerbate PWD
in piglets due to the limiting water absorption, which can lead to increased
water content in the intestinal lumen and cause higher diarrhoea rates and
impaired feed digestibility (Canibe et al. 2022; Huang et al. 2022c).

In contrast, the higher molecular weight of B-glucans that was utilised in
Paper 1 (2000 kDa) is expected to increase the viscosity of digesta and
contribute to slowing down the gastric emptying, fermentation, and nutrient
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absorption. Together, this is suggested to positively impact long-term gut
health, providing a gradual and sustained energy source for a wider range of
fibre-degrading bacteria and increasing the microbial diversity in pigs
(Guang et al. 2022; Sushytskyi et al. 2023). Several mouse studies have
found associations between improved gut health and enhanced gut barrier
protection and an increased abundance of bacteria such as Ruminococcaceae
and Lachnospiraceae when oat - glucans with higher molecular weights
were supplemented (Jaeger et al. 2024; Cheng et al. 2021; Guzowska et al.
2024). In weaned pigs, some studies found an enrichment of
Ruminococcaceae (Murphy et al. 2012), whilst others found that the
abundance of Faecalibacterium had decreased after oat f-glucan supplement
was administered (Korczak ef al. 2020).

The gut microbiota composition in rectal swabs in both supplemented and
un-supplemented groups in Paper I was dominated by Escherichia,
Bacteroides, Prevotella, and Lactobacillus. These particular microbiota
members are known as bacterial genera which are typically associated with
suckling pigs (Lue ef al. 2022b; Floes et al. 2024). The taxa Lactobacillus
decreased from 10% in the first two weeks to under 3% at 4 weeks of age.
This is in agreement with findings from studies on suckling piglets (Guevarra
et al. 2019; Amat et al. 2020). Lactobacillus are usually a predominant
bacteria in the first weeks of a piglet’s life due to the usage of the
oligosaccharides within the milk as a primary energy source (Nowland ef al.
2022). Compared to the results in Paper I, Prevotella is generally less
abundant in other studies (Mach et al. 2015; Wang et al. 2019c) during the
initial weeks of life. Although no differences were found in connection with
the treatment, Prevotella taxa continually increased throughout the suckling
period but were more dominant in the third and fourth weeks of the
experiment. In swab samples, the relative abundance accumulated to 10% at
week 3 of age and 15% at week 4. After weaning, the abundance of
Prevotella generally rises due to changes in diet and has been reported to
comprise around 25% of the overall gut microbiota community (Chen et al.
2017). Findings from several other studies have shown effects of solid feed
and a fibrous enriched creep feed on the gut microbiota in suckling piglets
similar to the one found in Paper I (Choudhury ef al. 2020; Choudhury et al.
2021a; Choudhury et al. 2021b, Van Hess et al. 2019). This may indicate
that the piglets in Paper I were exposed to a source of more soluble fibre as
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a similar development of microbiota was observed when piglets were offered
different fibre-enriched diets during suckling in different studies. Diet plays
a role in modulating the abundance of Prevotella, Clostridia cluster XIVa,
and Eubacterium (Zhang et al. 2016, Mu et al. 2017a). Other studies found
an association between higher abundance of the taxa Prevotella, Roseburia,
Eubacterium, Lachnospira, and Ruminococcus with consumption of dietary
fibres (Gardiner et al. 2020) as well as a reduction in the abundance of
Escherichia-Shigella (Van Hess et al. 2019).

Noticeably, the relative abundance of Prevotella was high in Paper I and
increased in all pigs regardless of the treatment throughout the suckling
period. This contrasts to Choudhury’s studies wherein the abundance of
Prevotella was above 1% in the control group of pigs throughout the suckling
period. Unfortunately, intake of creep feed was not recorded in Paper I,
therefore, no solid conclusion can be made regarding the increased
abundance of Prevotella. Nevertheless, the data from studies by Choudhury
and co-workers suggests that the suckling piglets in Paper [ were consuming
more creep feed, especially in the last two weeks before weaning. Previous
studies (Choudhury et al. 2021a; Middelkoop et al. 2020) observed a
prominent increase in eating behaviour with time, specifically in the final
weeks of the suckling period, at weeks 3 and 4 of age.

However, another plausible explanation for the higher abundance of
Prevotella in piglet swab samples in Paper I that should not be overlooked is
the possibility of the consumption of maternal faeces by piglets. This
behaviour in piglets may have impacted microbiota establishment in the first
weeks of life and elevation in abundance of Prevotella. Recent research has
not precisely quantified the amount of consumed faeces for young pigs. The
specific amount of 20g/day that is referred to in several studies originates
from a study conducted in 1981, which focused on the suckling piglets’
reliance on maternal faeces for essential nutrients and minerals (Sansom et
al. 1981). However, little research in that area has been conducted on pigs
since 1981. The nutritional composition of sow feed, creep feed, and milk
replacement has changed significantly since the 1980s. Nonetheless,
maternal faeces could still play a key role in seeding piglets' gut microbiota
with beneficial bacteria as it is not solely about nutrition; maternal faeces
may contain important immunological components and eating faeces may be
a natural behavioural trait. Several studies have explored this behaviour
under modern farm conditions. One study found it to be significant for
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weight gain and immune development (Aviles-Rosa et al. 2019). Other
studies indicated that maternal faeces are partially responsible for early
microbiota colonisation in piglets (Li et al. 2022; Nowland ef al. 2021). A
different study found the consumption of maternal faeces to be an innate
behaviour in pigs (Aviles-Rosa et al. 2020). Although this behaviour was not
documented in the study in Paper I, it still deserves recognition as a possible
factor that may have influenced microbiota development.

Additionally, the amount of the supplement of - glucan may not have been
sufficient to have any additional effect on the gut microbiota already
modulated by available feed. The amount of B- glucan in Paper I was
40mg/kg body weight and was based on data from metabolic effects in
human studies. Based on experience from conducting the trial, it was
concluded that suckling piglets would not be able to consume more than
40mg/kg body weight per one oral supplement due to the bulky nature of -
glucans and young piglets’ limiting capacity to ferment fibres from oats
(Knudsen et al. 2012). Other studies on weaned pigs that had measurable
modulatory effects on microbiota were supplementing higher dosages of 8-
glucan from 50-200mg/kg body weight (Tiwari et al. 2019). The dosage was
higher when pigs were challenged with Escherichia, 500 mg/kg BW (Zhou
et al. 2022b), or Salmonella enterica, in feed amended diet with 500g [3-
glucan additive per ton feed (Bearson ef al. 2023).

However, the suckling piglets in the first weeks of age may not have had
enough developed microbiota to start digesting the high molecular weight
oat B-glucans in Paper I. The intestinal tract needs time to adapt to diet and
modulation and change of the gut microbiota can take time, even in older
piglets (Gao et al. 2023). The suckling piglets likely lacked the ability to
efficiently digest and metabolise complex carbohydrates from B-glucans due
to undeveloped microbiota in the early stages of life and this may have
compromised the effectiveness of the supplement.

All these various factors, whether separately or in different combinations,
may have influenced the results, highlighting the complexity of the gut
microbiota and the digestion in those first weeks of a piglet’s life.
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6.1.2 Probiotic supplementation effects on the gut microbiota

Lactobacillus is a common genus in the colon of growing pigs and one of the
most abundant genus in the colonic microbiota of young piglets during
suckling (Li et al. 2019). Paper 11 demonstrated that a supplement with two
different strains of LAB did not increase the relative abundance of
Lactobacillus in rectal swab samples at either week 4 or 6 of age. Certain
studies investigating weaning pigs found an increase in the relative
abundance of Lactobacillus in faecal samples with the supplementation of
Lactobacillus strains (Lee et al. 2022; Yu et al. 2024). Another study on
suckling pigs did not find any microbiota alterations in faecal samples after
probiotic administration (Chen ef al. 2025). To ensure that all samples for all
of piglets were synchronised, a sampling method with rectal swabs was
selected in the study in Paper II. Rectal swab samples, although found to be
a viable alternative for faecal samples, may influence the detected bacterial
composition. Rectal swab samples tend to collect more bacteria adhering to
the intestinal mucosa, whilst faecal samples capture Iluminal bacteria.
(Dell’Anno et al. 2021a). The method of sample collection with rectal swabs
may have overrepresented bacteria that adhere well to the gut lining and
affected the results of gut microbiota composition. This makes it challenging
to directly compare to microbiota composition in other studies where
samples were collected via faecal sampling. However, a difference between
the mucosa and digesta was present in samples of euthanised animals in
Paper I1.The mean relative abundance of Lactobacillus in the colon digesta
of supplemented piglets was around 5% whereas the abundance was 2% in
samples from the colon mucosa. It has been established that most probiotics
do not stay in the colon for long and are unable to compete with the host
colonic microbiota (Wang et al. 2019b). A recent study found a significant
daily fluctuation of Lactobacillus in growing pigs’ colon. There was a
particularly strong oscillation in L. reuteri strains during the day, with a
lower abundance at both night and moming and a higher abundance in the
afternoon, demonstrating the importance of time of sampling (Xu et al.
2024). In Paper II, the sampling was not conducted at exactly the same time
for all piglets, but was performed within a few hours of each other and at the
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same time for all piglets within a litter. Furthermore, the age of sampling
may have impacted Lactobacillus abundance as it has been shown both in
rats (Wenzl et al. 2001; Fak et al. 2008) and pigs (Nowland et al. 2022), that
the amount of Lactobacillus in the intestine is higher during the first weeks
of life than closer to weaning. Although increased numbers of Lactobacillus
may be beneficial for piglets, natural colonisation of the microbiota and
higher natural occurrence/abundance of LAB in the first weeks may possibly
limit potential effects of additional supplemented LAB. Indeed, studies have
found that higher supplemented doses may cause an imbalance in bacterial
structure and result in a higher excreted rate in faeces (Guerra et al. 2007).

The LAB probiotic supplement did not exhibit any effects on the gut
microbiota in rectal swabs, however, microbiota modulation was found to be
different depending on the gut segment. Changes in the relative abundance
of several microbial genera were detected in the ileal mucosa in piglets
supplemented with probiotic compared to control in Paper II. Foremost, a
decreased abundance of Bacteroides and Lactobacillus were found in ileum
mucosa compared to colon mucosa in the probiotic group of piglets, whilst
the Prevotella 2 had higher abundance in the probiotic group in ileum
mucosa compared to the control group. Supplement of L. plantarum has been
reported to increase the abundance of Prevotella in weaned pigs (Park ef al.
2024). Lachnospiraceae NK41136 were also found in higher abundance in
the probiotic group than in control group. Similar findings were observed in
weaned pigs feed a fibre rich diet (Petry ef al. 2021), indicating the possible
enhanced maturation of the microbiota composition in ileum in suckling
piglets supplemented with LAB. An earlier study showed that piglets
younger than three weeks of age harbour a low microbiota diversity in the
gut and are more susceptible to infection and pathogen adhesion to mucosal
surface (Han ef al. 2021). However, this also presents a good prospect for
early modulations that appear to be different depending on the intestinal
segments and may plausibly explain the differential effects on microbial
modulation of colon and ileum in supplemented piglets in Paper II. Intestinal
diseases such as PWD primarily affect the composition of the microbiota in
the small intestine, despite the majority of research being focused on
occurrences in the colon. Escherichia coli attach to the small intestine and
initiate the colonisation and infection (Kim et al. 2022). The ileum plays an
important role for the evaluation of probiotic effects on the microbiota. This
is because of the close interplay between the host and the ileum microbiota
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due to many immune cells, lower mucus secretion, and looser junctions
compared to the colon and a more direct interaction with epithelium, opening
the possibilities for modulations of microbiota (Duarte et al. 2022; Jensen et
al. 2023). Lactobacillus have good binding ability to the intestinal mucosa,
can protect and support the intestinal epithelial cells, and exclude pathogenic
bacteria either by occupying binding sites on intestinal mucosa or by
competing for nutrients with pathogenic bacteria (Dowarah et al. 2017).
However, Lactobacillus can also have a perfect mutual cooperation with
other beneficial bacteria that can utilise available nutrients and by-products
(Aleman et al. 2024). The transient time of LAB probiotics may have been
short and therefore not found in increased numbers in ileum mucosa in Paper
II, but the supplement with Lactobacillus could still have had a positive
influence on the gut microbiota. Microbes such as Prevotella and
Lachnospiraceae can degrade complex carbohydrates and provide energy
whilst Lactobacillus can produce microbicidal substances thereby inhibiting
pathogenic bacteria that may compete for the binding site on the intestinal
epithelial cell surface with Prevotella and Lachnospiraceae. Furthermore,
because of the ability to break down mucin Lachnospiraceae can promote
the turnover of the mucus layer and help Lactobacillus to protect the gut from
pathogens (Vacca et al. 2020). Similar cooperative interactions were found
in previous studies where Lactobacillus was in a synergic relationship with
Lachnospiraceae and Ruminococcaceae. They cooperatively treated colitis
and worked together with other bacteria such as Bifidobacterium to influence
the overall gut health and maintain the stability and balance of the gut
microbiota (Li e al. 2023). However, it is still unclear how developed the
ileum microbiota is early in life, as well as the ability of ileum to digest
available nutrients and how this complicated cooperation between the
microbiota and epithelial cells works as the research is insufficient. Still, the
available data shows that increased depth of the crypts in ileum, usually
associated with maturation and post-weaning, was positively correlated with
the abundance of Prevotella and Lachnospiraceae (Lu et al. 2021). This may
indicate a possible accelerated maturation of the ileum physiology and its
microbiota in Paper II in supplemented piglets, however, the histological
analysis of tissue samples did not reveal any detectable differences in villi
height and crypt depth between the probiotic and control groups.

Assessing the impact of Lactobacillus strains studied so far is challenging,
due to numerous variables in different published studies (Zhu et al. 2022b;
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Hou et al. 2015: Wang et al. 2021b), including variations in dosage, age, and
health status of piglets. Moreover, a combination of two bacterial strains does
not necessarily have a good synergy, as sometimes they appear to compete
for nutrients and adhesion to intestinal cells, and therefore may reduce the
efficacy of the mixture (Chapman et al. 2012). Both L. reuteri and L.
plantarum produce exopolysaccharides to increase intestinal adhesion and
have ability to co-regulate anti-inflammatory cytokines and promote
immunity as well as intestinal morphology thus improving growth
performance in pigs (Hou ef al. 2015, Lee et al. 2012). It has been shown
that a combination of Lactobacillus strains can cause a stronger inhibition of
photogenic bacteria such as E. coli, Salmonella enteritidis, and Enterobacter
sakazakii (Drago et al. 1997; Collado et al. 2008). However, in other studies
it appears that L. plantarum was more efficient when piglets were exposed
to photogenic E. coli compared to L. reuteri (Lee et al. 2012; Yang et al.
2014). Tang and co-authors (Tang ef al. 2021) have observed an inefficiency
in a study on effects from supplementing L. reuteri and L. plantarum to
weaned piglets, where they hypothesised that L. plantarum was unable to
excrete a significant amount of bacteriocins without being challenged. This
may be relevant to the study in Paper II as all animals in the experiment were
healthy and the environment on the research farm met high hygiene standards
that may have restricted the potential probiotic efficiency on the gut health.

Another important factor to consider is how different strains of L. reuteri
and L. plantarum can have varied effects on gut microbiota composition due
to their unique genetic profiles and functional properties, which may provide
another explanation for the variations in results between studies. The strains
of L. reuteri and L. plantarum that were utilised in the present study have
been identified for their potential to influence and modulate the behaviour
via the gut-brain axis.

6.1.3 Other confounding factors in Papers | and |l

Experiments in this thesis were conducted at the Swedish Livestock
Research Centre, which is a farm containing Specific Pathogen Free (SPF)
pigs. This means that the animals have high growth rates, high health levels,
a significantly lower medicine consumption, and high hygiene standards
compared to facilities/countries without a SPF-system or many other

78



countries that are also connected to the SPF-system but with a lower SPF
grade (Swedres-Svarm, 2023). A lower usage of medicine in sows during
gestation results in piglets with a higher body mass and more developed
intestines compared to piglets from mothers that were administrated more
medicine during gestation (de Greeff ef al. 2020). Those piglets may cope
better with weaning stress compared to piglets with a lower body weight
(Declerck et al. 2016; Winter et al. 2023). Studies also found a correlation
between the abundance of microbes and birth weight. A lower birth weight
resulted in a lower abundance of the genus Lactobacillus spp., Prevotella
spp., and Faecalibacterium spp. in ileum and colon (Li et al. 2019).
Lactobacillus strains seem to be adaptable to the host and have a different
competing potential depending on the host microbiota. They are found to be
more active in an environment with a presence of harmful bacteria compared
to a disease-free environment (Huang et al. 2022b). Therefore, effects of the
supplements used in Paper II could have potentially been more pronounced
on farms with lower hygiene standards, higher disease incidents, and in
piglets with a lower growth rate.

Considering that no effect of treatment was found in microbiota from swab
samples in any of the studies and all animals came from the same
environment, no major differences were expected between the experimental
trials when the microbiota in the rectal swabs were compared at 4 weeks of
age. Still, some differences were found, such as the difference in the
abundance of Prevotella spp (Figure 8). This may be due to the maternal
influence on piglets microbiota as we observed significant litter effects
(Figure 7), but it could have also been due to methodological differences.
For example, different bioinformatics approaches for generation of the 16S
rRNA gene datasets. It is also worth noting that a high individual variation
was present throughout the suckling period in both Papers I and II, as well
as strong effects of sex. The microbial variations between sexes are yet to be
extensively researched in pigs, especially in young animals (Pluske et al.
2019). However, the overall gut microbiota composition in Paper II had a
higher abundance of Enterobacteriaceae during the suckling period when
compared to the microbiota in Paper I, regardless of treatment, sex, or litter.
Furthermore, results on the abundance of microbiota community may
diverge from other studies due to differences in management practice. The
piglets in the present experiments (Papers I-III) had access to creep feed
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during the suckling period, from 5 days of age , whilst piglets in some of the
other published studies were only suckling sow milk or had access to creep
feed with different fibre compositions. Microbiota was shown to be
modulated by creep feed when compared to piglets fed solely sow milk
(Lerch et al. 2023). Creep feed in all experiments presented in this thesis
contained both soluble and insoluble fibres. Although the amount of
consumed feed was not recorded in experiments, it may have influenced the
results and potentially masked certain effects of the supplements.

Another important factor that may have had an impact was the selected study
design of the present studies. Piglets were provided with supplements in all
three studies within the same litter. The split-litter design separating the
effects of the sow and the effects of the diet was shown to be significant in
another study in young pigs (Craig et al. 2019). However, within-litter
supplemented piglets had several advantages, for example, the same genetics
and early life litter exposure, maternal influence, and early life environment.
Additionally, all animals in both the control and treated group of piglets were
sampled within a short time period, reducing the bias and avoiding
confounding factors that could mask the true effects of a treatment. However,
due to suckling and exploring habits, piglets are influenced by their mother’s
and environmental microbes. One negative aspect of this design is the risk
of cross-contamination between supplemented piglets and controls, and this
may have impacted the results in the present studies. Although plausible
across all studies, this may be particularly important in a probiotic study,
where a possible microbial cross-contamination may cover and/or reduce the
potential effects of the probiotic supplement. For example, the abundance of
Lactobacillus in the probiotic study in Paper II was higher than the B-glucan
study but did not differ between the control and supplemented groups. This
may be due to the occurrence of allocoprophagy i.e. feeding on faeces from
other piglets.

Although no such observations were recorded in the present studies to be
able to fully assess the importance of coprophagy and make any final
conclusions about the possible influence on the results, it must be considered.
Furthermore, it should be noted that there was a high within-group
(treatment) variation present in all experiments and in many variables, which
may have obscured treatment effects.
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Together, these factors, as well as their possible interactions, may have been
the reason for the limited impact of supplements and should be taken into
account when assessing the results of studies.

6.2 Short-chain fatty acids

Paper 1

The results of the short-chain fatty acids analysis in Paper I showed, for the
most part, differences linked to age. Both plasma and digesta samples were
collected for analysis. The concentration in plasma samples only differed
between B- glucan supplemented animals and controls for acetic acid, where
the concentration was lower in the supplemented group of piglets compared
to the control group piglets. Still, it is important to note that the concentration
was already higher in the control group of piglets at the beginning of the
experiment and may simply reflect individual differences unrelated to the
treatment. All SCFA in plasma, except for formic and succinic acid,
increased with age. Despite knowledge about the possibility of young
animals to utilise a fibre rich diet being limited one study found that pigs at
the beginning of the growing stage (weighing around 20kg) supplemented
with fibre showed an increased total SCFA concentration in faecal samples
(Gao et al. 2022). However, reported results seem to vary between studies.
In one study, an oat bran supplement given to pigs had a less prominent effect
on the concentration of SCFA when compared to other fibres containing the
same fibre content such as wheat bran, corn bran, and rice bran when samples
were taken from ileal content in cannulated pigs and from faecal inoculum-
based fermentation (Bai et al. 2021). A supplement containing oat was found
to enrich levels of butyric acid in pigs in the stomach, caecum, and colon
digesta (Metzler-Zebeli et al. 2011), whereas in other studies butyric acid in
caecal and colonic digesta was not affected by oat bran supplement (He et
al. 2018). A clear difference was found in the concentration of SCFA
between the colon digesta, portal, and jugular vein in Paper I (Figure 9). The
reduced proportion of propionic and butyric acid in the jugular vein
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compared to the portal vein suggests that those acids were metabolised in the
liver.

Differences between studies could be linked to the high fermentability rate
of oat bran that may have been digested differently along the gastrointestinal
tract, starting already in the stomach or/and in the proximal part of the
intestine. Although less fermentable, complex carbohydrates mainly affect
the microbiota in the colon, some studies have found that metabolic activity
already starts in the stomach of weaned piglets (Leterme et al. 2000).
Production of SCFA, especially butyric acid in the upper part, may be more
important in young animals due to mucosal maturation of the stomach and
small intestine (Tsukahara et al. 2003; Claus et al. 2007; Mazzoni et al.
2008). An increased concentration of SCFA in colon digesta samples was
found when young animals were supplemented with less digestible oat hull
(Van Hees, 2023). The B-glucans with the lower molecular weight are more
fermentable by gut microbiota. The fermentation has been shown to be
higher and production of SCFA faster in digesta of pigs, notably acetic and
propionic acid due to the dominance of bacteria such as Prevotella and
Bacteroides (Lambo et al. 2005, Holtekjolen et al. 2014a). The rapid
fermentation that possibly occurs in the proximal colon leads to an early
release of metabolites and may lower the total concentration of SCFA in
faecal samples. The higher molecular weight of B-glucans obtained in the
study in Paper I were found to be more slowly fermented and enhanced the
production of butyric acid (Volman et al. 2008). However, an increase in the
butyric acid was present in all animals with no difference between the
supplemented pigs and the controls.

Paper II

The concentration of SCFA in Paper II was analysed from blood samples
from both living and euthanised animals. L. plantarum and L. reuteri are
known to produce organic acids, but whilst L. plantarum have been reported
to produce lactic acid, L. reuteri can produce both lactic and acetic acid (Shah
et al. 2024). A recent study reported the ability of L. plantarum to produce
other SCFA as well, such as formic acid, acetic acid, propionic acid, and
butyric acid in vitro in MRS broth, highlighting the potential of L. plantarum
strains to provide an acidic environment unsuitable for many pathogenic
microorganisms (Jang ef al. 2021). Previous studies have reported that an
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oral intake of L. plantarum increased the faecal SCFA concentration of post-
weaned piglets (Thu ef al. 2011) and SCFA in colon digesta at weaning
(Wang et al. 2019). L. reuteri was found to increase the concentration of
butyrate in colonic digesta during suckling (Liu ef a/. 2014) and in the faeces
of weaned piglets (Zhang et al. 2019c). No differences were found between
piglets in the probiotic and control group in blood plasma samples at weeks
4 and 6. Isobutyric, succinic, and caproic acid were higher at week 4 than
week 6 of age in Paper II, whilst all of the other SCFA concentrations
increased with age but with no detectable connection to the treatment. This
progression and increase of SCFA with age is in line with results from other
studies where SCFA concentation was taken from both blood and faeces,
transiting from the fermentation of disaccharides and oligosaccharides from
maternal milk to the fermentation of fibre-rich solid feed (Nakatani et al.
2018; Qi et al. 2021a; Beaumont et al. 2021). Aside from the available
nutrients, SCFA production is affected by the age of the animals, organ size,
and amount and composition of the intestinal bacteria. Depending on the
substrate, both acetate (Amat et al. 2020) and propionate (Poeker ez al. 2018)
can be produced by Prevotella spp. Further, acetate may be used by taxa such
as Ruminococcaceae and Lachnospiraceae to produce butyrate (Macfarlane
and Macfarlane, 2012; Lan ef al. 2023). Although both Prevotella and
Lachnospiraceae were more abundant in ileum digesta in probiotic
supplemented piglets, changes in SCFA concentration were not detected
between the treatment and control group in either jugular or portal vein
plasma. This could be due to the small sample size and individual differences
but also the fact that plasma SCFA may not have reflected the actual
production and absorption of the SCFAs (Nakatani, 2018).

In young animals, SCFA may be utilised and metabolised differently due to
the ongoing development of the intestinal tract. Expression of SCFA
transporters into epithelial cells or bloodstream may be lower in young
animals, thereby limiting the absorption of SCFA. In young animals, para-
cellular transport is more prominent due to immature and looser tight
junctions and higher intestinal permeability (Metzer-Zebeli et al. 2022).
Colonocytes may not have the capacity to metabolise butyric acid and may
use other energy sources in the first weeks of life (Tanel et al. 2010).
However, the lack of clarity hinders any final conclusions as the specific
knowledge of the absorption, transportation, and metabolism of SCFA in
suckling piglets is not yet fully researched and established.
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6.2.1 Comparison between SCFA concentrations in Papers | and Il

Comparisons of the concentrations of acetic, propionic, and butyric acid
from plasma samples taken in experiments from pigs supplemented with
specific prebiotics or probiotics during suckling at 4 weeks of age revealed
differences between the studies (Figure 10). Butyric and propionic acid were
numerically higher in the prebiotic group when compared to the probiotic
group of piglets, but with large individual variations. Maternal influence may
be another reason. SCFA from milk from different mothers contains various
SCFA concentrations and bacterial diversity and compositions that may have
had some direct influence on the SCFA concentrations or/and influence on
faeccal microbiota composition in piglets and consequently the SCFA
concentrations. This correlation has been confirmed in a recent human study
(XTI et al. 2024) and may be relevant in pigs as well.

Plasma samples taken from euthanised animals revealed considerably higher
SCFA concentrations in plasma samples taken from the portal vein compared
with the jugular vein (Figure 11) regardless of the treatment, indicating that
SCFA were metabolised in the liver or directly in the gut mucosa. However,
due to considerable individual variations and the limitation of a small sample
size, it is hard to know if that is the correct conclusion. It is worth noting
another recent human study that found strong correlations between SCFA
concentrations in infants’ plasma and SCFA concentrations in maternal
plasma but weak correlations between SCFA in mothers’ milk and SCFA
concentrations in infants’ blood plasma (Barman et al. 2024). The
researchers hypothesised that infants use SCFA in mothers’ milk to fulfil the
needs of the upper gastro-intestinal epithelia or/and SCFA in mothers’ milk,
which is converted into glucose or other acids in the liver when it arrives via
the portal vein. All piglets in the present studies were suckling sow milk at
week 4 of age. This may partially explain the higher SCFA concentrations in
the portal vein than in both the jugular vein (Papers I and II) and digesta
(Paper I).

However, at present we lack any experimental evidence that would support
all these possible correlations in pigs and, if so, to what extent. These
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findings simply confirm the complexity of the physiology and multiplexity
that gut microbiota and SCFA may have early in a piglet’s life.

6.2.2 Correlations

The correlation analysis was performed between certain bacterial taxa from
rectal swabs and the concentration of SCFA in blood, in both Papers I and 11
at 4 weeks of age with the aim of searching for associations between
microbiota and SCFA data (Figure 12). In Paper I, several bacterial taxa were
both positively and negatively correlated to SCFA concentrations in blood
plasma. Correlations followed and reflected the microbiota development,
where the decreased abundance of Lactobacillus and Bacteroides resulted in
a negative correlation with acetic and propionic acid. In contrast, the
increased abundance of Prevotella was positively correlated to acetic,
butyric, and valeric acid. Lactobacillus spp., Bacteroides spp.,
Bifidobacterium spp., Prevotella spp., and Ruminococcus spp. are the most
important producers of acetate in the gastrointestinal tract. Propionate
producing bacteria are Bacteroides spp. and Bifidobacterium spp., (Koh et
al. 2016; Feng et al. 2018; Vasgues ef al. 2022). The shift in bacterial
population may explain the negative correlation between acetic and
propionic acid and Lactobacillus and Bacteroides in Paper 1. The production
of acetic and propionic acid was not affected due to the microbiota
succession influenced by age; a higher abundance of another bacterial group
replaced the Lactobacillus spp., Bacteroides in the production of acetic and
propionic acid at 4 weeks of age. At week four, Prevotella was one of the
most abundant bacteria in all piglets; unsurprisingly, both treatments showed
a positive correlation between Prevotella spp. and acetic acid. However,
prominent individual variations in both studies may have obscured certain
correlations in complex correlational patterns across treatments. Another fact
to consider is that the correlations were between blood plasma samples and
rectal swab samples. Rectal swab samples may not always be the most
accurate proxies for microbiota in the cecum and proximal colon, where the
majority of SCFA production occurs in addition to the already mentioned
process of SCFA before reaching the systemic circulation. All of these
factors may have influenced correlation results either individually or
cumulatively.
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6.2.3 Other factors possibly affecting SCFA production

The production of SCFA early in life has not been investigated much.
However, based on the available data, it appears that it is dependent on a
combination of factors. Besides the gut microbiota composition and the
available nutrients, both the size of the gastrointestinal tract and the site to
measure gut SCFA concentration plays a role and may affect the results. The
concentration and proportion of SCFA vary in different regions of the gut.
Some studies found that the proximal colon showed a higher concentration
than the distal colon, whilst the distal colon had a similar concentration to
the rectum content (Lange et al. 2023). Moreover, notable differences in the
concentration among individuals have been reported (McOrist ef al. 2011;
Beaumont ef al. 2021) and are also found in all experiments in this thesis.
Additionally, it is important to note that SCFA production in the experiments
in this thesis may have originated from the fermentation of fibre ingredients
in available feed. In most of the other studies examining the effects of
different prebiotics and probiotics, piglets did not have access to anything
but milk. Piglets in all experiments in this thesis had access to creep feed
during the suckling, from 5 days of age, which may have influenced the
results.
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6.3 The role of B-glucan supplement on cognition in
suckling piglets and the potential link between gut
microbiota and behaviour

Paper 111

The study in Paper III investigated the effects of oat - glucan on behaviour
and its potential links to gut microbiota composition and SCFA. Overall, the
supplement did not significantly impact the evaluated behavioural
observations. However, the result in which the - glucan supplemented group
exhibited poor reversal learning was intriguing, as - glucan is generally
associated with cognitive benefits, induced levels of brain- derived
neurotrophic factor expressed in the brain, and neuroprotective effects
(Huang et al. 2011; Gomez-Pinilla et al. 2012; Zhou et al. 2019). A plausible
explanation may be due to the modification of the brain signalling of
serotonin and dopamine by B- glucan. Studies have found an association
between low serotonin concentrations and impairments in reversal learning
(Clarke et al. 2004; Lapiz-Bluhm et al. 2009). A study on ducks found that
a low dosage of B- glucan reduced levels of serotonin and increased
dopamine levels in plasma samples, whereas the opposite effect was
recorded when a high dose was supplemented (Mahmoud et al. 2021).
Another study with a rat model supplemented with oat extract in doses of
100, 200, and 400mg/kg diet/day for 5 weeks found a significant increased
dopaminergic signalling in the group that received the lower dosage and an
increase in serotonin levels with higher dosages (Ehab et al. 2025). This
suggests that in Paper III, the dosage of 40g/kg body weight of - glucan
three times per week may not have been sufficient to produce cognitive
benefits in piglets. Stressful conditions and social dynamics can affect
neurotransmitter levels. For instance, pigs subjected to stressors such as
transportation or social hierarchy changes exhibit alterations in serotonin and
dopamine systems. One study found that pigs experiencing aggression had
reduced serotonin and dopamine in mixed animals (Shen et al. 2020)

The microbiota composition and the microbial metabolites were not affected
by the B- glucan supplement. Nevertheless, there were a number of
correlations between certain behaviours and gut microbiota in Paper 111, with
no connection to the treatment. Gut microbiota have been shown to play an
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important role in shaping behaviour during the early development of brain
structure and function (Dash et al. 2022). Previous studies have identified
specific bacteria that appear to be influential in this partnership. For instance,
the abundance of Lachnospiraceae, a common butyrate producing group of
bacteria in the gut, are found to be linked to various behaviours across
species, potentially through mechanisms involving metabolic pathways that
produce neuroactive compounds. Members of this taxa were identified as
key bacteria that can benefit infant neurodevelopment early in life (Oliphant
et al. 2021). Studies have also found associations with feeding behaviour,
where Lachnospiraceae have been positively correlated to food intake in
pigs (Luo et al. 2022a), humans, and mice (Samulenaite et al. 2024). Another
reported association was connected to aggressive behaviour among rats
where more aggressive rats had a higher abundance of Lachnospiraceae in
their gut microbiome (Voulgari-Kokota et al. 2024). In addition, an
association was also linked to tail biting behaviour in pigs, where the biters
exhibited a higher abundance of Lachnospiraceae (Verbeek et al. 2021).
Heat stressed pigs were also shown to have an increased abundance of
Lachnospiraceae (Ringseis et al. 2022). This is consistent with another study
on mice where the lower abundance of Lachnospiraceae was found to be
potentially associated with reduced early life stress (Otaru et al. 2024). The
results in Paper Il found Lachnospiraceae bacteria to be negatively
correlated with different behaviours, such as standing at weeks 5 and 7 as
well as exploring at week 5. This relationship may imply a direct association
of stress and aggression to physical activity and Lachnospiraceae may play
arole in this dynamic.

Another bacteria that correlated negatively with exploration, locomotion,
and standing at weeks 5 and 7 in Paper Il was Ruminococcaceae. Previous
studies found that anxiety and depression were positively correlated with the
abundance of Ruminococcaceae in mice (Kang et al. 2014; Jin et al. 2021)
as well as tail biting in pigs (Verbeek ef al. 2021). Another study found that
greater depression and anxiety in humans were linked with a decreased
abundance of Ruminococcaceae (Humbel et al. 2020). In a different study,
the voluntary exercise behaviour among rats in a wheel running activity was
found to be positively influenced by an increased abundance of
Ruminococcus bromii, suggesting its potential role in promoting exercise
behaviour (Rusling et al. 2024). The differences between studies highlights
that the effects of Ruminococaceae on cognition and behaviour are complex,
linked to both beneficial and detrimental outcomes, and may be dependent
on the specific species and their metabolic products produced in the gut
microbiome. Further research is necessary to delineate the specific
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mechanism by which individual strains influence the gut-brain axis to
develop targeted therapeutic strategies.

Negative correlations were found between Treponema and exploring at week
5 and 7, and also standing at both weeks 5 and 7. Several studies found
associations between the abundance of Treponema species and behaviour.
Research focused on pigs in relation to Treponema is mainly focused on a
skin infection that can cause shoulder ulcers, ear necrosis, and, consequently,
additional stress and damaging behaviour (Boyle ef al. 2021). However,
some studies on pigs investigated the impact of social stress (mixing with
unfamiliar piglets and reduced space) and found that stress led to an
increased abundance of Treponema in faecal samples (Nguyen et al. 2023;
Clavell-Sansalvador et al. 2024). Further, several studies on humans and
animals linked a Treponema pallidium infection to microbiota alterations,
behavioural changes, cognitive impairments, and learning difficulties, along
with reduced motivation and decreased interest in new activities (Roy et al.
2016; Wang et al. 2022b; Fadel et al. 2024). A bacterial group that had a
significant positive correlation with behaviours was Fusobacterium. At week
5, exploring was positively correlated to Fusobacterium and at week 7 both
locomotion and standing were positively correlated to Fusobacterium.
Certain studies reported a relationship between stress, depression, and an
increased Fusobacterium abundance in faecal samples (Paudel et al. 2022;
Dong et al. 2021). However, a review article by Hantsoo et al. (2021)
emphasises the complexity of the interplay between stress and the gut
microbiome. Their findings revealed a decreased abundance of
Fusobacterium in Caucasian women exposed to stress, whilst Black women
exposed to stress had an increased abundance of Fusobacteium, suggesting
that stress may influence Fusobacterium levels differently across diverse
populations.

The negative correlations that were found between several bacteria and
active behaviour in pigs in Paper 111, although unrelated to the treatment, may
be of interest as it may imply a connection between certain bacteria and
stress. This offers a possible preventive strategy against post-weaning stress
disorders, which would improve resilience early in life and revolutionise
modern farming, by making it both more sustainable and profitable. The
statistical correlations found in the current study suggest a relationship, but
only experimental research can verify the cause and effect. Nevertheless,
statistically identifying bacteria capable of modulating stress responses early
in life is valuable information due to the gut microbiome's significant role in
brain development and long-term health.
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6.3.1 Other possible factors which potentially explain the poor
reversal learning and correlations in Paper I

The supplementation with yeast B- glucan alleviated cognitive and brain
function (Zhang et al. 2023) but - glucan derived from different sources
may have different effects on cognition. The results from a study indicated
that although all three types of beta-glucans (mushrooms, curdlan, and oats
bran) enhanced recognition memory, mushroom-derived [-glucan
significantly increased synaptic function and the plasticity responsible for
learning and decision-making, whilst the other two sources did not display
these effects. The same study also found that different sources affected the
gut microbiota composition and brain inflammation differently and that the
cognitive effects of B-glucan may differ based on the source of the B-glucans
and its molecular structure (Hu et al. 2022). Solubility, complexity, and
degree of polymerisation directly affect the microbiota composition, which
in turn influences brain function via the gut-brain axis (Hu et al. 2022; Meng
et al. 2022; Martin et al. 2018). Furthermore, variations in the preparation of
B-glucan are attributed to differences in sources and extraction procedures,
leading to significant differences in their effects (Murphy et al. 2020;
Cognigni ef al. 2021).

The effects may depend on the duration of supplementation. For example,
long-term oat B- glucan supplementation resulted in improved cognitive
performance in mice, whilst short-time supplementation of - glucan in mice
failed to produce beneficial cognitive effects (Shi et al. 2020).

Individual differences and piglets' baseline health status may influence the
response to different B- glucan supplementation. Several studies on other
animals suggest that healthier animals may receive different benefits from
the supplement compared to those who were under pathogenic challenges
or/and under stress. Piglets that were not subjected to the E. coli challenge
showed less pronounced benefits from the B- glucan supplementation
compared to those that were challenged (Zhou et al. 2022b). Studies on
broiler chickens exposed to heat stress also found that B- glucan
supplementation was more beneficial in animals that were under stress than
those kept under normal conditions (Zhang et al. 2020).

When comparing the study results in Paper III to those mentioned above, all
piglets, regardless of the treatment, were handled in approximately the same
way and exposed to the same new environment. However, piglets fed with
B- glucan may have been exposed to certain stress levels due to the oral
supplement's unfamiliar taste, palatability, and texture, which could have
induced greater stress on those animals than the control group.
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Weaning is a stressful event and all piglets were weaned before the cognitive
test was performed. However, both rectal swab and jugular blood plasma
samples were collected before weaning. The combination of pre-weaning
stressors and the abrupt changes introduced during weaning could have led
to compounded stress responses.

Stress and elevated cortisol levels have been associated with impairment in
cognitive flexibility. One human study found that acute stress exposure and
elevated cortisol levels impaired both working memory and inhibition,
functions that are essential for task requiring cognitive flexibility, including
reversal learning (Shield ef al. 2016).

When experiencing chronic stress, the body’s HPA axis can adopt or become
dysregulated, which may lead to a blunted cortisol response to familiar
stressors and unchanged or lower baseline cortisol concentrations. This
adaptation does not mean that the animals are free from stress; it may simply
mask the hormonal indicators whilst still allowing chronic stress to
negatively affect functions such as learning and memory (McEwen et al.
1993). It is important to add that although the gut microbiota communicates
with the brain, no differences were detected between the control and treated
groups of piglets regarding microbiota composition. Some microbiota
disturbance in piglets that were possibly exposed to stressful situations may
be expected. Still, one should also consider that in healthy pigs, gut
microbiota may have recovered quickly after a stressful event depending on
the specific microbial communities involved. Both Lachnospiraceae and
Ruminococaceae, which were, according to the literature, associated with
stress-related behaviours, are part of the normal gut microbiota and play
important roles in gut health and stability, potentially adding to quicker
normalisation after stress. A disturbance in these populations may induce
stress, but their robust presence in the gut microbiota could suggest that they
facilitate a faster return to baseline microbiota after exposure to stress. The
relation between microbiota recovery and the restoration of cognitive
function following stress is multifaceted, and timelines may not be
synchronised. Cognitive recovery may involve various brain regions and
mechanisms beyond microbiota normalisation. Early life microbiome may
have “set the stage” for post-weaning brain function. The current
understanding of this process is not yet clear enough, therefore any
conclusions at this stage can only be speculative. Piglets in the -glucan
group also showed fewer affiliative interactions than the controls and were
less interested in exploring the T-maze.

Another factor that may impact behaviour and microbiota correlations is
immune system development before weaning and the reorganisation after
weaning. Immune modulations, which in turn affected the brain, may have
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been affected by Fusobacterium and Treponema (Kaminiow et al. 2024; Lee
et al. 2014). Systematic immune responses may have long-term effects on
brain function and development (Bilbo et al. 2012). Contrarily,
Lachnospiraceae and Ruminococcaceae are linked to maintaining and
balancing immune responses (Zhao et al. 2018; Vacca et al. 2020). Whilst
this complex interplay between systematic immune responses, brain
development, behaviour, and microbiota falls outside the scope of this thesis,
it is important to mention as a potential factor that may have influenced the
results.
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7. Conclusions

Pre-weaning dietary interventions could play an important role in shaping
piglets’ microbiota and improving their gut health, ultimately enhancing
their overall robustness.

The general conclusion of this thesis is that early supplementation with -
glucan and a mixture of L. reuteri and L. plantarum did not significantly
alter the overall composition of microbiota or the production of SCFA in
piglets throughout the suckling period. However, local effects on the
microbiota in specific segments and the influence of treatment on reversal
learning, together with correlations between specific bacterial taxa and
behaviour, indicate the potential of the treatments early in life.

Specific conclusions:

» Supplementation with B-glucan did not affect microbiota
development. Differences were primarily associated with age-
related microbiota development and the production of SCFAs.
The abundance of Prevotella increased across all piglets
throughout the suckling period, irrespective of the treatment. This
suggests that factors such as age, rather than specific
interventions with oat -glucan, play a significant role in shaping
Prevotella populations during early development.

» Supplementation with L. reuteri and L. plantarum had some
localised effects on the microbiota composition. The abundance
of Prevotella 2 increased in the ileum mucosa of probiotic piglets.
At the same time, the proportion of Lachnospiraceae NK4136 in
the probiotic group was enriched in the ileum mucosa, colon
mucosa, and colon digesta during the suckling period. These
results suggest that the probiotic supplement may stimulate the
microbiota development in the ileum early in life.

» No detectable impact on gut microbiota composition was
observed following the B-glucan supplementation, suggesting
that behavioural effects were not mediated through microbiota
modulation.

» The implications of the B-glucan supplement on reversal learning
suggest that cognitive modulation may occur through pathways
not directly linked to microbiota changes. These results
emphasise the need for additional research that can build on these
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findings to explore the broader implications of microbiota in
cognitive functions and behavioural regulations.

The observed significant correlations between particular bacterial
taxa and specific behaviours point to possible indirect
involvement in behavioural traits. Determining which bacteria
play direct or indirect roles in particular behaviours is still in its
early stage and remains an area requiring further research.



8. Future perspectives

Early nutritional interventions in pigs hold significant potential for
improving gut health, and establishing a balanced gut microbiome and SCFA
crucial for digestion, immunity, and overall growth of pigs, as well as
regulation of early brain development. These interventions may reduce the
occurrence of PWD and mitigate negative behaviours in pigs, improving
welfare and enhancing overall productivity and profitability in the pig
industry.

The results in this thesis indicate possibilities for both the prebiotic and
probiotic in the early stages of piglets’ life. However, the results also
highlight the importance of several factors and the complex interactions
between the different measured parameters which should be carefully
considered when implementing early-life interventions in research.
Methodologies, measurements, and reporting practices should be more
standardised to allow for easier comparisons of studies and results and
improve the reliability and reproduction of studies. This would also minimise
bias between studies, provide better data integration, and ensure consistency
in result interpretation (de Vries ef al. 2018; Amos et al. 2020). Seeing more
multicentre research across multiple locations, institutions, or countries
among different research teams would be interesting and beneficial, offering
valuable insights. This approach would enhance scientific findings'
reliability, generalisability, and impact by increasing sample sizes, reducing
biases, and ensuring diverse representation. Multicentre studies would open
the possibilities for more global research on early gut challenges and how
early nutrition may affect gut health differently in various regions. It may
bridge of gaps in knowledge more rapidly by allowing expertise from
different disciplines and locations to collaborate (Hunniford et al. 2023;

95



Drude et al. 2021). Tailored individual approaches to early-life challenges
around weaning in pigs is another futuristic idea that would utilise modern
technologies and provide meaningful insights. Despite efforts to standardise
and control for various variables, individual differences were evident across
the studies in this thesis. However, it is important not to over-standardise
either and to recognise individual differences and tailor interventions
accordingly. Future research may improve that through precise monitoring
with specific electronic identification tags that would track individual pigs'
weight gain, feeding behaviour, health status, etc. Cameras and Al-based
data collection and analysis would enable new insights into adaptive
nutritional strategies on individual levels (Pineiro et al. 2014; Ghosh et al.
2024). More comprehensive information would provide further details about
customised probiotic approaches, taking the piglet's unique microbiota
composition and health status into account. It would enable a tailored plan to
select targeted strains of bacteria that would have distinct effects on every
individual piglet's needs and goals. Certain strains are more effective for
boosting immunity, whilst others may improve gut health and digestion or
brain development, decrease stress, and boost wanted behaviour. A
customised approach would involve ongoing feedback, provide greater
possibilities for adjustments, and offer more precise and effective solutions.
Along with probiotics and prebiotics, symbiotics (a combination of both
probiotics and prebiotics) may offer a more comprehensive approach to
better gut health in young animals than just prebiotics and probiotics. The
synergistic effects of symbiotics are when prebiotics nourish the probiotics,
helping them to colonise the gut more effectively and leading to a more stable
and resilient gut microbiome which is crucial to establish early in life
(Quintero et al. 2022). Symbiotics may be a more comprehensive solution
and more beneficial for underweight piglets with severe diarrhoea and
unbalanced microbiota. However, given the high cost and complexity of
some of these approaches, near-term strategies may involve methods that are
already available but not yet fully exploited. Maternal probiotic
supplementation may be one promising strategy. Administration of
probiotics such as different Lactobacillus and Bifidobacterium strains to
sows during late gestation and lactation can potentially influence the gut
microbiota composition in piglets from birth. This may help piglets to
establish a more balanced and robust microbiota (Wang et al. 2022a) and
enhance gut health, immunity, and growth (Wang ef al. 2021a). Studies on
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mice have indicated that maternal probiotic supplementation could positively
influence early brain development in offspring (Lopez-Tello et al. 2024).
Another solution is the routine usage of a capsule endoscopy called the
Capsule for Sampling (CapSa), where a small capsule collects small intestine
content in post-weaning pigs (Garcia Vinado ef al. 2024). This non-invasive
tool could open a new world of possibilities in gut health assessment. It
represents a significant advancement, eliminating the necessity for surgical
interventions or euthanasia. The application of an improved enhanced
capsule design in dietary intervention studies early in life may allow for
ethical research that can simplify the sample collection process, improve data
accuracy, and enhance pigs’ welfare.

Overall, the results in this thesis point to the need for further research.
However, to understand the complex interplay between gut microbiota,
SCFA, and behavioural outcomes early in piglets' lives and the potential of
early nutritional intervention, some of these new and exciting approaches
may significantly accelerate research and close the current knowledge gaps.
A systems perspective approach in research may broaden the scope of
inquiry, challenge existing assumptions, foster innovations, and open new
research paths.

There is one thing we can say with certainty: the research on supplementation
in piglets early in life and its role on cognition and the potential link between
gut microbiota and behaviour is still in its infancy. The specific mechanisms
underlying B- glucans effects in that early stage are not fully understood.
Further research is necessary to elucidate the precise pathways through
which B- glucans affect cognitive flexibility and reversal learning.

That being said, when looking at the results in Paper III and the correlations
between certain bacteria and locomotor behaviours, together with impaired
reversal learning, it is important to maintain a careful balance in modulating
the gut microbiota early in life. Indeed, many gut bacteria exert a dual
influence, affecting both feeding behaviour and stress-related responses,
therefore, their effects are not unidirectional. This complexity means that
efforts to modulate the gut microbiota early in life must be carefully
balanced. Whilst certain microbial profiles may enhance feed intake and
growth, they could also predispose animals to stress-related behaviours such
as increased physical activity, aggression, or tail biting. Thus, the key lies in
fine-tuning the microbiota to harness its benefits without triggering adverse
behavioural outcomes.

This includes dietary interventions such as prebiotics and probiotics that may
balance the gut microbiota, in addition to environmental enrichment such as
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toys or objects to root that may help to reduce stress and aggression. Finding
the right mix would minimise negative behaviours whilst maximising
productivity. In the last decade, significant progress has been made in
identifying strategies that can balance welfare, productivity, and practical
application. However, further research is needed to uncover strategies that
would be most effective, accessible, and beneficial for both animals and
farmers.
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Popularvetenskaplig sammanfattning

Inom slaktsvinsproduktion har man gjort flera framsteg de senaste
decennierna, bland annat inom reproduktionsteknik, genetik och foder, vilket
bidragit till storre griskullar, forbattrad tillvixt och produktivitet. En
kvarstdende utmaning ar dock stress kopplat till perioden runt avvénjning,
déar smagrisen abrupt far sluta dia och istillet dverga till fast foda. Detta kan
leda till flera storningar, bland annat en rubbad balans av tarmmikrobiotan,
forsamrad tillvaxt och 6kad sjukdomsbenédgenhet, vilket paverkar grisarnas
hilsa och prestation negativt. Det finns dérfor ett vixande behov av att hitta
losningar som fOrbdttrar grisar motstdndskraft mot storningar vid
avvanjning, vilket har blivit annu mer angeldget under det senaste decenniet.
Tarmmikrobiotan har pa senare ar varit i fokus dd den sammankopplas med
bade hélsa och sjukdom. Sammanséttningen pd tarmmikrobiotan har visats
viktig for bland annat att kunna skydda mot infektioner, bidra till tarmens
immunologiska utmognad, men dven kan paverka en individs beteende, da
den kan paverka kommunikationen mellan tarmen och hjdrnan.

En tidigare mognad av tarmmikrobiotan fore avvénjningen skulle kunna vara
en effektiv strategi for att forbattra tarmens robusthet och forhindra
mottaglighet for patogena infektioner och dédrmed minska problematik med
diarré.

Ett satt att paverka tarmhélsa ar via kosten. Prebiotika ar fibrer som bidrar
till en bra tarmmikrobiota och god tarmhélsa och probiotika ar nyttiga
mikroorganismer som bidrar till god hélsa. Béade prebiotika och probiotika
har potentialen att stiarka tarmmikrobiotan, immunforsvaret och tillvixten,
vilket forbéttrar den Overgripande tarmhilsan och stresstéligheten tidigt i
grisarnas liv. Ett kosttillskott som anvénts till bade ménniskor och djur &r
havre beta-glukaner, som har prebiotiska egenskaper och &r mycket
fermenterbar av tarmbakterier, vilket leder till produktion av fordelaktiga
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kortkedjiga fettsyror (SCFA). Tidigt tillskott av beta glukaner kan stimulera
tarmmikrobiotan och forbéttra den mikrobiella etableringen i tarmen genom
att frimja fordelaktiga bakterier, samt potentiellt d&ven stodja bade tarmens-
och hjérnans utveckling. P4 samma sitt kan probiotika, exempelvis
mjolksyrabakterier, hjdlpa till att kolonisera tarmen med fordelaktiga
bakterier under utvecklingsfasen och konkurrera ut skadliga bakterier och
minska risken for infektioner och diarré i tidig alder. Probiotika har ocksa
visats kunna forbattra tarmens barridrfunktion, tillvaxt och immunforsvar.
Att stimulera &tbeteendet och bidra till en tidig etablering av tarmmikrobiota
skulle kunna ge en solid grund for smégrisars tillvéxt och hilsa. Dock finns
det fa studier som fokuserat pa hur fodertillskott under diperioden kan bidra
till att modulera mikrobiotan och tarmhélsan. Darfoér var det huvudsakliga
syften att utvirdera effekterna av tidiga kostinterventioner till diande grisar,
antingen genom tillskott av B-glukaner fran havre, eller via tillskott av tva
mjolksyrabakterier (Limosilactobacillus reuteri och Lactiplantibacillus
plantarum) under diperioden. I studierna utvérderades effekter pa
tarmmikrobiota, kortkedjiga fettsyror, paverkan pa vikt och tarmslemhinnan.
Dessutom studerades effekter pa beteende och mojliga korrelationer mellan
beteende, tarmmikrobiota och kortkedjiga fettsyror.

Resultaten fran studierna visade pa tydliga aldersrelaterade effekter men
supplementet av beta-glukanerna visade inte ndgra tydliga effekter pa vare
sig tarmmikrobiotan, koncentration av kortkedjiga fettsyror eller vikt.
Déaremot, sags en koppling mellan mikrobiotans sammanséttning och
beteendevariabler med signifikanta samband mellan specifika
bakteriegrupper och beteendemonster. Tillskott av B-glukaner hade
dessutom en negativ inverkan pa grisens formaga att bryta ett inlért beteende.
Tillskott av  mjolksyrabakterierna  fordndrade inte mikrobiotans
sammansattning i rektalsvabbar hos grisar, men orsakade lokala foréndringar
i tunntarmen (ileum) och tjocktarmen (kolon), med 6kad forekomst av
bakteriegruppen Prevotella 2 1 tarmslemhinnan i ileum och 6kad férekomst
av Lachnospiraceae_ NK4136 i tarmslemhinnan i bade ileum och kolon, samt
i tarminnehallet som fanns i kolon. Tillskotten paverkade dock inte méngd
kortkedjiga fettsyror, tarmhistologi eller tillvixt jdmfort med
kontrollgruppen. Dessa resultat tyder pa att tillskott av mjolksyrabakterier
har potential att paverka utvecklingen av mikrobiota lokalt i olika delar av
tarmen.
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Sammantaget visade resultaten fran interventionen pa begrinsade effekter,
men uppfoljande studier behdver genomféras inom for att klarldgga
potentialen med tidiga kostinterventioner.
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Simple Summary: Early development of the intestinal microbiota is considered critical for enteric
health in pigs. Dietary strategies that improve gut microbiota development can thus help prevent
disturbances associated with weaning. This study evaluated the effects of a soluble oat 3-glucan
supplement, compared with a placebo, in five litters of piglets during the suckling period. The
supplement was introduced at week 1 of age and was provided three times per week until wean-
ing. The effects of the supplement were evaluated in terms of weight development, concentrations
of short-chain fatty acids in plasma and intestinal contents, and microbiota composition in rectal
swabs and intestinal contents. The results showed that microbiota composition and short-chain fatty
acid concentration changed with piglet age, but with no clear effects of the 3-glucan supplement.
There were no differences in body weight gain between -glucan-supplemented and control piglets.
Several correlations between specific microbes and short-chain fatty acids were identified. Signifi-
cant litter effects were also found, confirming the importance of genetics and pen environment in
suckling piglets.

Abstract: The effects of early supplementation with oat 3-glucan during the suckling period on piglet
gut microbiota composition, concentrations of short-chain fatty acids, and gut physiological markers
were assessed. Fifty piglets from five litters, balanced for sex and birth weight, were divided within
litters into two treatment groups: p-glucan and control. Piglets in the 3-glucan group received the
supplement three times/week from day 7 of age until weaning. Rectal swab samples were collected
from 10 piglets per treatment group (balanced across litters) from week 1 to week 4, and plasma
samples were collected at 1, 3, and 4 weeks of age. Additional samples of intestinal tissues and
jugular and portal vein plasma were collected from 10 animals at weaning (one per treatment group
and litter). The concentrations of short-chain fatty acids in plasma and the microbiota composition in
rectal swabs were mainly influenced by piglet age, rather than the supplement. There were significant
differences in microbiota composition between litters and several correlations between concentrations
of short-chain fatty acids in plasma and specific microbial taxa in rectal swabs. Overall, B-glucan
supplementation did not have any clear impact on the gut environment in suckling piglets, whereas
a clear age-related pattern emerged.

Keywords: 3-glucan; microbiota; SCFA; suckling piglets
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1. Introduction

A range of factors influence the composition of microbiota in the gastrointestinal tract
of piglets, including genetics, housing conditions, use of medication and diet [1,2]. The
weaning period is known to be a very stressful time in the life of piglets, because weaning
is associated with abrupt separation from the sow, major dietary changes, and mixing
with unfamiliar piglets. Stress can lead to increased incidence of enteric infections and
intestinal inflammation [3,4]. Overgrowth of harmful bacteria is a major risk factor in the
development of enteric diseases such as post-weaning diarrhoea, which can lead to financial
losses due to decreased growth rate, mortality, and the extra cost of medication. Although
the use of antibiotics as growth promotors has been banned in the European Union for
almost two decades, antibiotics are still extensively used for therapeutic purposes, e.g., to
treat gastrointestinal infections. Antimicrobial use and associated antimicrobial resistance
can affect animal and also human health [5]. Thus, it is important to find alternatives to
antibiotics to promote enteric health in piglets. One option is diet manipulation, targeting
fibre content and quality, to stimulate microbial fermentation, feed intake, and weight
gain [6]. Dietary fibre is used as a biological response modifier because it has beneficial
effects on the intestinal tract and stimulates the growth of beneficial bacteria. Bacterial
fermentation in the small and large intestines produces metabolites such as short-chain
fatty acids (SCFA) that have been shown to have positive effects on energy metabolism,
intestinal barrier, and immune system in both animals and humans [6-8].

Dietary fibre, in particular oat bran, contains large amounts of 3-glucans, which are
almost fully fermented by bacteria in the large intestine [9]. Fermentation of 3-glucans
has been shown to increase the concentrations of lactic acid and SCFA, reduce intestinal
ammonia production, and stimulate growth of a diverse, beneficial intestinal microbiota in
adult pigs [10,11]. B-glucans of microbial origin have also been shown to have immuno-
stimulatory and anti-inflammatory properties and may promote survival in experimental
animals infected with different microbes [12]. Fermentation of 3-glucans is believed to
increase the production of butyrate [10] and may be beneficial for intestinal development
in young piglets because it provides an energy source for colonocytes and stimulates
mucus production [13]. Butyrate has also been shown to lower the number of harmful
enterobacteria and reduce inflammation in the gut [14]. Therefore, concentrations of faecal
SCFA are considered a marker of gut health status [15]. However, a large fraction of the
SCFA produced in the gut is absorbed, so faecal levels of SCFA do not necessarily reflect
the amount of SCFA produced in the gut [16]. To obtain more comprehensive data, SCFA
excreted in faeces and SCFA absorbed and circulating in blood should both be analysed. In
piglets, only a few studies have measured both faecal and circulating levels of SCFA [17,18].
SCFA from plasma appears to be linked to metabolic health and is considered a good
biomarker of the effects of prebiotic interventions [19]. Even fewer studies have examined
prebiotic fibre supplements and their influence on circulating levels of SCFAs during
the suckling period of piglets. Previous studies in piglets have mainly focused on the
post-weaning period, with few studies focusing on the early-life establishment of the gut
microbiota, its contribution to individual piglet performance, and whether or not it can be
modified by nutritional treatments [20,21].

The aim of this study was to evaluate growth performance, gut microbiota composition,
SCFA concentration in faeces and blood, and histological development of the gut in suckling
piglets provided with an oat 3-glucan supplement. The starting hypothesis was that the
B-glucan supplementation leads to earlier development of a mature microbiota and higher
SCFA production.

2. Materials and Methods
2.1. Ethics Statement
This study was approved by the Ethics Committee for the Uppsala region, with

reference number DNR C 1054/16. The study was conducted in accordance with the
ARRIVE guidelines [22].
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2.2. Animals

The experiment involved 50 Hampshire x Yorkshire pathogen-free piglets from five
litters [23]. Ten piglets from each litter were allocated to two equal-sized treatment groups
that were balanced for sex and birth weight. In litters with more than 10 piglets, the
remaining piglets were allowed to stay with the litter but were not included in the study.
These selection criteria were set before the experiment.

2.3. Housing and Management

The experiment was carried out at the Swedish Livestock Research Centre at Lovsta,
Uppsala. Pregnant sows were moved to the farrowing unit one week before expected
farrowing and stayed with their piglets until weaning at 35 days of age. The farrowing
pens (3.35 x 2.0 m) consisted of a heated concrete floor as the lying and feeding area
(2.1 m x 2. 0 m), a slatted dung area (1.25 m x 2.0 m), and a heated corner that was only
accessible to the piglets. The sows were given 15-20 kg of chopped straw two days prior
to the expected farrowing date. An additional small amount of straw (0.5-1 kg/day) was
given daily as enrichment after the pens were manually cleaned. Piglets were weighed,
marked with an individual number within one day after birth (ear-tattoo), and ear-tagged
with their individual number at five days of age. A 1-mL intramuscular injection of an
iron supplement (Uniferon, 200 mg/mL) was given at five days and again at two weeks
of age. All piglets had ad libitum access to creep feed (Gottfrid, Lantménnen, Sweden,
Supplementary Table S1) and water during the suckling period. At weaning, the sow was
removed, and the piglets remained in their pen until nine weeks of age, when they were
handled according to regular routines at the Research Centre.

2.4. Treatments

Five suckling piglets per litter received an oral supplement of oat 3-glucan (40 mg/kg
body weight) (BG group) and five piglets per litter received an oral supplement of water
(CON group). Disposable syringes were prefilled with a paste form of 3-glucan dissolved
in water, which was supplemented directly into the mouth of each pig in the BG group.
The piglets were assigned to the treatment groups prior to supplementation, which started
at seven days of age and was continued three times per week until weaning at five weeks
of age. The pigs in the CON group were handled in the same way but received water by
syringe, instead of the BG supplement. The dietary supplement used in the experiment
was SweQat bran BG28 (Swedish oat fibre, Gothenburg, Sweden), which contained 28%
soluble -glucan with molecular weight 2000 kDa. The total dietary fibre content of BG28
was 52 g/100 g.

2.5. Experimental Procedures

An overview of the experimental set-up is shown in Figure 1. Weight gain was
recorded for all piglets on a weekly basis from birth until nine weeks of age, with an extra
weight measurement on the day of weaning. Four piglets per litter, two from each treatment,
balanced for sex and weight between treatments, were selected for collection of faecal
microbiota samples using rectal swabs (E-Swabs, Copan Diagnostics) at 1, 2, 3, and 4 weeks
of age. The swabs were immediately placed on ice after sampling and within 2 h were
transferred to a freezer and stored at —80 °C until analysis. Blood samples from the jugular
vein of the same piglets were collected at 1, 3, and 4 weeks of age, using a 21G vacutainer
needle and 4 mL VenoSafe Vacutainer EDTA-tubes. After centrifugation for 20 min at
4 °C and 1500x g, plasma was collected and stored at —80 °C until analysis. The oral
supplementation and sampling were performed consecutively. Due to obvious differences
in the characteristics of the supplements, the individual collecting the samples was not blind
to the treatment. However, the individual performing the laboratory analyses was blind to
the treatments, reducing any potential bias in outcome for the two treatment groups. Piglets
that needed treatment with antimicrobial drugs were excluded from the study.
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Supplement 3 times/week No supplement

BG:n=5 CON:n=5 BG:n=4 CON:n=4

x5 litters BG:n=2 CON:n=2 BG: n=1
CON: n=1

Birth 1w 2w 3w 4w Weaning 6W 7W 38W 9w
Weight X X X X X X X X X X

Figure 1. Overview of the experimental set-up. BG = 3-glucan, CON = control, JV = jugular vein,
PV = portal vein.

2.6. Post-Mortem Sampling Procedures

On the day before weaning, one piglet per treatment group and litter was euthanized
for collection of blood and intestinal samples as described below, while the remaining
piglets were weaned and handled according to existing farm routines. The five BG and five
CON piglets used for post-mortem sampling were selected so that sex and body weight
were balanced between the two diet treatments. The selected piglets were anaesthetized
with a combination of medetomidine (Domitor® vet, 1 mg/mL; Orion Pharma Animal
Health, Espoo, Finland) at a dose of 0.05 mg/kg BW, and tiletamine and zolazepam
(Zoletil® 50 mg + 50 mg/mL; Virbac, Carros, France) at a dose of 2.5 + 2.5 mg/kg BW
injected intramuscularly (i.m.). Buprenorphine (Vetergesic® vet, 0.3 mg/mL; Orion Pharma
Animal Health, Espoo, Finland) was given at a dose of 0.01 mg/kg BW i.m. for additional
analgesia and a 22G cannula (BD™ Venflon; BD, Franklin Lakes, NJ, USA) was placed
in the auricular vein. Throughout the sampling procedure, anaesthesia was maintained
with intravenous (i.v.) bolus doses of the pharmaceuticals listed above. Blood samples
were collected from the jugular vein with a 20G vacutainer needle into EDTA vacutainer
tubes. For blood collection from the portal vein, the abdomen was opened with an incision
in linea alba and along the last rib. The portal vein was reached by blunt dissection, and
blood was collected with a 20G needle and a 10 cc syringe and immediately transferred
to an EDTA vacutainer tube. At the end of the procedure, the pigs were euthanized with
pentobarbital sodium (Allfatal vet, 100 mg/mL; Omnidea, Stockholm, Sweden) i.v. while
still under general anaesthesia. The blood samples were kept on ice and centrifuged and
stored as described above. After euthanasia, the gastrointestinal tract was removed. A
vertical incision was made immediately on the distal part of the ileum (approximately
15 cm from the caecum) and the central part of the colon, for the collection of intestinal
samples. Intestinal contents collected from the colon were snap-frozen in liquid nitrogen
and stored at —80 °C until analysis. In addition, one segment of tissue each from the
distal ileum and central colon were taken and fixed in 10% formalin. All samples were
individually re-coded and labelled before analysis, to avoid any bias in data analysis.

2.7. Histology of Intestinal Tissue

Ileal and colon tissue were stored in formalin with 10% neutral phosphate buffer
(Merck KGaA, Darmstadt, Germany) for 48 h. After fixation, three samples per tissue
and piglet were trimmed, dehydrated, cleaned, and embedded in paraffin. The paraffin-
embedded tissue blocks were then cut into 4 mm thick sections, which were placed on
a slide and stained with haematoxylin and eosin. A light microscope (Nikon ECLIPSE
80i, BergmanLabora AB, Danderyd, Sweden), equipped with image analysis software
(NIS-Elements D 5.20.02, Nikon Instruments, Melville, NY, USA) was used for exami-
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nation of gut thickness, mucosal thickness, villus height, crypt depth, and thickness of
muscularis externa.

2.8. DNA Extraction, PCR Conditions and Sequence Analysis

DNA was extracted from rectal swabs and intestinal contents using QlAamp DNA
Stool Minikit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions, but
with the addition of an extra mechanical lysis step using 0.1 mm zirconium/silica beads
(Biospec Products, Bartlesville, OK, USA) and 2 x 1 min at 6000 rpm with a Precellys
evolution (Bertin Instruments, Montigny-le-Bretonneaux, France). The isolated DNA was
stored at —20 °C until analysis. PCR amplicons were generated from 16S rRNA genes
using the primers 341F (CCTACGGGNGGCWGCAG) and 805R (GACTACHVGGGTATC-
TAATCC). PCR amplification used DreamTaq PCR chemistry with the following PCR
conditions: initial denaturation at 94 °C for 3 min, followed by 25 cycles with 94 °C for
40s,58 °C for 40 s, and 72 °C for 60 s, and finally elongation at 72 °C for 7 min. Positive
PCR reactions were confirmed with gel electrophoresis (1% agarose) using a Thermo Fisher
Scientific Gene Ruler 1 kB DNA ladder as a size marker. The PCR product was purified
using Agencourt AMPure purification (Beckmann Coulter, Indianapolis, IN, USA). A sec-
ond PCR step was then applied to attach sample-specific barcodes and adaptor sequences.
Cycling conditions were as follows: initial denaturation at 94 °C for 3 min, 8 cycles of 94 °C
for 40 s, 58 °C for 40 s, and 72 °C for 60 s. PCR amplification ended with a final elongation
step at 72 °C for 7 min. After a second cleaning step, all samples were quantified using a
Qubit Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). Samples were pooled in
equimolar amounts and sent for sequencing at SciLifeLab in Stockholm, Sweden, using
[llumina MiSeq.

The sequencing data generated were processed according to the procedure described
by Miiller et al. [24]. The Quantitative Insights into Microbial Ecology (QIIME) version 1.8.0
pipeline was used for the quality filtering of data and to generate operational taxonomic
units (OTUs) using the open reference OTU picking strategy at a threshold of 97%, with
U-CLUST against a Greengenes core set (gg_13_8) [25]. Representative sequences were
aligned against the Greengenes core set using PYNAST software (chimeric sequences were
removed by ChimeraSlayer [26]). Taxonomy was assigned to each OTU using the Ribosomal
Database Project (RDP) classifier with a minimum confidence threshold of 80% [27]. The
final OTU table was filtered based on two criteria: an OTU had to be observed in three
samples to be retained and an OTU had to contain 87 reads (0.001% of total reads). The
sequence dataset was normalised so that each sample contained 14,900 sequences prior to
analysis of microbiota. The raw sequencing data have been deposited at the National Center
for Biotechnology Information database (NCBI), under accession number PRJNA940420.

2.9. Determination of SCFAs in Plasma and Digesta

Concentrations of SCFAs and caproic acid in EDTA plasma and digesta were analysed
by liquid chromatography-mass spectrometry (LC-MS) according to a method described
previously [28], with some modifications (for details, see Supplementary File S1).

2.10. Statistical Analysis

Microbiota composition was analysed using both univariate and multivariate ap-
proaches. All multivariate statistical analyses were performed using the statistical software
PAST, version 4.04 [29]. A multivariate approach involving principal coordinate analy-
sis (PCoA) based on Bray—Curtis distance was performed on OTU data. Clustering pat-
terns identified in the PCoA were validated by analysis of similarity (ANOSIM) based on
9999 permutations.

Relative abundance of the five most abundant phyla and the 10 most abundant genera,
alpha diversity index values, plasma concentrations of SCFA and caproic acid, and body
weight were analysed in r software (version 4.0.2.). Model assumptions of normality and
homoscedasticity of the data were visually checked by QQ-plots (LMERConvenienceFunc-
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tions package) [30]. Relative abundance, alpha diversity, SCFA, caproic acid, and weight
data were analysed by mixed models (packages Ime4 [31] and ImerTest [32]), with treatment,
sex, age, and their interactions as fixed effects and with piglet ID nested within sow ID as a
random effect. If the data did not meet the normality assumptions, data transformation
was applied. Data on acetate and butyrate concentrations and on phylum Proteobacteria
remained untransformed, but data on valeric acid, Fusobacteria, S24_7:g, and [Prevotella]
were square-root transformed, and all other variables were log-transformed. If the variable
still did not meet normality assumption, any outliers with residuals larger than 2.5 units
were excluded from the analysis (Supplementary Table S2). After data transformation and
exclusion of the outliers, all variables met the normality assumption.

Stepwise backward selection was used for model selection. Post-hoc Tukey HSD tests
were performed using the emmeans package (R Foundation for Statistical Computing,
Vienna, Austria) [33]. Correlations between the top 10 genera and plasma concentrations of
SCFA and caproic acid were analysed with linear correlations (Pearson) on samples from
animals for which data on both microbiota and SCFA were available. Effects of treatment
on samples collected from the euthanized animals (tissues, jugular, and portal vein plasma)
were analysed with t-tests. To correct for multiple analyses in the correlation analysis, the
Benjamini-Hochberg procedure was used with a false discovery rate (FDR) of 5% [34].

3. Results
3.1. Animal Growth and Performance

Mean birth weight of the piglets was 1.85 =+ 0.04 kg (BG) and 1.86 + 0.04 kg (CON).
The animals grew well in both treatment groups, and there were no differences in growth
(Figure 2) or in average daily weight gain (Supplementary Figure S1) between BG and
CON piglets. The piglets were healthy during the experiment, none died, and there were
no cases of diarrhoea that needed treatment, although loose stools were prevalent within
both groups during the experimental period.

35
30
25

20

Weight (kg)

birth 1w 2w 3w aw weaning 6w w 8w 9w

—e—BG —e—CON

Figure 2. Weight gain (mean = SE) of piglets in the 3-glucan supplemented group (BG) and control
group (CON) from birth to nine weeks of age.

3.2. Development of the Microbiota

Analysis of microbial diversity revealed a significant increase with age in both Shannon
index and Chao-1 index, but with no differences between BG and CON piglets (Table 1).
Shannon index was influenced by a sex by age interaction (F(3 525 = 9.3, p < 0.001), with
female piglets showing higher microbiota diversity than males at 4 weeks of age (p < 0.001).
Chao-1 index was also influenced by a sex by age interaction (F (354) = 3.8, p < 0.05), with
females having higher species richness than males at 4 weeks of age (p < 0.05).
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Table 1. Microbial diversity (mean =+ SE) determined based on Illumina sequencing data in samples
collected from piglets receiving a -glucan supplement (BG) and control (CON) piglets.

BG CON T A AS TA
w 2w 3w 4w Iw 2w 3w 4w
S}i‘zg;‘;’“ 3264013 3594019 3634014 4194021 3134017 3684014 373+019  421+£026° ns  * * ns
Chao-1 538 + 38 803 + 35 910 + 40 980 + 50 535 + 30 798 + 39 939 + 38 977 £ 62° ns Ot * ns
* indicates p < 0.05, ns = not significant. T = treatment, A = age, A:S = sex:age interaction, T:A = treatment:age
interaction; w = weeks, ® = significant difference at 4 weeks of age.
At phylum level, the microbiota was primarily dominated by Firmicutes, Bacteroidetes,
and Proteobacteria (Figure 3A). At genus level, Escherichia, Bacteroides, Prevotella, and
Lactobacillus were most dominant, comprising more than 50% of relative abundance in
swab samples (Figure 3B).
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Figure 3. Stacked bar plot showing relative abundance of (A) the five most abundant bacterial phyla
and (B) the 10 most abundant genera in rectal swab samples collected from piglets over the whole
suckling period. Others = remaining accumulated abundance of bacterial taxa not among the top 10
in abundance in the samples, B = Bacteroidetes, F = Firmicutes, P = Proteobacteria.

u (F) Oscillospira

™ (F) Ruminococcaceae;other

aw

To further assess microbial community composition, a multivariate statistical approach
was applied. The ordination with PCoA revealed a clustering pattern that was linked to
piglet age but did not indicate any difference in clustering pattern between BG and CON
pigs (Figure 4A). This was confirmed in two-way ANOSIM, where age was a significant
factor (p = 0.0001, R = 0.24) but not treatment (p = 0.32, R = 0.013). The PCoA and ANOSIM
results were also used to evaluate the effect of litter on microbiota composition and revealed
an evident effect of litter (Figure 4B), with a significant difference between both age and
litter in the two-way ANOSIM (age: p = 0.0001, R = 0.43; litter: p = 0.0001, R = 0.45).
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Figure 4. (A,B) Principal coordinates analysis (PCoA) plots with BrayCurtis distances showing
microbiota development in 20 piglets (swab samples) from 1-4 weeks of age (10 receiving a 3-glucan
(BG) supplement and 10 from the control group (CON)). Symbols in plot (A) represent different
treatments (circles = BG, squares = CON) and symbols (squares, diamonds, circles, triangles and

stars) in plot (B) different litters.

A univariate statistical approach was also applied to evaluate the effect of treatment
and age on the five most abundant phyla and the 10 most abundant genera (Table 2). At
phylum level, there was a tendency for a treatment x age interaction for Actinobacteria
(F@53.4) = 2.5, p = 0.07), with BG piglets tending to have higher relative abundance than
CON piglets at week 1 (p = 0.07) (Table 2). Relative abundance of Actinobacteria decreased
with age (F3534) = 8.24, p < 0.001) (Table 2). Males (0.9 + 0.2%) had a higher relative
abundance of Actinobacteria than females (0.4 & 0.1%), F(1,133) = 5.9, p < 0.05) (Table 2). A
tendency for a treatment x age interaction was found for Bacteroidetes (F(3 ¢g) =2.4, p = 0.07),
with higher relative abundance at week 1 in pigs from the BG group (p = 0.007) (Table 2).
Relative abundance of Firmicutes was also influenced by age (F3 72y = 5.1, p < 0.01, with a
significant decrease in abundance at week 4 compared with week 2 (p < 0.05), and week 3
compared with week 4 (p < 0.01) (Table 2). Moreover, Fusobacteria was influenced by age
(F@,559) = 34.4, p < 0.0001, with abundance decreasing significantly from week 1 to week
2 (p < 0.001), week 3 (p < 0.001) and week 4 (p < 0.001) (Table 2). There was a tendency
for a sex effect on Proteobacteria (F(1,143) = 4.2, p = 0.06), where male piglets had a higher
abundance of Proteobacteria than females (Table 2).
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At genus level, relative abundance of Escherichia was influenced by a treatment x age
interaction (F363) = 3.5, p < 0.05), with higher relative abundance in the BG group at
4 weeks of age (p = 0.003) (Table 2). An age x sex interaction was also found (F363) = 4.7,
p <0.01), where female piglets had higher relative abundance of Escherichia than male piglets
at week 4 (p < 0.001). Relative abundance of Bacteroides was influenced by a treatment x
age interaction (F(3 6p) = 3.6, p < 0.05), with higher abundance in the BG group in week 1
(p < 0.05), but higher abundance in the CON group in week 2 (p < 0.05). In addition, an
age x sex interaction was found (F(3 ¢7) = 4.0, p < 0.05), with higher relative abundance in
male piglets compared with females (p < 0.01) (Table 2). Relative abundance of Prevotella
was influenced by a treatment x sex x age interaction (F(3 46,5, = 6.6, p < 0.001), where in
week 1 (p < 0.01), week 2 (p < 0.05), and week 3 (p < 0.05), female BG piglets had a higher
relative abundance of Prevotella than female CON piglets (Table 2). Relative abundance
of Lactobacillus was influenced by age (F(356) = 18.6, p < 0.001) and was higher in weeks
1 and 2 compared with weeks 3 and 4 (p < 0.001) (Table 2). The relative abundance of
Ruminococcus was influenced by age (F(372.2) = 8.9, p < 0.001), with abundance increasing
from week 1 to week 2 (p = 0.001) and decreasing from week 2 to week 4 (p < 0.001) (Table 2).
The relative abundance of Oscillospira was influenced by age (F(371.9) = 6.8, p < 0.001), with
lower abundance in week 1 compared with week 2 (p = <0.001), week 3 (p < 0.05), and
week 4 (p < 0.05) (Table 2). The abundance of S24_7:g was influenced by an age x sex
interaction (F3529) = 3.3, p < 0.05), where female piglets had higher abundance at week
4 (p < 0.05) than male piglets (Table 2). Relative abundance of [Prevotella] was influenced
by age (F(3567) = 8.5, p < 0.001), with a higher abundance at week 3 (p < 0.05) and week 4
(p < 0.001) compared with week 1, and a higher abundance in week 4 (p < 0.05) compared
with week 2 (Table 2). Ruminococcus was influenced by age (F(3 722 = 8.9, p < 0.001), with
abundance decreasing from week 1 to week 2 (p < 0.001) and week 3 (p < 0.05), and from
week 2 to week 4 (p < 0.05) (Table 2).

The microbiota in colon digesta from euthanized piglets from the BG and CON groups
were also compared, but PCoA did not reveal any separate clustering of these samples
according to treatment or any significant effects of the supplement (Supplementary Figure S2).

3.3. SCFA and Caproic Acid Concentrations in Plasma and Colon Digesta

Analysis of SCFA and caproic acid levels in plasma samples collected from the jugular
vein at 1, 3, and 4 weeks of age revealed that the concentration of SCFA was mainly affected
by age. The only observed effect of treatment was on acetic acid concentration, which was
lower in the BG group than in the CON group (F(y,1) = 6.1, p < 0.05) (Table 3). Acetic acid
concentration was also influenced by age (F(y3) = 39.8, p < 0.001), with an increase from
week 1 to week 3 (p < 0.001) and week 4 (p < 0.001). The concentration of propionic acid was
influenced by age (F(»33) = 3.3, p < 0.05), with the highest concentration at week 3 (p < 0.05)
(Table 3). Plasma concentration of butyric acid was influenced by an age x sex interaction
(F346) = 4.5, p < 0.05), with higher concentrations in females than in males in week 4
(p < 0.05). Formic acid concentration was influenced by age (F(»35) = 25.7, p < 0.001),
decreasing from week 1 to week 3 (p < 0.01) and week 4 (p < 0.001), and from week
3 to week 4 (p < 0.01) (Table 3). Iso-butyric acid concentration was influenced by age
(F,38 = 6.3, p < 0.05), and was higher in week 3 (p < 0.05) and week 4 (p < 0.05) than in
week 1 (Table 3). Valeric acid concentration tended to be higher in the BG than in the CON
group (F18) = 4.0, p = 0.06) and was influenced by age (F(238) = 9.3, p < 0.001), with an
increase from week 1 to week 3 (p < 0.05) and week 4 (p < 0.001). Succinic acid concentration
was influenced by age (F(335) = 5.4, p < 0.05) and decreased from week 1 to week 4 (p < 0.05)
(Table 3). Caproic acid concentration tended to be higher in BG piglets than in CON piglets
(F(1,12) =35, p= 008) (Table 3)
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Table 3. Concentrations (uM) of different short-chain fatty acids (SCFA) and caproic acid in plasma
collected from piglets receiving a 3-glucan supplement (BG) and control (CON) piglets during the
suckling period. Mean =+ SE.

SCFA BG CON T A TA
1w 3w 4w w 3w 4w

Acetic aci N be 189+110 N be b . .
cetic acid 10.9 + 0.69 17.1 +0.85 b 13.0 £ 0.76 18.4 + 144 21.7 + 127 ns
Propionicacid ~ 0.88 +0.12 1.19 £0.20° 1.27 +0.23 1.03 + 0.09 1.82 40342 1.21 4021 ns * ns
Butyric acid 015+030  038+0712  0.68+010*  021+£005 03440112 045 4+ 0.08 2 ns * ns
Formic acid 576 £20.3% 447 4347 346 +30.1°4 546 +£17.6® 4944+ 534bc 419 + 50504 ns * ns
Iso-butyricacid 042 +0.04%  069+0.16°  081+012° 043+006% 0.83+0.13° 0.57 + 0.08 ns * ns
Valeric acid 0.08£0.00*  0.14+003> 016+0.03>  0.06=+0.02* 008+ 002" 0.11 4 0.01° ns * ns
Succinicacid ~ 9.07 & 1.66 2 762+094  728+136P 11.89+£1.80°  9.34+1.38 7.52 4+ 0.96° ns * ns
Caproic acid 0.27 4+ 0.02 0.29 + 0.02 0.24 +0.03 0.23 4+ 0.03 0.23 4+ 0.04 0.20 + 0.03 ns ns ns

| =
:
'
.

8 portal vein

onic acid (uM)

acid (uM) Capr

* Indicates p < 0.05, ns = not significant, T = treatment, A = age, T:A = treatment:age interaction, w = weeks,
abed = sjonificant difference within weeks.

Jugular vein and portal vein plasma and colon digesta taken from 10 euthanized
animals were evaluated for the possible influence of the BG supplement on SCFA concen-
trations. SCFA concentration varied between individual pigs and was considerably higher
in plasma samples from the portal vein than in samples from the jugular vein. However, no
significant effects linked to the treatment were found for colon digesta or plasma samples
(Supplementary Tables S3 and S4). The molar proportions of SCFA differed between plasma
and colon digesta, with higher similarity in portal vein and colon digesta than in jugular
vein and colon digesta (Figure 5). However, correlation analysis of individual SCFA in the
different sample types did not reveal any significant correlations.

Figure 5. (A) Relative concentrations (% of total) and (B) mean absolute concentrations (umol/g) of
SCFA and caproic acid in jugular vein and portal vein plasma and colon digesta from 10 euthanized
piglets (five piglets in a group receiving a 3-glucan supplement and five control (CON) piglets.

3.4. Gut Histological Measurements

Morphological parameters measured in tissue samples are shown in Table 4. No signif-
icant differences were detected between BG and CON for any of the measured parameters.
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Table 4. Villus height (um), crypt depth (um), and thickness of mucosa, total gut (um), and muscularis
externa of the ileum and colon in piglets receiving a 3-glucan supplement (BG) and in control (CON)
piglets during the suckling period. Mean =+ SE.

N® CON BG p-Value
Ileum (pm)
Villus height 10 346 £19.6 360 + 25.1 0.58
Crypt depth 5-9 234 +15.3 238 +21.9 0.82
Thickness mucosa 10 598 + 30.7 619 + 36.0 0.62
Thickness muscularis externa 10 543 £ 33.3 480+ 24.5 0.34
Thickness total gut 5 1925 +70.1 2199 + 274 0.65
Colon (um)
Crypt depth 10 410 £ 13.0 376 +£17.2 0.42
Thickness mucosa 10 483 + 14.0 4454+94 0.61
Thickness muscularis externa 10 400 £ 20.5 366 £ 20.4 0.57
Thickness total gut 5-6 1152 + 80.0 1042 £76.5 0.57

() Number of measurements per pig.

3.5. Correlations

Relative abundance data from the 10 most abundant genera were analysed for cor-
relations with SCFA in plasma (Supplementary Figure S2). Among the genera classi-
fied to the phylum Bacteroidetes, Bacteroides was negatively correlated with acetic acid
(r=—0.34, p = 0.008) and propionic acid (r = —0.35, p = 0.004), while Prevotella was posi-
tively correlated with acetic acid (r = 0.42, p = 0.0008), but negatively correlated with formic
acid (r = —0.31, p = 0.016). The taxon S24_7:g was negatively correlated with formic acid
(r=—0.48, p = 0.0001), but positively correlated with acetic acid (r = 0.55, p = 0.000005),
propionic acid (r = 0.34, p = 0.007), butyric acid (r = 0.49, p = 0.00005), iso-butyric acid
(r =0.34, p = 0.009), and valeric acid (r = 0.33, p = 0.01). The taxon [Prevotella] was posi-
tively correlated with acetic acid (r = 0.51, p = 0.00003), propionic acid (r = 0.37, p = 0.003),
and butyric acid (r = 0.39, p = 0.002). Among the dominating genera within the phylum
Firmicutes, Lactobacillus was positively correlated with succinic acid (r = 0.36, p = 0.005)
but negatively correlated with acetic acid (r = —0.46, p = 0.0002). Lachnospiraceae;g was
positively correlated with valeric acid (r = 0.31, p = 0.016), Ruminococcaceae;g_other was
positively correlated with propionic acid (r = 0.36, p = 0.004) and iso-butyric acid (r = 0.31,
p =0.015), and Oscillospira was positively correlated with iso-butyric acid (r = 0.33, p = 0.011).
Moreover, Ruminococcus showed a positive correlation with formic acid (r = 0.42, p = 0.0008)
and a negative correlation with acetic acid (r = —0.39, p = 0.002). Escherichia, belonging to
Proteobacteria, was positively correlated with caproic acid (r = 0.33, p = 0.009). There were
also several correlations between individual bacterial taxa (Supplementary Figure S3).

4. Discussion

This study investigated the effect of early dietary supplementation with 3-glucan on
the development of the gut microbiota, concentrations of SCFA in plasma and digesta, and
the morphological structure of the gut in piglets. The results showed mainly age-related
effects, with maturation of microbiota composition and higher concentrations of certain
SCFA in plasma at older age. Several correlations were found between certain microbial
taxa and concentrations of SCFA and caproic acid in plasma samples.

Early in the piglets’ life, Escherichia, Lactobacillus, and Bacteroides were dominating
taxa, but with older age both Lactobacillus and Bacteroides showed a reduction in relative
abundance. The relative abundance of Lactobacillus decreased from 9% initially to 2% by
the end of the suckling period. Some previous studies have found a similar trend, with a
significant decrease in the abundance of Lactobacillus from newly weaned piglets compared
to piglets at the end of the suckling period [35,36]. In contrast, Frese et al. [37] found an
increase in the proportion of Lactobacillus directly after weaning. In the present study, we
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observed a decrease in the relative abundance of Bacteroides with older age, which is in
agreement with findings in other studies [37,38].

A gradual increase in the relative abundance of Prevotella was observed during the
suckling period, which is in agreement with findings in earlier studies on gut microbiome
sampled at different ages [38—42]. Prevotella is known to harbour specific enzymes that
can utilise plant polysaccharides [43]. Thus, it is commonly present in low abundance in
nursing animals and usually increases in abundance when pigs are introduced to solid
food [38]. Interestingly, in the present study, Prevotella showed a gradual increase over the
whole suckling period, possibly due to increasing intake of creep feed with age during
the suckling period [44]. Consumption of creep feed has been shown to contribute to
microbiota development [20,21]. Creep feed consumption was not recorded in the present
study, so no conclusions can be drawn on whether it contributed to the observed increase
in the abundance of Prevotella.

Several differences in microbial composition correlated with piglet sex were observed.
Relative abundance of the phylum Proteobacteria was higher in male piglets, while at
genus level Escherichia showed higher abundance in female piglets and Bacteroides showed
higher abundance in male piglets. However, previous studies have found conflicting
results, e.g., Zhou et al. [45] found a higher abundance of Proteobacteria in female pigs, and
He et al. [46] found a higher abundance of Escherichia in males and Bacteroides in females.
The reason for the discrepancies between studies is unknown, but one possible explanation
is age differences, as the pigs in those studies were older than the piglets in our study.

It is uncertain to what extent the immature gut microbiota in young piglets can utilise
dietary fibre [47]. Microbial metabolism of dietary fibre leads to various end-products [48],
and the production of SCFA is considered to be a key factor influencing overall gut health.
A substantial part of the energy contribution from the gut in weaned pigs is related to SCFA,
with intestinal production of SCFA depending on the size of the gastrointestinal tract and
the population and composition of bacteria in the gut [49]. In the present study, changes in
SCFA concentrations in plasma were linked more strongly to age than to treatment. The
only observed effect linked to the treatment was for acetic acid. However, the acetic acid
concentration in plasma was higher in CON piglets at the start of the study, so this difference
likely reflected individual differences rather than being an effect of the supplementation.

Formic and succinic acid concentrations in plasma decreased with age, whereas the
concentrations of acetic, propionic, butyric, iso-butyric, and valeric acid all increased
with age. As the abundance of Bacteroides and Lactobacillus decreased with age, while the
levels of acetic and propionic concentration increased, it was not surprising that these
variables were negatively correlated. In contrast, Prevotella increased with age and was
positively correlated with concentrations of acetic, butyric, and valeric acid. Previous
studies have found that Lactobacillus spp., Bacteroides spp., Bifidobacterium spp., Streptococcus
spp., Prevotella spp., and Ruminococcus spp. are the most important producers of acetate
in the gastrointestinal tract [50,51]. Propionate is mainly produced by Bacteroides spp.,
Megasphaera elsdenii, Roseburia inulinivorans, Dialister spp., Ruminococcus obeum, Veillonella
spp., Coprococcus catus, and Phascolarctobacterium succinatutens [52]. In the present study,
Prevotella aligned with prior knowledge of the specific gut bacteria producers of acetate, but
Lactobacillus spp. and Bacteroides spp. were negatively correlated with the concentrations
of acetic and propionic acid. This could be due to the fact that SCFA were measured in
plasma and microbiota taxa in rectal swabs. It has been reported in several previous studies
that the concentrations and proportions of circulating SCFA and SCFA in faeces samples
are not well correlated [53-55]. There was a clear difference in the concentrations of SCFA
and caproic acid between portal and jugular vein plasma, with higher concentrations
in the portal vein samples (even higher than found in the colon digesta). The observed
difference in molar proportions between the portal and jugular vein samples, with reduced
proportions of both propionic and butyric acid, suggests that they were metabolised in
the liver.
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Previous studies on weaned pigs have found that inclusion of oat or barley 3-glucan or
oat products in the diet is associated with an increased proportion of specific microbial taxa
in the colon and ileum, i.e., Lactobacillus spp., Bifidobacterium spp., and Prevotella [56-58].
Other studies have found no changes in the gut microbial community, plasma SCFA, or im-
mune function on adding oat 3-glucan to the diet of pigs [59,60]. In the present study, there
were no significant differences in microbiota, SCFA concentrations, or gut morphological
structure that could be linked to the BG treatment alone. The (3-glucan supplement was
introduced from seven days of age, with three doses per week until weaning. It is possible
that more frequent doses or a higher dose than 40 mg/kg body weight could have resulted
in an effect of the treatment on the gut microbiota, and hence increased SCFA production.
Previous studies on weaned pigs receiving (3-glucan from cereals and microbial origin have
used doses ranging from 50 to 200 mg/kg body weight [61]. A recent study on weaned pigs
receiving a dietary p-glucan supplement and challenged with Escherichia coli used a high
dose of 3-glucan (500 mg/kg BW) and observed an increased abundance of Lactobacillus in
the supplemented group compared with the control group [62].

Apart from most previous studies being performed post-weaning, on older pigs with
a more developed microbiota that can utilise -glucan more effectively, other possible
reasons for the differences in response between studies could be related to fermentation
rate in the digestive tract, which depends on the chemical composition and physiochemical
properties of different types of 3-glucans [63,64]. B-glucans can differ widely in both
concentration and solubility, depending on the source [65]. For instance, 3-glucan from
fungi and yeasts is known to have immuno-modulating effects [66,67]. Yeast-derived f3-
glucan has high bioactivity [68], and effects on the immune system have been demonstrated
in vitro [69,70] and in a recent in vivo study [71]. Although barley has a higher 3-glucan
content than oats [72], -glucan from oats has been shown to be better for gut health than
barley 3-glucan when fed to rats at the same dosage [73].

The lack of differences between the treatment groups in the present study could
potentially also be related to microbial cross-contamination by allocoprophagy [74], as we
provided the CON and BG supplement to individuals within the same litters. However,
this study design had many advantages, e.g., siblings from the BG and CON groups had
a shared mother, genetic predisposition, and early-life litter exposure. We observed clear
litter effects on gut microbial community clusters in our study. The univariate statistical
analyses were litter-adjusted, so these effects were accounted for in the statistical model.

Previous studies on weaned pigs fed -glucan derived from cereal and microbial
sources have reported increased levels of butyrate and butyrate-producing bacteria [56,75].
Butyrate can act as an inhibitor of pathogenic microorganisms by reinforcing the mucus
layer, enhancing immunological development, and acting as a nutrient source for the colon
epithelium [76,77]. In the present study, the concentration of butyric acid was numerically,
but not statistically significantly, higher in plasma samples from the BG group, but not in
digesta samples, indicating that BG supplementation contributed to higher concentrations
of butyrate and butyrate-producing bacteria. Families such as Lachnospiraceae and Ru-
minococcaceae, which contain several genera known to produce butyrate, were found in
the samples, but did not differ in relative abundance between the treatments.

It has been shown that transition to solid feed can cause short-term villus and crypt
disorders in piglets [78]. Moreover, it is suggested that 14-21 days of life is a crucial period
for maturation of the mucosal structure and mucosal development [79]. However, no
measurable changes in intestinal mucosa were seen in BG piglets in our study, and we
found no indications of local inflammation in villi and crypts in any of the piglets. The
effects of dietary fibre on gut morphology in piglets cannot be assessed based on the
literature, as some studies report changes in morphology in piglets fed solid feed before
weaning [80] and others report no changes [81].

Comparison of the results from this and previous studies is challenging, due to wide
variation in the data obtained, differences in supplement dose and timing, and lack of
studies on -glucan in young piglets during the suckling period.
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5. Conclusions

Early supplementation of piglets with oat 3-glucan during the suckling period had
no obvious or possible long-lasting effects, with piglet age and litter rather than dietary
B-glucan supplementation having the most effect on gut microbiota development and on
SCFA concentrations. This suggests that cereal 3-glucan has a limited capacity to contribute
to a beneficial gut microbiota development during the suckling period.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ani13081349/s1, Supplementary Figure S1: Average daily weight
gain of piglets included in the study; Supplementary Figure S2: PCoA plot of colon digesta from
euthanized piglets; Supplementary Figure S3: Correlation between the top 10 genera and SCFA
concentrations; Supplementary Table S1: Dietary composition of creep feed for suckling piglets;
Supplementary Table S2: Excluded outliers; Supplementary Table S3: SCFA and caproic acid concen-
trations in colon digesta from euthanized piglets; Supplementary Table S4: SCFA and caproic acid
concentrations in plasma from euthanized piglets; Supplementary File S1: Analysis of plasma SCFA.
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