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Chapter1

Introduction

The world population is expected to reach more than 9 billion humans by 2050, thereby imposing
global food security challenges. To meet the growing food demand, it is projected that the
global meat production would need to rise by over 200 million tonnes in order to reach 470
million tonnes by 2050 (Alexandratos and Bruinsma, 2012). Pork is the most consumed meat
in the world accounting for about 36% of total meat consumption (McGlone, 2013; Food and
Agriculture Organization of the United Nations, 2014). Post-weaning enteric infection is one of
the major concerns related to the gut health of pigs, and is closely associated with economic
losses as well as reduced animal health, welfare and growth performance (Fairbrother et al., 2005;
Lallés et al., 2007; Aland and Madec, 2009; Gresse et al., 2017). Industrialised pork production
systems are challenged by enteric and respiratory diseases affecting the mortality and welfare
of post-weaned piglets. For instance, post-weaning diarrhoea (PWD), commonly caused by
enterotoxigenic Escherichia coli (ETEC) is an economically important disease in pig production
worldwide, having a piglet mortality rate up to 17-20% (Lalles et al., 2007; Xiong et al., 2019).

In the past, PWD or weaning-associated diarrhoea has been managed and growth performance
was optimised by adding antibiotics or mineral compounds like zinc oxide to the feed. However,
this poses serious risks to animal health and public health, due to the possible emergence of
multidrug-resistant bacterial strains as well as environmental accumulation of zinc (Verstegen
and Williams, 2002; Aland and Madec, 2009). This eventually led to the implementation of a full
ban on ‘in-feed antibiotics’ usage in livestock diets by the European Union (EU), from January,
2006, in addition to the gradual phasing out of zinc oxide (as therapeutic use) adopted by
European commission (initiated by France and the Netherlands (European Medicines Agency,
2017; European Commission, 2017). This indicates that increasing production is not sufficient
to achieve food security, as it must be complemented by sustainable approaches to enhance
overall animal health and welfare, and also human health.

Previous studies have indicated gut microbiota (or gastro-intestinal tract colonising bacteria) as
one of the potentially important aspect that can be exploited to improve weaning-associated
diarrhoea (Lallés et al., 2007; Aland and Madec, 2009; Heo et al., 2013). Besides, the disruption
of gut microbiota has emerged as a leading cause of PWD and associated infections in piglets
(Figure 1) (Gresse et al., 2017). There is, therefore, a growing interest in understanding the
mechanisms that determine gastro-intestinal health of young piglets as well as the impact of
dietary fibres (or prebiotics) as alternative feed additive(s). Further insight into the interplay
between early-life nutrition, microbiota, immunity and intestinal mucosa could be vital in finding
novel approaches forimproving animal health around weaning, and would be the emphasis
of this chapter. The work in this thesis will focus on microbiota and intestinal development
with respect to early nutrition (fibrous diet).
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Figure 1: Schematic representation of the steps involved in the pathogenesis of post weaning diarrhoea in pigs. For
example, piglets can get exposed to enterotoxigenic Escherichia coli (ETEC) from the environment, upon which the
bacteria adhere to the intestinal epithelium, releasing toxins that cause excess secretion of water and electrolytes,
eventually leading to dehydration, diarrhoea and possible death (Rhouma et al., 2017).

Weaning and Post-weaning associated problems

Natural vs Commercial weaning

Weaning is a natural process in mammals, which involves gradual transition from complete
dependence on the mother’s milk to independent feeding (Martin, 1984). However, in commercial
(pork production) farming, weaning is an event rather than a process. Piglets are abruptly weaned
most often around 3 or 4 weeks of age, which is very different from the natural conditions where
they gradually wean up to approximately 20 weeks of age (Petersen et al., 1989; Jensen and
Stangel, 1992), allowing slow adjustment to solid feed. Obviously, this early and abrupt weaning
practice imposes tremendous stress on the young piglet, whose gastro-intestinal physiology
is still developing (Pieper et al., 2006), and is accompanied by adverse physiological changes
in the structure and function of the intestine (Pluske et al., 1997; Heo et al., 2013).

Stress and behavioural problems

Weaning stress goes beyond the intestinal tract, as besides the change in diet, weaned piglets
have to deal with an additional social stress, due to sudden maternal separation, abrupt
relocation to a new environment and often unknown pen-mates (Jensen et al., 1991; Lallés et
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al., 2007). Weaned piglets can thus develop behavioural problems such as aggressive behaviour
directed at their pen-mates after mixing, and oral manipulation of their pen-mates’ bodies
including ear and tail-biting, leading to stressful conditions (Bolhuis et al., 2005; Colson et al.,
2006; Dudink et al., 2006; Widowski et al., 2008). In many countries, the standardised farming
practices include tail docking and teeth clipping in piglets to minimise post-weaning damaging
behaviour, while overlooking welfare issues. Interestingly, some pre-weaning conditions (e.g.
pen enrichment) seem to reduce post-weaning damaging behaviour in piglets (Bolhuis et al.,
2005; Qostindjer et al., 2011), indicating the necessity for developing exploration- and foraging-
related behaviour for optimal post-weaning adaptation. Whether these behavioural deviations
are associated with their gut microbiota, has not been explored yet.

Impact on feed intake and growth

After weaning, piglets have to cope with the sudden withdrawal of mother’s milk and adapt
to a less digestible, plant-based (solid) diet containing complex protein and carbohydrates
(Lallés et al., 2007). Consequently, piglets tend to have a sharp reduction in feed intake
immediately after weaning (Pluske et al., 1997), with food neophobia persisting up to 48
hours in approximately 10% of weaned piglets (Brooks et al., 2001). The absence of nutrients
in the lumen caused by starvation (or food neophobia), can also explain (partly) the intestinal
impairment in piglets post-weaning. Due to this, a transient ‘growth check’ in the first 7 to 10
days post-weaning (Pluske et al., 1997; Collins et al., 2017) is generally observed, which can
potentially have a long-term impact. Due to the multi-factorial (including environmental-,
nutritional- and psychological-) stressors piglets are simultaneously exposed to, weaning is
associated with a high incidence of diarrhoea.

Post-weaning diarrhoea (PWD) and Gut Microbiota Dysbiosis

Post-weaning diarrhoea affects pigs during the first 2 weeks after weaning and is characterised
by sudden death or diarrhoea, dehydration, and growth retardation in surviving piglets
(Rhouma et al,, 2017). The combination of the withdrawal of milk derived passive immunity
(maternal antibodies)and the presence of less well-digested food in the gut, results in an
increased susceptibility to intestinal colonisation by opportunistic pathogens, leading to
gastro-intestinal problems. Post-weaning diarrhoea is usually associated with proliferation of
one or more strains of enterotoxigenic Escherichia coli (particularly those expressing fimbrial
adhesins F4 or F18) (Fairbrother et al., 2005; Nagy and Fekete, 2005), or Salmonella enterica
serovar Typhimurium in the gastrointestinal tract (Gresse et al., 2017). Other pathogens such as
Clostridium perfringens, Lawsonia intracellularis, Brachyspira pilosicoli, protozoan parasite
Cryptosporidium and rotavirus have occasionally also been reported to cause post-weaning
diarrhoea (Wang and Ganzle, 2019; Zimmerman et al., 2019). This leads to the therapeutic
use of antibiotics, most commonly in the suckling and post-weaning period in pig production
(Lekagul et al., 2019). The higher susceptibility to infections in young piglets relates to their
immature immune system, the developing microbiota and the gastro-intestinal barrier. For
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instance (Figure 1), young piglets can be exposed to ETEC from the environment, especially
derived from mammary glands of their mother, the farrowing room or their pen. ETEC bacteria
adhere to the small intestinal epithelium, releasing enterotoxins, which causes an increased
secretion of water and electrolytes into the intestinal lumen in addition to altering the absorptive
function of enterocytes (Nagy and Fekete, 2005). Excessive secretion of electrolytes and water
eventually leads to dehydration, metabolic acidosis, osmotic diarrhoea and possible death
(Rhouma et al., 2017).

Post-weaning diarrhoea has been associated with structural and functional changes to the
gastro-intestinal tract (GIT) (Kelly et al.,, 1991; Pluske et al., 1996), villous—crypt architecture
(Spreeuwenberg et al., 2001; Al Masri et al., 2015), GIT barrier function (Kim et al., 2012; Moeser
etal,, 2017), intestinal inflammation (Pluske et al., 2018) and a disrupted microbiota (Fouhse et
al., 2016; Gresse et al., 2017; Guevarra et al., 2018). The temporal change of intestinal mucosal
morphology and function post-weaning, could be divided into two periods: an acute phase
(about 5 days) occurring immediately after weaning and an adaptive or maturation phase.
Thefirst five days after weaning is usually considered to be the period where piglets experience
maximum weaning stress, whereas the adaptive phase (day 5 to 15 post-weaning) corresponds
to an adaptation of the gut to the weaning diet (Montagne et al., 2007).

Several studies have reported altered microbial diversity and increase in Prevotella spp.,
Clostridium spp., and E. coli during the weaning transition (Jensen, 1998; Franklin et al., 2002;
Konstantinov et al.,, 2006; Frese et al., 2015; Bian et al., 2016). However, the results are not
always consistent which is possibly due to various confounding variables like health status
post-weaning (healthy vs diarrhoeic), weaning age, in-feed antibiotics, sample type as well
as chosen method of genomic technology. One former study (Dou et al., 2017) compared the
post-weaning microbiota in healthy and diarrhoeic pigs, identifying increased abundance of
Enterobacteriaceae in diarrhoeic pigs, contrasting with higher abundance of Prevotellaceae,
Lachnospiraceae, Ruminococcaceae and Lactobacillaceae in healthy pigs. Remarkably, the
study also proposed that the diarrhoeic pigs (17 days post-weaning) could be discriminated by
their pre-weaning microbiota signature, suggesting that there is a possible relation between
the pre-weaning microbial colonisation and the post-weaning microbial adaptation.

While several studies (Fouhse et al., 2016; Guevarra et al., 2018; Li et al., 2018b) have shown
an association between PWD and a disrupted state of the microbiota or microbial imbalance,
commonly referred to as ‘dysbiosis’ (Figure 2), the characteristics of such a state are not
completely clear. However, a prior review (Gresse et al., 2017) proposes mechanisms for the
development of post-weaning dysbiosis by translating information from mice or human
studies (Figure 2). During the weaning transition, disease susceptibility can increase due to
“blooms” of otherwise low abundant and potentially pathogenic bacteria. The loss of bacterial
diversity (in weaning transition) potentially makes the glycans in the mucus layer (protecting
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Figure 2: Impact of the weaning transition on the intestinal microbial ecosystem. After weaning, piglets undergo
an abrupt change in diet (sow milk to solid feed) as well as environmental and social stress (new environment
and pen-mates). The multiple stressors cause disruption of intestinal microbiota composition that can lead to
the expansion of enteric pathogens and eventually post-weaning diarrhoea. This figure depicts some potential
underlying mechanisms during the weaning transition. In a newly weaned piglet’s intestine, the nutritional
landscape is modified and the mucus polysaccharides may be more available for commensal bacteria, which canin
turn promote the growth of pathogenic species, thereby contributing to the intestinal dysbiosis and inflammation
(Gresse et al., 2017).

intestinal epithelium) more available to be utilised by the commensals, releasing sugars
such as fucose, galactose, or mannose, which in turn can promote the growth of pathogenic
species. In addition, the Gl barrier function loss during the weaning transition also facilitates
the transmission of pathogens and/or their toxins across the epithelium (Wang et al., 2016).
The inflamed gut can provide a favourable environment for ‘blooms’ of microbial groups like
Enterobacteriaceae due to (a) a nitrate-rich environment of the inflamed gut giving advantage
to microbes (e.g. E.coli) containing nitrate-reductase genes and (b) a higher concentration
of oxygen in the inflamed gut (enhanced by higher blood flow) favours bloom of facultative
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anaerobes (Enterobacteriaceae), decreasing obligate anaerobes, and consequently induce a
loss of bacterial diversity. In combination, such processes can contribute to driving the vicious
cycle, and ultimately leading to enteric infections (Figure 2) (Gresse et al., 2017).

Overall, it is clear that abrupt weaning causes a shift in the intestinal microbiota which can
turn into weaning-associated dysbiosis, however not all piglets develop dysbiosis. This shows
the importance to better understand microbiota colonisation in healthy piglets and explore
strategies to manipulate the gut microbiota to shape a ‘healthy and resilient’ gut. Although
a large amount of literature exists about the management of the post-weaning dysbiosis, it
has proven to be a complex issue which is still poorly understood. Notably, there is a growing
interest in exploring dietary modulation for establishment of a healthy bacterial community,
as it can be a preventive approach to handle post-weaning associated problems (Fairbrother
et al.,, 2005; Heo et al., 2013), especially in the early-life of animals (window of opportunity).

The gastrointestinal ecosystem and the “window of opportunity”

The “window of opportunity” refers to the early-life period of an animal, which is characterised
by the simultaneous development or programming of the gastrointestinal tract, intestinal
microbiota, immune system and the brain. The gastro-intestinal tract (GIT), a vital organ that
functions to digest food and absorb nutrients, is a complex ecosystem comprising of intestinal
host mucosa, immune cells and the resident microbiota, which have co-evolved together to
achieve its normal function and activity (McCracken and Lorenz, 2001; Isaacson and Kim,
2012; Nicholson et al., 2012). Previous in vitro and germ free model studies have shown that
each of these components can follow a pre-determined developmental pathway even when
isolated from the rest, however, the interaction among all the components is vital for a normal
physiological development and function (McCracken and Lorenz, 2001). Another component
that has recently gained focus is the (brain/enteric) nervous system development, that
coincides with the intestine, microbiota and immune development in the post-natal period.
The bidirectional communication between the gut and the brain (commonly known as the gut-
brain axis) consist of biochemical, neural, immune, and endocrine pathways that can respond
to early-life stressors (O’Mahony et al., 2009; Collins et al., 2012). Growing evidence suggests
that early-life developmental programming exhibits a high degree of plasticity and results
from exposure to external environment (including diet). This also highlights the association of
early-life events and later life consequences (Putignani et al., 2014; Pohl et al., 2015; Schokker
etal,, 2015; Zhuanget al., 2019). Exploring the interplay of the components, especially in early-
life, can be crucial to understand and support the host gastrointestinal function (Schokker et
al., 2014; Pluske et al., 2018; Guevarra et al., 2019). During the first 12 weeks of postnatal life,
the porcine GIT undergoes significant development (Moeser et al., 2017). However, the early
weaning practice (~ 4 weeks of age) impacts the Gl development and shifts the critical ‘window
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of opportunity’, which could be modulated for potential short- and long-term impact on the
overall animal health (Figure 3).

Intestinal microbiota development

The gastro-intestinal tract of mammals is colonised by microorganisms that constitute a vast
community or ecosystem known as the microbiota, which is often termed as an “organ” in itself
due to its functional and metabolic capacity (Nicholson et al., 2012; Clarke et al., 2014). The
microbiota is vastly dominated by bacteria, but also contains smaller amounts of archaea and
fungal species, as well as a plethora of viruses, which have received lesser attention (compared
to bacteria). The gut microbiota is a complex ecosystem increasing throughout the length
of Gl tract, from 10'-10* bacteria per gram of intestinal content in the stomach to reaching a
density of 101°-10* bacteria in the large intestine (Gaskins et al., 2002; Booijink et al., 2007).
The host-microbiota interrelationship is considered as a mutualistic symbiosis (sometimes
referred as ‘super-organism’ or ‘holobionts’; Figure 3), with the host providing an adequate
nourishment and physical environment for the microbial populations, while the gut microbes
perform functions beneficial for the host such as digesting complex polysaccharides, producing
vitamins, and preventing colonisation by pathogens.

The intestinal epithelium acts as a primary barrier to the so-called ‘external environment’ (or
luminal antigens) for the host, protecting underlying tissues from bacterial entry, via a protective
mucus layer coated on epithelial surface. The mucus layer is a physico-chemical barrier
contributing to the overall mucosal barrier, however the mucosal barrier also encompasses
epithelial functions as well as intra-epithelial immune functions. While the small intestine has
only one layer of mucus which can be penetrable to bacteria, the colonic mucus layer is organised
in two parts: a dense inner layer firmly attached to the gut epithelium that minimizes bacterial-
epithelial cell contact, and a loose outer layer that can be broken down by commensal bacteria
(Johansson et al., 2011). The microbial metabolic products synthesised in the outer mucus layer
can cross the epithelium, reaching the lamina propria and stimulating the host immune system
(Caballero and Pamer, 2015; Rooks and Garrett, 2016). The intestinal epithelium, located beneath
the mucus layer, is composed of multiple cell types including enterocytes, enteroendocrine
cells, goblet cells, and Paneth cells, which contribute to absorption, digestion and secretion,
and functions as mucosal barrier (maintained by tight junctions, desmosomes, and adherence
junctions). The mucus is secreted by the goblet cells, and comprises of glycosylated proteins
such as MUC2, MUC5AC, which are resistant to digestive enzymes and give the mucus its gel-like
properties. The antimicrobial products from enterocytes and Paneth cells can infuse with the
mucus, thereby generating an antibacterial gradient. Moreover, the “sampling” or “sensing”
of luminal antigens by epithelial and immune cells, such as macrophages and dendritic cells,
is crucial for avoiding the development of intestinal inflammation and maintaining a healthy
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Figure 3: Critical window of post-natal development. Graphical representation of the interaction between diet and
the superorganism (microbiota + host), along with the coinciding events in early-life “window of opportunity”, which
can influence both short- and long-term health of the host. The gastro-intestinal (GI) system in piglets undergoes
significant development during the first 12-14 weeks of age. The postnatal period is marked by the developing
intestinal epithelial barrier, immune system, microbiota colonisation as well as enteric nervous system. The timing
of commercial early weaning (around 4 weeks of age) coincides with a period of exponential Gl development as well
as declining passive immunity from sow’s milk, contributing to the challenges for the piglet. Adapted from (Moeser
etal, 2017).

relationship between the commensal microbiota and the host (Haag and Siegmund, 2015; Ribet
and Cossart, 2015; Rooks and Garrett, 2016). Enterocytes are adjoined by a paracellular diffusion
barrier called tight junctions, which mainly consist of the transmembrane protein complexes
(e.g., claudin, occludin, junction adhesion molecule or JAM) and cytosolic proteins (e.g., zonula
occludens or ZO-1), which connect them to cytoskeletal actin and adjacent enterocytes. Enteric
pathogen and endotoxin translocations are known to increase paracellular permeability (or
intestinal barrier dysfunction) through tight junction alterations via dephosphorylation of
occludins, redistribution of ZO, and alteration of actomyosin through phosphorylation of
myosin light chains (Groschwitz and Hogan, 2009; Kim et al., 2012).

The microbiota of a new-born piglet is less diverse than adult pigs, yet more chaotic with a
high individual variation in composition and diversity. Immediately after birth, the Gl tract
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starts to be colonised by maternal and other environmental microbes leading to development
of a complex microbial ecosystem. The formation of this ecosystem is a continuous process
influenced by various internal and external factors and will continue to develop till it reaches
a relatively stable microbiota composition (Putignani et al., 2014). In new-born piglets, the
pioneering or early colonisers of the intestine are facultative anaerobes, such as members of
the genera Escherichia, Fusobacterium, Enterococcus and Streptococcus, that can tolerate
the relatively high levels of oxygen in the postnatal gut. Within the first few days of life, these
early colonisers create an anaerobic environment in the gut lumen which allows the growth of
strict anaerobes, such as members of the genera Bacteroides, Prevotella and Ruminococcus
(Bian et al., 2016; Everaert et al., 2017; Kubasova et al., 2017).

Apart from host genetics, the factors that influence the porcine microbiota composition
are age, diet, environment, antibiotics and disease (Isaacson and Kim, 2012; Wang et al.,
2019), with age and diet potentially being more important determinants (Bian et al., 2016).
Introduction of solid feed during the weaning process, marks an important shift in the gut
microbiota composition, favouring the growth of (plant-based) polysaccharide fermenters such
as Prevotella, Ruminococcus, Faecalibacterium (Frese et al., 2015; Moens and de Vuyst, 2017,
Guevarra et al., 2019). Several studies have evaluated the microbiota development in pigs over
time employing faeces, rectal swabs or colon content (Table 1). Due to different confounding
variables ranging from experimental design to sequencing technology, it can be challenging
to compare the studies. Despite this experimental noise, most of the studies comparing pre-
and post-weaning microbiota have found a higher abundance of Bacteroides, Fusobacterium
in suckling piglets whereas Prevotella and Lactobacillus were generally prevalent in weaned
piglets (Table 1). Further, the gut microbial diversity seems to increase post-weaning, reaching
a ‘relative stability’ within 2-3 weeks post weaning (Table 1), which is probably age-driven.

Immune development in early-Llife

The immune system is responsible for recognising, responding and adapting to innumerable
foreign, non-self, as well as self molecules (development of tolerance) and is therefore of pivotal
importance in health and disease. The gastro-intestinal tract (intestinal mucosa) represents
the largest surface area which is in contact with antigens from the external environment,
and is frequently challenged by pathogens or antigens contained in food and water (Jeon,
2013; Christoforidou et al., 2018). The interplay of diverse antigenic dietary components and
varied microbial populations overlying the GIT mucosa facilitates the development of the
dynamic and mature intestinal mucosal immune system (Burkey et al., 2009; Sekirov et al.,
2010; Honda and Littman, 2016). In early-life, the immune system starts developing in close
association with the developing gut microbiota (Figure 3). There is significant evidence that
the process of immune maturation is influenced by the microbiota that colonise the gut at
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the early stages of life (Round and Mazmanian, 2009; Schokker et al., 2014; Lewis et al., 2017).
Further, microbiota-derived metabolites such as short chain fatty acids (SCFA) have been
shown to directly influence immune homeostasis (and maturation) by inducing regulatory T
cells (Furusawa et al., 2013; Smith et al., 2013).

The neonatal piglet isimmunologically incompetent until about 4 weeks of age (Blecha, 2001)
and needs passive immunity from the sow for survival (Bailey et al., 2005). For instance, at birth
the Peyer’s patches contain very small, primordial follicles and almost no T-cells. The antigen
presenting cells appearin the pigintestinal mucosa during the first two weeks of life, whereas
the CD4 T-cells appear in the mucosa during 3-4 weeks, and CD8 T-cells start to appear from
4-6 weeks of age (Bianchi et al., 1992; Vega-Lopez et al., 1995; Makala et al., 2000). Moreover, in
young piglets the interactions between immune cells may be different from that in adulthood,
for example, mucosal CD4 T-cells appear to interact both with resident dendritic cells and with
capillary endothelial cells, whereas in adults such interactions are known to be exclusively
with dendritic cells (Inman et al., 2010; Everaert et al., 2017). Hence, the early-life period till
weaning represents a critical phase, where piglets are required to mount appropriate immune
response when exposed to dietary and environmental antigens (Mulder et al., 2009). Previous
studies have shown that altered early-life conditions in piglets affect the intestinal mucosal
immune system, impacting the expansion of T-cell repertoire (Lewis et al., 2012; Christoforidou
etal., 2018) and influence host transcriptome (Mulder et al., 2009; Schokker et al., 2014, 2015).
Such evidences indicate the importance of pre-weaning period and the impact of early-life
conditions on mucosal immune development.

Early-Llife brain development and gut-brain axis

Early-life perturbation can impact animal behaviour later in life, influencing the structural and
functional plasticity of the brain (Conrad and Johnson, 2015). As previously discussed, the early-
life is a critical period for gut microbiota colonisation, intestinal and immune development
which coincides with neurodevelopment, that includes the establishment of the stress response
system or hypothalamic pituitary adrenal (HPA) axis (De Palma et al., 2014; Davidson et al.,
2018; Sherwin et al., 2019). Accumulating evidence indicates that the mammalian microbiome
can affect behaviour, with several microbes producing metabolites or neurotransmitters that
communicate with the brain via the “microbiota-gut-brain” axis (Collins et al., 2012; Johnson
and Foster, 2018). For instance, faecal microbiota transfer in mice caused the behavioural
traits of the ‘recipient mice’ to become more like those of the ‘donor mice’ (Bercik et al., 2011).
Further, microbes such as Lactobacillus and Bifidobacterium have been associated with
lowered anxiety and depressive-like symptoms in mice and human studies (Desbonnet et al.,
2010; Bravo et al.,, 2011; Messaoudi et al., 2011; Pinto-Sanchez et al., 2017).
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Chapter1

Most of the studies exploring the ‘microbiota-gut-brain axis” have been limited to rodent species.
Itisincreasingly accepted that pigs have a closer resemblance to humans with respect to brain
development, diet, physiology, and gastrointestinal function as compared to rodent models
(Gieling et al., 2011; Conrad and Johnson, 2015; Nguyen et al., 2015). Pigs can be particularly
useful to evaluate the host-microbe interactions, as the gut microbiota is substantially more
stable over time in both pigs and humans compared with rodent models; apart from both
being outbred animal species, having considerable inter-individual variability (Merrifield et al.,
2016). The timing of brain growth and development can vary among species, and therefore
should be considered while conducting translational research (Dobbing and Sands, 1979).
Figure 4 shows a comparison of brain development in different mammalian species, indicating
that the ‘window of brain development’ coincides for human and pig species (Dobbing and
Sands, 1979), compared to other species. Further, like humans, pigs have a gyrencephalic brain
(cerebral cortex with convolutions), whereas rodents have lissencephalic brain (smooth brain
with no gyri or sulci), indicating the similarities in human-pig brain anatomy and development.
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Figure 4: Brain growth spurt of different mammalian species. The brain in all species appears to grow in a sigmoid
curve when its weight is plotted against its age. The transient period of rapid growth is commonly known as the
‘brain growth spurt’. The non-human primate brain develops prenatally (76% adult brain at birth) whereas the rat
seems to be inclined towards post-natal development with only 12% of adult brain at birth. The pig brain shows
comparable state (25%) with the human brain (27%) (Dobbing and Sands, 1979).

Modulating microbiota by dietary (fibres) strategies
Dietary fibres (DF) are plant-based carbohydrates that cannot be digested by host enzymes
and are known to influence intestinal microbiota and host physiology. Based on glyosidic

linkages, carbohydrates can be divided into sugars, oligosaccharides and two broad classes
of polysaccharides, starch and non-starch polysaccharides. DF consists of non-starch
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polysaccharides and other plant components such as cellulose, hemicellulose, resistant starch,
inulin, chitin, pectin, B-glucan, and oligosaccharides (Lindberg, 2014; Jha et al., 2019). Based on
their ability to be fully dispersed when mixed with water, DF can also be classified into soluble
and insoluble fibres, although their functionality might be more related to their fermentability
rather than their solubility. The fermentability of DF can be attributed to its impact on microbial
biomass, faecal bulking, fermentation end-products, energy for colonocytes as well as selective
growth of specific microbes and colonisation resistance to pathogens (Williams et al., 2019).

DF escape digestion by host endogenous enzymes in the proximal small intestine and are
fermented by the residing microbiota in the distal small intestine and large intestine (colon).
As the major energy source for hindgut microbiota, DF are known to have significant impact
on the microbiota composition. The microbial fermentation products include short chain fatty
acids (SCFAs) such as butyrate, acetate and propionate, which are recognised to influence
physiological functioning of the GIT such as formation and protection of intestinal barrier as
well as host defence and inflammatory responses (Den Besten et al., 2013; Furusawa et al.,
2013; Tan et al., 2014; van der Beek et al., 2017; Xiong et al., 2019). SCFAs are also known to
have neuroactive properties that can modulate brain and behaviour via the gut-brain axis
(Russell et al., 2013; Dinan et al., 2015).

Prebiotics are a subset of dietary fibres which act as “a substrate that is selectively utilised
by host microorganisms conferring a health benefit” (Verbeke et al., 2015; Gibson et al., 2017,
Carlson et al.,, 2018). Fructo-oligosaccharides (FOS), galacto-oligosaccharides (GOS), inulin,
beta-glucan, and resistant starch are a few examples of prebiotic fibres, which have been
increasingly associated with intestinal ‘health benefits’ (Carlson et al., 2018; Tran et al., 2018;
Davani-Davari et al., 2019). Broadly, prebiotics are known to have favourable impact on the
gut microbiota and intestinal homoeostasis directly and/or indirectly, consequently inhibiting
pathogenicinfections (Tran et al., 2018). Although DF is a broader term compared to prebiotics,
the underlying mechanism of both is potentially similar (Figure 5). Prebiotics can inhibit
pathogen adhesion by several mechanisms: (1) modulating resident microbiota by selectively
stimulating beneficial colonic bacteria, which can form bio-films on the intestinal epithelial
cells, thereby (2) blocking the adhesion of pathogens to the host’s epithelial cells. Furthermore,
the microbial fermentation products like SCFA can inhibit the expression of adhesion factors
or the invasion genes (Sun and Riordan, 2014) in addition to the growth inhibition of the
pathogens due to lower luminal pH. The commensal microbes can also exhibit an acute (3)
antimicrobial action against invading pathogens by producing receptor analogues such as
exopolysaccharides that inhibit the attachment of pathogens. For example, Lactobacillus
reuteri strains have been shown to produce exopolysaccharides (reuteran), which inhibits ETEC
adhesion to intestinal mucosa in weanling piglets (Yang et al., 2015). In addition, antibiotic-like
bacteriocin compounds can be produced by these beneficial bacteria which can selectively
eliminate pathogens (Gresse et al., 2017; Tran et al., 2018). Prebiotics can (4) reinforce the
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hostimmune system and support the gut barrier function (paracellular permeability through
tight junctions) to maintain intestinal homeostasis. Intriguingly, the products of prebiotics
fermentation can also influence brain-derived neurotrophic factors, neurotransmitters and
synaptic proteins, thereby impacting cognition, anxiety and exploratory behaviour (Savignac
etal., 2013; Williams et al., 2016; Cerdd et al., 2017; Fleming et al., 2019).

Numerous studies (lvarsson et al., 2012; Haenen et al., 2013; Dicksved et al., 2015; Umu et
al., 2015, 2018; Burbach et al., 2017; Liu et al., 2018; Soler et al., 2018; Chen et al., 2020) have
evaluated the impact of DF on intestinal microbiota composition, however, focussing mostly
on weaned or growing pigs. It isimportant that such nutritional intervention is started as early
as possible, and not only around weaning, to be able to shape the intestinal microbiota of
young piglets. Table 2 summarises the studies which employed DF or prebiotics during the
early-life “window of opportunity” in suckling piglets and assessed their impact on microbiota
composition and other host physiological parameters, although only a handful employ current
sequencing technology. Overall, they report alteration in microbiota composition due to the
pre-weaning dietary intervention, especially focussing on increased abundances of genera like
Lactobacillus and Bifidobacterium, and/or decreased abundances of potentially pathogenic
species like Escherichia coli, Streptococcus suis. It is evident that DF have the potential to
impact gut microbiota and intestinal development, however, there is an obvious gap in the
literature (mostly employ single time-point and outdated technology) during the lactation or
pre-weaning period in pigs.

(2) (3) Production of
Competitive e S Commensals antimicrobial
inhibition of substances
Gutlumen ) pathogens ® 1 .
—
- ™ Prebiotics ’ >
- as - U Te® -— 4
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Figure 5: The potential mechanism of action for prebiotics, adapted from (Guevarra et al., 2019). Prebiotics can act
by manipulating the microbiota composition, competitive inhibition of pathogens, production of antimicrobials as
well as stimulation of the host immune system.
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Rationale of the thesis

This thesis evaluates the potential of early-life feeding of dietary fibres as a preventive approach
to post-weaning associated problems, by utilising the ‘window of opportunity’. It is known that
early nutrition can have both nutritional and non-nutritional roles in piglet development. In
natural conditions, young piglets go out on foraging trips’ with the sow from a few days of age,
gradually familiarising them with solid food. This has a positive impact on the pig’s intestinal
and behavioural development, by offering a source of minerals and vitamins, enhancing
feed intake, promoting stabilisation of gut microbiota, stimulating oral tolerance, as well as
developing foraging- and explorative behaviour. Therefore, ‘mimicking nature’ in the form of
providing pre-weaning access to fibrous feed can be an attractive strategy to prepare young
piglets for the stressful weaning period, which has been assessed in this thesis. Apart from
the applied part of the research, the thesis also aims to explore some fundamental aspects
involved in the ‘early-life development’, which may provide important insights on the host-
microbe interactions in pigs.

Aims and outline of this thesis

The overall aim of this thesis was to understand the molecular effects of early-life feeding,
associated with the pattern of intestinal microbiota colonisation and gut maturation. We
hypothesised that early feeding of a fibrous diet containing both soluble and insoluble
fermentable fibres will affect the microbiota and physiological development of neonatal or
suckling piglets, facilitating a better preparation for the weaning transition. The specific objectives
addressed in each chapter are discussed below (Figure 6). An effective and consistent sampling
method is a prerequisite for reliable microbiota analysis. Faeces are commonly used to study
gut microbiota, however, this might not be feasible in all circumstances, especially involving
neonatal piglets. In order to assess whether rectal swabs provide an alternative sample type
(to faecal samples) for studying porcine microbiome development, we first aimed to evaluate
microbiota composition at 7 and 20 days of age, as described in Chapter 2. The success rate
of faeces collection in neonatal piglets was first assessed, followed by a comparative analysis
of age-related microbiota in three sample typesi.e., pre-swab (or pre-defecation swab), post-
swab (or post-defecation swab) and faecal samples. The results of this study supported rectal
swabs as a suitable alternative to study the porcine microbiome development in early-life.

Although microbiota modulation via dietary fibres has been previously studied, very few studies
have focussed at the pre-weaning period (early-life “window of opportunity”) to modulate
microbiota colonisation in neonatal piglets. Our second aim was to evaluate the impact of
(mixed) fibrous feed provision in suckling piglets, focussing on their microbiota colonisation
and intestinal physiology. Chapter 3 is a longitudinal study that followed the gut microbiota
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Figure 6: Schematic overview of the experiments and the chapters of this thesis

development over time (employing rectal swabs), thus allowing a comprehensive assessment
of individual microbial colonisation in piglets. 16S rRNA gene sequencing analyses identified
distinct pre- and post-weaning microbiota signatures and clearly highlighted an accelerated
microbiota colonisation in early-fed (EF) piglets, compared to the control (CON) piglets which
consumed mother’s milk exclusively. ‘Acceleration’ or ‘maturation’ of the intestinal microbiota
was characterised by the expanded colonisation of typical post-weaning associated microbial
groups at pre-weaning stages. In addition, we observed a quantitative relation between the
eating behaviour (video scores) of EF piglets and their microbiota signature, suggesting that
the piglets who spent more time at the feeding trough had a higher abundance of ‘accelerated’
microbial groups. Subsequently, in Chapter 4, we focussed on the local (small- and large-)
intestinal microbiota, comparing their composition in the CON and EF group. Furthermore,
the luminal pH, SCFA (distal gut) as well as the host macroscopic and microscopic intestinal
measurements were estimated. We showed that quantified eating behavioural scores could
significantly explain the variation in microbiota composition of EF piglets and hence classified
individual piglets into good, moderate and bad eaters based on their eating behaviour. This
enabled an individual level assessment of eating behaviour and its (quantitative) relation with
other significantly altered parameters (observed at group level).

After establishing the impact of early feeding on microbiota colonisation, we moved to our
third aim that was to investigate the host mucosa response due to pre-weaning fibrous
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feed. Previous results from this thesis showed that early feeding had maximum effect just
before weaning, which was the focus in Chapter 5. In this chapter, we assessed the mucosal
transcriptome response in jejunum and colon just before weaning (~4 weeks of age), 3 days
after weaning (early post-weaning time-point) and 21 days after weaning (later post-weaning
time-point). As mentioned before, maximum weaning stress is observed in the first few days
after weaning, followed by subsequent adaptation leading to a stabilised microbiota. The early
post-weaning time-point was evaluated in order to check the persistence of the EF treatment
during the ‘post-weaning dip’ The later post-weaning time-point acted as a reference for a
‘more mature’ state, which aided in comparing the treatment groups. Transcriptome analysis,
microbiota profiling as well as histological measurements were employed to enable multivariate
analysis of the effect of early feeding. In line with our expectations, we found that the mucosal
transcriptome converges post-weaning in both groups, re-affirming the relatively ‘stable’ or
‘convergent’ state. Corresponding to the microbiota results, the colon transcriptome showed
the maximum impact of early feeding just before weaning, with altered gene expression related
to cellular energy metabolism and immune pathways. This chapter clearly demonstrates that
the early-fed piglets have a closer proximity to later post-weaning ‘relatively mature’ time-
point compared to the control piglets, thus indicating accelerated or matured transcriptome.

Itis well known that the impact of gut microbiota goes beyond the gut and can influence the
behaviour of the host. However, the relation between microbial communities and behavioural
characteristics remain poorly studied in pigs. Therefore, our fourth aim was to explore the
associations between the intestinal microbiota and anxiety-related and explorative behaviour
in suckling piglets in a novel environment. In Chapter 6, we used a multivariate approach by
employing redundancy analysis (RDA) that was further re-validated in individual spearman
correlation and Multivariate Analysis by Linear Models (MaAsLin). A few microbial groups such
as Coprococcus, CAG-873, Atopobium and Prevotella were identified to be associated with
anxiety- and/or exploration-related behaviour, although these results are premature and need
further validation for their biological relevance. However, this chapter can provide an inspiration
towards future studies that are more dedicatedly designed to investigate these associations.

Finally, Chapter 7 summarises the main findings of the thesis and discusses its contribution

to the current knowledge of microbiota colonisation and host-microbe interactions in piglets,
with an emphasis on future directions.
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Abstract

A prerequisite for reliable microbiota analysis is having an effective and consistent sampling
method. Faecal sampling, commonly used to study the intestinal microbiome, might not be
suitable in all situations, especially considering the potential difficulties in obtaining fresh
faeces from young animals. Indeed, this study shows that the success rate of collecting
faecal samples from young piglets (< 2 weeks of age) was very low. Therefore, we evaluated
rectal swabs as an alternative sample type (to faeces) for studying porcine microbiome
development, and performed a comparative analysis of microbiome composition obtained
from fresh faecal samples and rectal swabs in fifteen healthy piglets at seven (6 piglets)
and twenty (9 piglets) days of age. Three samples (fresh faeces, rectal swab before and
after defecation) were collected from individual piglets and microbiome composition was
assessed by 16S rRNA gene sequencing. The results demonstrated that rectal swabs and
faecal samples provide similar microbiome composition profiles, with samples clustering
predominantly by individual animal rather than sample type. Furthermore, regardless of the
sample type, the biological interpretation with respect to microbiota colonisation patterns
associated with different ages (7 and 20 days) was found to be comparable. Independent
of sample type, we observed age-related changes like increasing microbiota diversity and
alterations in relative abundances of the phyla Firmicutes, Bacteroidetes and Fusobacteria,
which was also reflected in consistent family- and genus level microbiota changes. This
study establishes that rectal swabs are a suitable alternative sample type to study the
porcine microbiome development in early-life, when faecal sampling is challenging.

Keywords: rectal swab, faeces, gut microbiota, early-life, pig
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Introduction

Early-life is considered critical in terms of host (immune and metabolic) development and
may offer a unique ‘window of opportunity’ for dietary microbiome modulation (Putignani
etal., 2014; Pohl et al., 2015; Schokker et al., 2015). This is supported by the observation that
early-life perturbations have been linked to the onset of health consequences like irritable
bowel syndrome (IBS), inflammatory bowel disease (Pohl et al., 2015) and neuro-behavioural
disorders like attention deficit hyperactivity disorder (ADHD) and depression (O’'Mahony et
al., 2009; Cenit et al., 2017) in adulthood. It is therefore crucial to accurately determine early-
life development of the gut microbiome in relation to intestinal (mucosal) development, to
eventually unravel microbiome effects on immune-, metabolic- and neuro-development. Such
knowledge could serve to design and evaluate intervention strategies that are intended to
modulate early-life gut microbial colonisation, and consequently support healthy development
of the host organism.

Animal models are often used to study disease aetiology, drug discovery and to investigate
fundamental processes. Porcine models have been proposed as a translational model for the
study of developmental consequences of early-life perturbation, and/or nutritional studies
in humans (Conrad and Johnson, 2015; Mudd and Dilger, 2017). Such proposition is based
on anatomical- (cardiovascular and urinary system, skin, brain) and functional-similarities
(gastrointestinal and immune system) (Guilloteau et al., 2010; Nguyen et al., 2015; Wang and
Donovan, 2015; Merrifield et al., 2016) and has been driven by the availability of relevant porcine
disease models (diabetes, atherosclerosis, gastric ulcer, wound healing) (Gieling et al., 2011).
However, apart from its value as a translational model for human diseases and fundamental
processes, the study of early-life development in pigs is also highly valuable in veterinary and
animal sciences that aim to improve animal health and welfare.

Previous studies have demonstrated the relevance of early-life manipulation (via nutrition,
pre/post-natal antibiotics and stress) and its effect on porcine microbiome and intestinal
development (Zhang et al., 2014; Schokker et al., 2015, 2018; Leblois et al., 2017; Lewis et al.,
2017;Mu et al., 2017; McCormack et al., 2018). In the porcine gut microbiome, Firmicutes and
Bacteroidetes are known to be the pre-dominant phyla, regardless of age (Kim et al., 2011; Chen
etal,,2017; Lu et al., 2018). Aging has been associated with increased abundance of Firmicutes
and decreased abundance of Proteobacteria, Fusobacteria and Actinobacteria (Slifierz et al.,
2015; Chen et al.,2017). In commercial pig husbandry, weaning is an abrupt event comprising
of a dietary shift from sow milk to usually solid-feed based diets, which poses a challenge to
piglets during early-life development. During the pre-weaning phase, microbiome composition
is dominated by milk associated microbial families like Bacteroidaceae and Lactobacillaceae,
which rapidly changes after weaning when a (largely) plant-based diet is introduced. For
instance, Prevotella, having a very low abundance in suckling piglets, dramatically increases
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post-weaning due to availability of plant substrates in the feed (Frese et al., 2015; Mach et
al., 2015). The rapidly changing microbiome of young piglet seems to increase in microbial
diversity and richness in the suckling phase and gradually stabilises post-weaning (Kim et al.,
2011; Frese et al., 2015; Slifierz et al., 2015; Chen et al., 2017).

For comprehensive analyses of microbiota colonisation patterns, a longitudinal time-series
study with a consistent, easy-to-obtain sampling method is required. Faecal sampling has been
commonly used to study the intestinal microbiome of humans and animals. However, a few
papers have pointed out the practical challenges and confounders during faeces collection and
analysis in human microbiome studies. This can range from the potential risk of contamination
during sample handling, time-lag in cryopreservation, intermediary sample thawing (e.g.
during transport to laboratory), to stool consistency (Budding et al., 2014; Bassis et al., 2017,
Vandeputte et al., 2017). Varying storage conditions (4°C, -20°C or -80°C), preservation buffer
(e.g. TE Buffer, Stabilisation buffer) have been known to induce variation in the outcomes of
microbiota composition analyses of the samples. In a few clinical studies, rectal swabs and
rectal mucosal biopsies were investigated as an alternative (reproducible) sampling method
for studying the intestinal microbiome, but these have mainly focused on the consistency
of methods for storing and preserving samples in a human clinical setting (Aratjo-Pérez et
al., 2012; Budding et al., 2014; Bassis et al., 2017; Jones et al., 2018). For studies focused on
non-human subjects, microbiome samples are commonly obtained from intestinal content
or scrapings collected from euthanized animals. While this method of sample collection
evades microbial composition differences between intestinal content and faecal samples, it is
incompatible with repeated sampling schemes from the same individual animal and increases
the number of animals needed (Ingala et al., 2018). A few studies have been conducted to
decipher early-life porcine gut colonisation patterns in which either rectal swabs or faeces were
used to analyse the microbiome composition (Frese et al., 2015; Mach et al., 2015; Slifierz et al.,
2015; Chen et al., 2017; Lu et al., 2018). However, there is limited information available about
the consistency of the biologically relevant information obtained from rectal swab or faecal
sampling regimes. Burrough et al., 2017 have addressed comparability of porcine microbial
profiles from intestinal lumen content and mucosal scrapings from the colon of pigs inoculated
with pathogenic bacterial strains that causes swine diarrhoea (Burrough et al., 2017). Although
this study described differences in microbial profiles deduced from those sample types, the
microbiota composition consistently clustered by disease phenotype, illustrating that the
overall biological interpretation is conserved in both sample types.

The aim of the present study was to investigate whether rectal swabs are a legitimate alternative
sampling method relative to faecal samples in studies addressing age-related alterations
(early-life microbiota development) in piglets. In addition, we aimed to evaluate whether the
timing of the swab collection relative to the moment of defecation had an influence on the
microbiome composition detected. We anticipated that collecting faecal samples in young
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suckling piglets might pose a practical challenge (Pluske et al., 2007). Therefore, we evaluated
the success rate of obtaining faecal samples from piglets during the pre-weaning period and
analysed whether rectal swabs can serve as a reliable alternative sample type. We found that
despite rectal stimulation, it is not practically feasible to consistently obtain faecal samples
fromyoung piglets, especially during the first weeks of life. However, the readily-obtained rectal
swabs are a suitable alternative sample type, and the moment of swab collection relative to
defecation, does not have a majorimpact on the microbiome composition detected. Thereby,
this study validates rectal swabs as a suitable sample type compared to faeces, and in addition
illustrates that early-life changes in microbiome colonisation patterns in piglets can be studied
irrespective of the sample type employed.

Materials and methods

Rectal Stimulation and Swab, Faecal Sampling

The Animal Care and Use committee of Wageningen University & Research (Wageningen, The
Netherlands) approved the protocol of the experiment. Animals (Top Pi x Topigs 20, both sexes,
born from 9 multiparous sows ranging from 1-7 parity) were housed in the research facilities of
Cargill Animal Nutrition Innovation Center, Velddriel, the Netherlands in conventional (2.2 x 2.0
m) farrowing pens with sows confined in a farrowing crate. Within two days after birth, litter
size was standardized to 13-15 piglets by cross-fostering. The piglets were reared on the
sow and were provided ad libitum access to water and creep feed throughout the suckling
period. Details about animal housing and standard procedures has been reported previously
(Middelkoop et al., 2018)

To evaluate the success rate of rectal stimulation for obtaining faecal samples in suckling
piglets, we randomly selected 84 piglets in total from six different pens and rectally stimulated
them at different time-points (day 3 (n = 26), day 7 (n = 36), day 13 (n = 43) or day 20 (n = 41))
after birth. Rectal stimulation was performed by inserting the tip of a cotton swab 20-30 mm
into the rectum and making small, gentle movements (circular and back- and forward) for up
to a maximum of 2 minutes.

To compare faecal and rectal swab samples, ten piglets were randomly selected from three
pens. Rectal swabs and faecal samples were collected at two time-points at 7 and 20 days old.
From each animal, three samples were sequentially collected, a pre-swab (rectal swab before
defecation), faeces (faecal material collected after rectal stimulation), and a post-swab (rectal
swab after defecation). Rectal swabs were obtained by inserting a sterile cotton swab (Puritan
Medical, Guilford, ME USA; Cat Number-25-3306-U) 20-30 mm into the rectum and rotating
the swab against the bowel wall. Swabs were withdrawn and placed in 5ml eppendorf tubes
pre-filled with 500 ul of phosphate buffered saline (pH 7.0). Faecal material was collected in a
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sterile container (Sarstedt, Nimbrecht, Germany; Cat number-80.734.311), kept on ice during
transport to the laboratory, where they were stored at -20°C until further processing.

DNA extraction

DNA was extracted from rectal swabs and faeces using the repeated bead beating method (Yu
and Morrison, 2004) and the QlAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany), according
to manufacturer’s instructions. This method combines lysis by bead beading, DNA precipitation,
RNA and protein removal and DNA purification by QlAamp DNA Stool Mini Kit to obtain the
maximum yield from faecal material samples. 0.1g of faecal samples and 500 ul of rectal
swab solution was used as starting material for DNA extraction. The cells were lysed in Lysing
Matrix B tubes prefilled with 0.1 mm silica beads (MP Biomedicals, Santa Ana, California, USA)
using FastPrep-24™ (MP Biomedicals, Santa Ana, California, USA) at 5.5 m/s for 3 min (with
intermittent cooling on ice in between after every minute). Following the protocol of Yu and
Morrison, RNA and protein were removed from the samples by DNase-free RNase (10mg/ml,
Qiagen, Hilden, Germany) and Proteinase K (Qiagen, Hilden, Germany) treatment. DNA was
subsequently purified using the QlAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany) as
previously described (Yu and Morrison, 2004). DNA integrity and quantity were determined
using a Nanodrop DeNovix DS-11 Spectrophotometer (DeNovix Inc., Wilmington, DE USA)
according to manufacturer’s instructions.

Amplification and Sequencing of 16S rRNA gene

The V3-V4 region of the bacterial 16S rRNA gene was PCR-amplified using V3F primer
(5’-CCTACGGGNGGCWGCAG-3’) and V4R primer (5-GACTACHVGGGTATCTAATCC-3’),
5-extended with adapter sequences 5-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3’ and
5-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3’ respectively, which are required for
sequencing purposes (see below). PCR reactions were carried out in in a Bio-Rad C1000
thermal cycler (Bio-Rad Laboratories, Veenendaal, The Netherlands) using a 50 pl total volume,
consisting of 5 ul 10x KOD buffer (Toyobo, Japan), 3 pl MgS04 (25 mM) 5 ul dNTPs (2 mM each),
1,5 ul V3F primer (10 uM (Eurogentec, Luik, Belgium)), 1,5 pl V4R primer (10 uM, (Eurogentec,
Luik, Belgium), 1,0 ul (0.02U/ul) KOD hot start DNA polymerase (Toyobo, Japan) and 10ng
(minimum) of template DNA. PCR cycles were programmed with a single initiation cycle of
95 °C for 2 minutes, followed by 25 amplification cycles encompassing denaturation at 95 °C
for 20 seconds, annealing at 55 °C for 10 seconds, and elongation at 70 °C for 15 seconds, and
was completed by a single elongation step at 72 °C for 5 minutes. Amplicon concentrations
were measured by DeNovix DS-11 Spectrophotometer (DeNovix Inc., Wilmington, DE USA) and
amplicon size (~550 bp) was verified by agarose (1%) gel electrophoresis. Subsequently the
amplicons were purified from the PCR reaction mixture using MSB Spin PCRapace (STRATEC
Molecular, Germany).
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Purified amplicons were subjected to extension PCR using barcoded Illumina universal index
sequencing adapters prior to sequencing. The samples were sequenced (paired-end) using
the lllumina MiSeq system (performed by BaseClear BY, Leiden, The Netherlands), generating
FASTAQ sequence files by Illumina Casava pipeline version 1.8.3. Quality assessment was
based on lllumina Chastity filtering and FASTQC quality control tool version 0.10.0. A BaseClear
in-house filtering protocol was applied for removal of reads containing adapters and/or PhiX
control signal.

Phylogenetic composition analysis

The 16S rRNA gene sequencing data was processed and analysed using CLC Genomics Workbench
version 10.1.1 and CLC Microbial Genomics Module version 2.5 (CLC bio, Arhus, Denmark). The
paired end reads were merged into one high quality representative by default settings of CLC
Workbench (Mismatch cost = 1, Minimum score = 40, Gap Cost =4, Maximum unaligned end
mismatches = 5). The CLC pipeline was used for primer and quality trimming (Trim using quality
scores=0.05; Trim ambiguous nucleotides: maximum number of ambiguities = 2; Discard reads
below length =5). Greengenes 13.5 reference database (http://greengenes.lbl.gov/Download/)
was used for sequence alignment and sequences were binned into operational taxonomic
unit (OTUs) based on 97% similarity. The OTU table is further filtered by removing OTUs with
low abundance (Minimum combined count = 10), to get a final abundance table for each
sample. The phylogenetic tree was constructed using Maximum Likelihood Phylogeny tool
based on a Multiple Sequence Alignment of the OTU sequences (100 most abundant OTUs)
generated by MUSCLE (Multiple Sequence Comparison by Log- Expectation) tool (Edgar, 2004)
in the workbench. The Maximum Likelihood Phylogeny tool determines the probability of
the sequences in the tree, using Neighbor Joining as construction method and Jukes Cantor
as Nucleotide substitution model. The OTU table was normalized by rarefaction to an even
sequencing depth (20,000 reads) in order to remove sample heterogeneity. The rarefied OTU
table was used to calculate alpha diversity indices like number of OTUs and Chaol indices.

Comparative microbiota analysis

To determine diversity shared between two communities (beta diversity), UniFrac metric
was used. Weighted UniFrac distance was calculated in CLC workbench and significance was
measured by PERMANOVA analysis (permutational multivariate analysis of variance) with
99,999 number of permutations. Log transformation was used as a normalization method
for downstream analyses including univariate analysis of taxa relative abundance (Dhariwal
et al., 2017) (www.microbiomeanalyst.ca/)], redundancy analysis and heat maps. Principal
Component Analysis (PCA; unsupervised) and Partial Redundancy analysis (pRDA; supervised)
was performed using CANOCO 5 (Microcomputer Power, Ithaca, NY, USA). The pRDA procedures
were performed to analyse the effect of intrinsic experimental variables (age, pen, gender)
separately by removing remaining co-variates in the data from the ordination as described in
Canoco 5 manual (Braak and Smilauer, 2012). In an RDA plot, arrows pointing in the direction
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of environmental variable (or confounding factors) correspond to species (OTU/genus/family)
that are predicted to be positively correlated with the values for that environmental variable.
The key microbial families correlating to 7 and 20 days of age in faecal samples were selected
by their response scores in the biplot, obtained by projecting the species points perpendicular
to the axes of environmental variables. The same microbial families were visualized in heat
maps for rectal swabs to assess sample type differences. To characterize the age-related
dynamics of microbial community, heat maps were constructed by hierarchical clustering
of microbial families (selected from Redundancy analysis) in Perseus software (http://www.
maxquant.org/) where relative abundance values were log2 transformed and subsequently
normalized by z-score transformation. Euclidean distance was utilized to measure the distance
and clustering was conducted using the average linkage method. The pen-related effects
on the microbiota were analysed using only the data obtained at 20 days of age, to obtain
a more equal pen-distribution and to avoid the confounding age-related effect. To perform
comparative analysis of OTUs among sample types, OTUs less than 10 reads in pre-swab, faeces
or post-swab were discarded. Differential taxa abundance (cut off < 0.01%) between groups
were determined by t-test and Mann Whitney test t- test in GraphPad Software 5.03 (California,
USA, www.graphpad.com). Univariate analysis (Kruskal-Wallis test) was used to compare the
microbial composition among sample types and Benjamini-Hochberg FDR value (< 0.05) was
used to correct the multiple testing. Linear discriminant analysis Effect Size (LEfSe) analysis
(Segata et al., 2011) was used to identify microbial groups which were enriched in sample
types. The null hypothesis for all statistical tests was rejected at P<0.05.

Results

Rectal stimulation and faecal sampling

Faeces are the most commonly collected sample type for intestinal microbiota studies. However,
sometimes it might be practically challenging to collect such samples, particularly from very
young animals. With the aim of understanding early-life microbiota development in young
piglets, we evaluated the success rate of obtaining faecal samples using rectal stimulation on
randomly selected piglets from six different pens at four time-points after birth (average 2, 7,
13 and 20 days of age). Rectal stimulation of suckling piglets did not provide faecal material
in all cases, and particularly failed in piglets younger than 2 weeks of age, with a success
rate of only 8% and 31% at 2 and 7 days of age, respectively (Figure 1). At a later age, rectal
stimulation was increasingly successful with success rates increasing to 70% and 88% at 13
and 20 days of age, respectively.

Faecal and swab sample collection

As mentioned above, rectal stimulation and faecal sample collection success rate in very
young (<2 weeks) piglets was low, indicating that an alternative sampling method is required
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Figure 1: Success rate of rectal stimulation. The numbers at the top of each bar represent the total number of piglets
that were stimulated rectally at each time-point.

to reliably obtain longitudinal samples for the investigation of early-life porcine microbiome
development. Rectal swabs may serve as an alternative sample type for this purpose, and
we investigated the comparability of microbiota composition data in rectal swabs and faecal
samples. Additionally, we investigated the impact of the timing of rectal swab sampling relative
to defecation (before or after), which may also influence the microbiome composition data
obtained from the rectal swabs. To this end, we collected a rectal swab before defecation (pre-
swab), followed by collection of a faecal sample upon rectal stimulation, and subsequently a
rectal swab after defecation (post-swab) from the same piglet to compare microbiota composition
results between these sample types. These combined samples were collected from 10 piglets
of three pens at 7 (sample 1-10) and 20 (sample 11-20) days of age (Supplementary table 1).
Only complete sample sets (pre-swab, faeces, post-swab) that consistently yielded sufficient
DNA to amplify the V3-V4 variable region of the 16S rRNA encoding gene, were analysed by
sequencing (45 samples in total from fifteen piglets). This restriction led to the exclusion of
four and one sample set (s) collected at 7 and 20 days of age, respectively.

Microbiota composition analysis

lllumina sequencing of the 16S rRNA amplicons generated more than 1.8 million high-quality
reads that were classified into OTUs with an average of 41,020 + 5620 (SD) reads per sample
(Supplementary table 1). The average number of OTUs per sample (after filtering) was 516 + 22.

Since faecal samples are the most commonly used sample type for microbiota composition

analysis we first analysed the data derived from these samples, focusing first on potential
explanatory variables. This analysis revealed a highly significant age effect on the microbiota,
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an expected pen effect, and a small-sized influence of gender (Figure 2A). Since gender was
found to have a limited and non-significant effect in our experiment (seen in RDA analyses;
Supplementary figure 2A), it was excluded as a co-variate in further analysis. In contrast, the
effect of pen in the microbial composition was significant (Supplementary figure 2B), which
has also been observed in other studies (Mach et al., 2015; Yang et al., 2017). The impact of
age on the microbiota was reflected in a significant increase of the microbiota diversity at 20
relative to 7 days of age (Figure 2B). As expected, bacteria classified among the Firmicutes and
Bacteroidetes phyla were the most abundant in all faecal samples, followed by members of
the Proteobacteria and Actinobacteria (Supplementary figure 1). Comparison of the faecal
samples revealed that the relative abundance of the Firmicutes increased (52.5% to 69.7%, P
=0.010) and Bacteroidetes decreased (24.2% to 13.2%, P=0.014) when the piglets aged from
7to 20 days after birth (Figure 2C). Notably, bacteria classified among the Fusobacteria were
relatively abundant at 7 days of age, but were not detected (absent) at 20 days of age (P =
0.025), whereas Actinobacteria displayed high relative abundance variation due to a single
animal having a high relative abundance of this phylum at 20 days of age (Figure 2C).

Pen and age-related changes in the microbiota were further investigated by redundancy
(RDA) and partial redundancy (pRDA) analyses. The RDA analyses revealed a significant pen
effect on the microbiome composition at genus level (Supplementary figure 2B). The pRDA
for age (corrected for pen) revealed a significant association of specific bacterial families
with 7 or 20 days of age. The microbiota associated with 7 days of age displayed a higher
relative higher abundance of the Actinomycetaceae, Fusobacteriaceae, Tissierellaceae,
Alcaligenaceae, Clostridiaceae, Pasteurellaceae and Bacteroidaceae, whereas the microbiota at
20 days of age appeared enriched for Synergistaceae, Methanobacteriaceae, Spirochaetaceae,
Methanomassiliicoccaceae, Christensenellaceae, Pirellulaceae and Paraprevotellaceae (Figure
2D). Hierarchical cluster analysis performed on the bacterial families associated with age-
related microbiota changes, clearly separated 7 and 20 days of age associated microbiota
(Figure 2E), although not all families appeared to be equally discriminating.

These analyses demonstrate that substantial microbiota changes can be detected in faecal
samples from piglets during early-life pre-weaning stages (7 and 20 days of age), and that
these changes can be associated with changes in specific bacterial phyla and families. In
particular, the family-based analysis led to the detection of a microbial family-signature that
clearly discriminates the two ages analysed here.

Sample type analysis

An important aim of this study was to investigate whether rectal swabs recapitulate the
microbiota composition differences detected in faecal samples. Unsupervised clustering of
all samples, corroborated that clustering by age is predominant in the data irrespective of
the sample type (Figure 3). Comparative analysis of the OTUs identified in each sample type

48



Legitimate and reliable determination of age-related intestinal microbiome in young piglets

A 600 S ——
Rt 3
5 400
o'F 5
§ 200
K] 3
z
A S
2 Pep 3 e L
N ¥ &
=] 14FO
= F
~ 10004 b
“ P‘a 2 ﬂﬁwor = —_—
] | | PFemal S
£ o0hge20 > £ 800
h] 15 e Male| A7 1F S
a o o 2 6004
o 17 o ¥ @
13F F ]
Pen 1 2 4004
12790 e
1F £ 2004
o
<
o T T
o' >
-2.5 PCA axis 1 (35%) 3.0 ) )
Q
1004 -
—
80
g
8
S 609 Bacteroidaceae, laceac
3 laceae
§ [Methnomassiliicocgaceae] erlaceae
< Spergifiaceac Alealigenacede p g o]
£ 4o — * [Tissierellaceae]
« N Spirocjaetaceae
204 — [Paraprevotellaceae]
é 1 é °
7 20 7 20 7 20 7 20 7 20 =
Firmicutes i i i i i !
-1.0 1.0
E s = - o z z =
g z .S 2 g 5 v o 3 3 & 3 o -
] g 95 2 3 a3 32 B 2 2 H g g g 8
3 3 %3 K a g2 o g o g Z = ®
s ¢ &2z & § 3 & = 5 i 2 3 a 8 ¢
g g 53 3 3 23 Z g £ T 3 2 5 2 g
= F a3 2 g 88 a 2 2 a = 3 2 2 H
H F 53 8 8 £ 8 3 ] 8 H 8 g 8 2
g 3 % 0§ ¢ g " ° = 8 8 °or

Figure 2: Microbial composition and explanatory variables of faecal samples. (A) Principal Component Analysis
(PCA) plot showing variation in terms of explanatory variables in the data. Testing single variables by Weighted
UniFrac PERMANOVA supports clear separation by age (P <0.001) and pen (P = 0.013) but not by gender (P = 0.948).
(B) Alpha diversity (Number of OTUs and Chaol bias corrected) showing increased diversity at 20 compared to 7
days of age. (C) Relative abundance of five phyla with highest relative abundance at two ages in faecal samples
(Mann Whitney test, *: P<0.05; **: P<0.01). (D) Partial redundancy analysis (pRDA) for the explanatory variable age
(corrected for pen) at family level (RD1=40.23% and RD2 = 11.36%). (E) Heat map showing relative abundance of 15
most discriminative bacterial families for age.
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Figure 3: Principal componentanalysis (PCA) based on OTU level microbiota composition of all samples (PC1=26.02%
, PC2=10.49% ). Pre-swab (Pre), Faeces (F), Post-swab (Post) are indicated by red triangles, dotted clouds indicate 7
(brown) and 20 days (blue) of age separating age-related microbiota composition irrespective of sample type.

revealed an overlap of 51.42% shared OTUs among the sample types. Importantly, these
shared OTUs captured the vast majority of the total microbial population (93-98%) in the
different sample types (Supplementary figure 3). Global analysis of alpha and beta diversity
failed to detect significant differences between sample types (Supplementary figure 4).
Moreover, weighted UniFrac distance of different sample types (faecal versus pre- and post-
swab) obtained from individual animals revealed a substantially higher similarity ‘between
sample types’ (intra-individual) as compared to ‘between animals’ (inter-individual) (Figure
4, P <0.0001). In other words, microbiota differences of individual animals is substantially
larger than differences between sample types. This inference is also supported by principal
component analysis at both ages, showing that samples cluster predominantly by individual
animal and not by sample type, although the clustering of three animals/samples was less
clear (Figure 5A, B). These disparities in the PCA analysis for these three animals (number 12,
13 and 15) could be explained by a higher relative abundance (although not significant) of a
few microbial groups (Figure 5B, Supplementary figure 5).

Analysis of the rectal swab derived microbiota data (including both pre- and post-swab)
established that similar age-related microbiota development changes (phylum-level relative
abundance changes) could be detected in the swab samples as compared to the faecal
samples (Figure 6A). Analogous to the faecal microbiota changes over time, the swab samples
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Figure 4: Mean pairwise Weighted UniFrac distance reflecting sample to sample variation within animal (Intra-
individual) and between animal (inter-individual). Averaged weighted UniFrac distances indicated that inter-
individual variation is greater than intra-individual variation (***: P <0.0001).

identified increasing Firmicutes and decreasing Bacteroidetes abundance at day 20 relative
to day 7. Similarly, Fusobacteria were detected at much higher abundance at day 7 relative
to day 20, although they did not disappear completely at this later time point according to
swab-derived microbiota. Finally, the abundance of Actinobacteria also displayed a high
variability between animals at 20 days of age. A notable difference between the swab and
faecal sample derived microbiota data was a higher abundance of Proteobacteria (averaging
above 10% relative abundance) in swab samples as compared to faeces (averaging below 5%
relative abundance) (Figure 6A).

To further investigate whether swab-sample derived analyses lead to similar biological
conclusions as faecal samples, we repeated the analyses that were performed for faecal samples
using the swab-derived microbiota data, focusing on age-related changes. Importantly, the swab
samples also displayed higher alpha diversity at day 20 compared to day 7 (Figure 6B), and
the pRDA for age (corrected for pen) identified most (but not all) of the bacterial families and
genera that were associated with day 7 or day 20 in faecal samples (Figure 6C, Supplementary
figure 6). Furthermore, hierarchical cluster analysis performed on these bacterial families
separated day 7 and day 20 microbiota samples similar to what was observed with the faecal
samples (Figure 6D). However, the bacterial families of Pasteurellaceae, Tissierellaceae,
Clostridiaceae, Paraprevotellaceae were not identified as discriminatory variables (apparently
less discriminating) in swab analyses, and were included in the hierarchical clustering (Figure
6D) for reasons of comparison with the faecal analyses.
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Figure 5: Principal component analysis (PCA) based on OTU level microbiota composition of sample types. Pre-
swab (Pre), Faeces (F) and Post-swab (Post) are indicated by red triangles (A) at day 7 (B) at day 20.

Comparison of different sample types revealed no significant dissimilarities (in relative
abundance) at 7 days of age, but detected several differences in the samples obtained at 20 days
of age. The relative abundance of the Proteobacteria phylum was higher in both pre- and post-
swab samples compared to faeces, in almost all animals (Figure 7A, B), whereas the post- and
pre-swab samples obtained at 20 days of age detected higher and lower relative abundances
of Firmicutes and Fusobacteria, respectively (Supplementary figure 7). Importantly, the high-
level of variation in Actinobacteria relative abundance was detected by each of the sample
types and was consistently associated with high Actinobacteria in a single animal (Figure 7C,
D). These analyses illustrate a high level of congruency of the biological conclusions drawn
from microbiota analyses using these different sample types.

To refine this conclusion, we performed univariate tests at phylum, family and genus-level
relative abundances to compare the three sample types. Only Trueperella (genus level) and
Pasteurellaceae (family level) were significantly more abundant in pre-swab compared to faeces
and post-swab (Figure 7E, F, G), although relative abundance of Pasteurellaceae was very low
(<0.01%). Other microbial families like Staphylococcaceae and Aerococcaceae were found to be
higher in pre-swab samples of few animals, although this was not significant (Supplementary
figure 5). These observations suggest that the microbiota composition in post-swab samples
is slightly more comparable to faecal samples, than pre-swab samples. Finally, we assessed the
rectal pre- and post-swabs separately to investigate whether the timing of the swab relative to
defecation had an effect on rectal swab microbiota composition. This analysis revealed that
pre- and post-swab samples generate highly comparable age-related microbiota composition
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Figure 6: Microbial community composition of rectal swab samples. (A) Relative abundance of five phyla with
highest relative abundance at two ages in rectal swabs (Mann Whitney U-test, *: P < 0.05; **: P < 0.01). (B) Alpha
diversity (Chaol bias corrected) display changing diversity between the two ages. (C) Redundancy analysis (partial
RDA) of explanatory variable age (corrected for pen) at family level of both the swabs (RD1 = 20.05% and RD2 =
16.79%). (D) Heat map showing relative abundance of most discriminative bacterial families of age (same as faecal
samples).
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Figure 7: Microbial community composition of sample types. (A)(C): Relative abundance of Proteobacteria and
Actinobacteria at day 7 and day 20. (B)(D): Heat map of relative abundance of Proteobacteria and Actinobacteria
at day 20 of all animals. (E)(F): Relative abundance of the Trueperella genus and Pasteurellaceae family at day
20 among sample types. (G) LEfSe analysis identified Trueperella genus and Pasteurellaceae family as the most
differentially abundant taxa among sample types (*: P<0.05; **: P<0.01).

information (Supplementary figure 8, 9) and cannot be distinguished on basis of community
richness, beta diversity, or differential taxa abundance (Supplementary figure 4, 7).

Discussion

Increased insight in early-life intestinal microbiota colonisation patterns in piglets is crucial in
the design of intervention strategies that aim to modulate developmental processes to improve
health of the host organism at later stages of life. Reliable and standardized sampling procedures
arerequired to expand our insights in microbiome colonisation during the pre-weaning stage of
life of piglets. The purpose of this study was mainly to evaluate sample types, with a secondary
objective to verify whether the age-related differences can be identified irrespective of the
sampling procedure. To address this, the present study explored three questions: 1) What is
the success rate of obtaining fresh faeces from young piglets?; 2) Do rectal swabs provide a
reliable alternative sample type for the canonically used faecal samples to study age-related
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microbiota composition and diversity?; 3) Does the timing of obtaining the rectal swab sample,
relative to defecation influence the microbiota profile detected in the rectal swabs?

Rectal stimulation was used to assess the success rate of obtaining faeces in young piglets,
showing that faecal sample collection from piglets younger than 2 weeks of age is unreliable.
Therefore, to obtain a comprehensive overview of microbiota colonisation from an early age
onwards would be difficult if one would rely on faecal sampling. Rectal swabs can provide
an alternative sampling choice, although we also observed a higher frequency of technical
problems like low DNAYyield in swab samples. This is possibly due to the relatively low amount
of intestinal material obtained by rectal swab sample at a younger age. However, this hurdle
can be overcome by reducing the volume of buffer (PBS) in which the swabs are collected
(data not shown) to maintain the maximum possible microbiota biomass concentration and
thus increase success rate in downstream microbiota analysis.

The primary aim of this paper was to evaluate the similarities and dissimilarities among the
sample types (pre-swab, faeces and post-swab) obtained from individual animals at two time
points (7 and 20 days of age). Although several differences were observed between faeces and
rectal swabs, these differences were limited to only few microbial groups/taxa. Our comparisons
did not reveal differences in microbial richness between the swab and faecal samples.
Importantly, our analyses clearly establish that the individualized microbial signature detected
in each animal was reproducibly observed and independent of the sample type. Only a few
studies have compared microbiome composition of sample types, like rectal swabs, faeces and/
or mucosal biopsies and/or scrapings (Araujo-Pérez et al., 2012; Budding et al., 2014; Bassis et
al., 2017; Jones et al., 2018) in humans. The findings of these studies are largely in agreement
with our finding that the microbiome composition can vary (slightly) between sample types
(faecal versus swab samples), but the individual animal signature is detected consistently over
time. Intriguingly, the swabs we collected prior to defecation (pre-swab) were significantly
enriched in taxa belonging to the Trueperella and Pasteurellaceae, while these bacterial
groups were also enriched in the swab samples collected after defecation (post-swab), albeit
not significantly. These microbial groups have been associated with mucosal adherence and
can thrive in both anaerobe and aerobic conditions (Jacques and Paradis, 1998; Machado and
Bicalho, 2014). This observation suggests that swab samples (particularly those that are taken
prior to defecation) include a representation of the mucosa-adherent microbiota, with higher
abundance of several oxygen-tolerant microbial taxa compared to the microbes residing in the
anaerobic intestinal lumen that are detected in faecal material (Jones et al., 2018). This may
imply that although faecal samples are considered the ‘gold-standard’ for microbiota analysis,
rectal swabs may more adequately represent both luminal and mucosa adherent microbes.

Our analyses illustrated the conservation of the age-dependent microbiota composition changes
in faecal and rectal swab samples. The prominent differences in microbiota composition at
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7 and 20 days of age, clearly established age-related changes that included an increasing
community diversity over time and alterations in relative abundance of several phyla e.g.
Firmicutes, Bacteroidetes and Fusobacteria. These changes in microbiome development are
consistent with previous studies (Slifierz et al., 2015; Chen et al., 2017; Lu et al., 2018) where
these bacterial groups rapidly changed in developing piglets. In our study, a higher relative
abundance of Proteobacteria was observed in the rectal swab samples compared to the faecal
samples. Remarkably, a similar observation has been reported when comparing swab and
faecal samples obtained from koala (Alfano et al., 2015). Notably, it has been proposed that
the observed abundance of Proteobacteria may be influenced by the method used for sample
storage (Tris-EDTA buffer or faecal collection tubes with stabilising medium) (Vandeputte et
al., 2017), which suggests that the difference in collection methods for faecal and rectal swab
samples could have contributed to the difference in observed Proteobacteria relative abundance.

Besides the prominent age-related microbiota effects reported here, pen was an additional
environmental variable that was associated with specific microbiota differences. Pen-associated
effects could be related to (a combination of) various undistinguishable differences, including
a direct environmental effect (same pen), a maternal effect (same uterus, milk, sow), or a
host-genetics effect. Our study did not detect a gender-associated microbiota difference,
which may not be expected in piglets of this young age where gender-specific development
is not yet very pronounced (Reiland, 1978; Medland et al., 2016). Importantly, our study was
not designed to address the influence of other environmental variables like pen or gender,
and as a consequence the sample distribution over different pens and gender was not very
comparable. Study designs to investigate pen and gender-associated microbiota effects
require a different design with probably larger numbers of animals to reach significant and
meaningful conclusions.

Overall, our study illustrates that despite some differences among the sample types, the
biological conclusions drawn are conserved in the three sample types we collected. Furthermore,
multivariate analyses (PCA and hierarchical clustering) shows that clustering of samples occurs
predominantly per animal rather than sample type, illustrating that sample type is not a
major source of variation and is overruled by microbiota signatures of the individual animals.
Despite the limited sample size and the unequal distribution of samples over the two time
points (6 versus 9) we did succeed to detect consistent and significant age related microbiota
signatures that were independent of the sample type used. Thereby this study underpins the
reliability of early-life microbiota colonisation analyses using rectal swabs. This is particularly
relevant because obtaining fresh faecal samples from young animals can be challenging.
Future studies with increased numbers of animals and including specific interventions can
expand these findings of intestinal colonisation in early-life and may answer questions related
to its susceptibility to modulation, for example by diet, and how such modulation can affect
development of the host.
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Supplemental information

Supplementary table 1: Table with sample information, read and OTU counts. Number of reads after quality
control and removal of chimeric sequences. Number of OTUs at an identity threshold of 97%. Pre = Pre-Swab;
Fresh = Faeces, Post = Post-Swab.

Animal Age Sample Total Number of reads Readsin OTU  Number of OTUs N
Pigl 7 days 1_a_Pre 64856 46461 400 %
Pig 1 7 days 1_b_Fresh 51335 35088 370 J‘:“
Pigl 7 days 1_c_Post 61620 47897 330 ©
Pig 2 7 days 2_a_Pre 61549 47488 505
Pig2 7days 2_b_Fresh 68932 42785 538
Pig 2 7 days 2_c_Post 50107 36861 358
Pig3 7days 3_a_Pre 60780 39727 435
Pig 3 7 days 3_b_Fresh 49371 32034 393
Pig3 7days 3_c_Post 57895 43054 463
Pig 6 7 days 6_a_Pre 53275 42209 302
Pig6 7 days 6_b_Fresh 63850 40993 358
Pig 6 7 days 6_c_Post 58549 44955 386
Pig8 7 days 8_a_Pre 61275 40263 377
Pig 8 7 days 8_b_Fresh 56143 34577 379
Pig8 7days 8_c_Post 61297 47089 660
Pig 10 7 days 10_a_Pre 63996 41900 350
Pig 10 7days 10_b_Fresh 64251 38930 411
Pig 10 7 days 10_c_Post 58679 43788 338
Pig 11 (Pigl_Age20) 20 days 11_a_Pre 64456 48163 471
Pig 11 (Pigl_Age20) 20 days 11_b_Fresh 52314 32978 525
Pig 11 (Pigl_Age20) 20 days 11_c_Post 63502 49349 520
Pig 12 (Pig2_Age20) 20 days 12_a_Pre 54479 31076 847
Pig 12 (Pig2_Age20) 20 days 12_b_Fresh 59355 35360 572
Pig 12 (Pig2_Age20) 20 days 12_c_Post 53176 33136 579
Pig 13 (Pig3_Age20) 20 days 13_a_Pre 67458 45113 395
Pig 13 (Pig3_Age20) 20 days 13_b_Fresh 53850 32569 658
Pig 13 (Pig3_Age20) 20 days 13_c_Post 59725 43014 641
Pig 14 20 days 14_a_Pre 48248 30951 593
Pig 14 20 days 14_b_Fresh 61313 40682 672
Pig 14 20 days 14_c_Post 53789 36363 628
Pig 15 20 days 15_a_Pre 59364 41193 805
Pig 15 20 days 15_b_Fresh 55591 33321 615
Pig 15 20 days 15_c_Post 60832 47610 705
Pig 16 (Pigb_Age20) 20 days 16_a_Pre 63236 39146 651
Pig 16 (Pig6_Age20) 20 days 16_b_Fresh 67263 37811 594
Pig 16 (Pigb_Age20) 20 days 16_c_Post 57183 44139 659
Pig 17 20 days 17_a_Pre 65898 52736 420
Pig 17 20 days 17_b_Fresh 57385 37528 603
Pig 17 20 days 17_c_Post 62514 48299 422
Pig 19 20 days 19_a_Pre 60277 43478 373
Pig 19 20 days 19_b_Fresh 75951 50056 380
Pig 19 20 days 19_c_Post 55105 38751 360
Pig 20 (Pig10_Age20) 20 days 20_a_Pre 69700 46683 785
Pig 20 (Pigl0_Age20) 20 days 20_b_Fresh 61750 38903 716
Pig 20 (Pig10_Age20) 20 days 20_c_Post 56498 41380 695
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Supplementary figure 1: Taxonomic composition of the 16S rRNA samples. Stacked bar plot depicting relative
microbial abundances of all samples at phyla level. Pig 1- 10 are 7 days old (time-point 1) and Pig 11-20 are 20
days old (time-point 2); Pre = Pre-Swab; Fresh = Faeces, Post = Post-Swab. The figure highlights individual variation
captured irrespective of the sample type.
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Supplementary figure 2: Biplot of redundancy analysis (RDA) of environmental variables in faecal samples (day20
only) at genus level. (A) Gender (B) Pen. Constrained explanatory variables are indicated by triangles. Top right
shows the P-value of Monte Carlo Permutation testing. F = faecal sample, Number = animal ID.
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Supplementary figure 3: Venn diagram of bacterial communities with shared and unique operational taxonomic
units with at least 10 reads (total OTUs found 1334) in faeces, pre-swab or post-swab samples. The percentage
within the diagram represents the percentage of the total OTUs unique and shared among the sample types. The
percentages (in red) shown outside the diagram represent the relative abundance captured by the 686 shared OTUs.
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Supplementary figure 4: Alpha and Beta diversity of sample types (A) Number of species and (B) Chaol bias
corrected. (C) PERMANOVA analysis of Weighted UniFrac of sample types at two time-points.
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Supplementary figure 6: Partial redundancy analysis (pRDA) for the explanatory variable age (corrected for pen)
at genus level. (A) Faeces (RD1 = 38.85% and RD2 = 10.83%). (B) Rectal swabs (RD1 = 16.64% and RD2 = 15.59%)
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indicated in “days after birth”)*: P <0.05; **: P<0.01.
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Supplementary figure 8: Principal component analysis of explanatory variables and Redundancy analysis (partial
RDA) of age variable (corrected for pen) for (A)(C) Pre-swab samples and (B)(D) Post-swab Samples.
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Supplementary figure 9: Heat map showing relative abundance of most discriminative bacterial families for age
variable (corrected for pen) for (A) Pre-swab and (B) Post-swab samples
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Abstract

Early-life microbiome perturbations have been suggested to have important effects
on host development, physiology, and behaviour, which can persist throughout life.
We hypothesise that early feeding (access to a pre-weaning fibrous diet) can affect gut
microbiome colonisation and development in neonatal piglets. In this study, a customised
fibrous diet was provided to early-fed piglets (EF; 6 litters) starting two days after birth until
weaning (28 days of age) in addition to sow’s milk, whereas control piglets (CON; 4 litters)
suckled mother’s milk only. From 10 piglets per treatment, rectal swabs were collected
at multiple timepoints until six weeks of age (i.e., 2 weeks post-weaning) to investigate
intestinal microbiota composition development over time using 16S rRNA gene profiling.
We observed a dynamic intestinal microbiota colonisation pattern during the pre-weaning
period in both EF and CON groups, which rapidly stabilised and was closely related within
individual animals at 2 weeks post-weaning. The microbial (alpha) diversity increased
with age and seemed to reach a plateau in the early post-weaning time-point (day+5). The
homogenous post-weaning microbiota was represented by microbial groups including
Prevotella, Roseburia, Faecalibacterium, Ruminococcus, Megasphaera, Catenibacterium
and Subdoligranulum, that are mostly fibre-degraders and/or SCFA producers. Remarkably,
early feeding of neonatal piglets resulted in accelerated maturation of the intestinal
microbiota at pre-weaning time-points, characterised by increased rate of microbial
diversity and expanded colonisation of typical post-weaning associated microbial groups
(mentioned before) at pre-weaning stages. The acceleration in EF piglets was illustrated
by the simultaneous emergence of typical post-weaning-associated microbial groups
and a more rapid decline of typical early-life/pre-weaning microbial genera. In addition,
the individual eating behaviour scores of the piglets quantitatively correlated with the
accelerated change of their microbiome. Furthermore, the EF piglets showed a tendency
of higher relative body weight at 5 days post-weaning and lower coefficient of variation in
body weight in the early post-weaning period. Overall, these findings show the importance
of early-life nutritional strategies to influence the gut microbiota maturation in neonatal
piglets.

Keywords: early-life, development, fibre, feeding strategies, microbiota, neonatal, pig,
suckling, weaning
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Introduction

The mammalian gastrointestinal tract (GIT) is inhabited by complex and diverse microbial
communities that influence host health and disease. Rapid advances in next generation
sequencing have facilitated the understanding of the factors that shape this complex community.
The complex ecosystem development initiates by microbial groups starting to assemble
shortly after birth (derived from the mother and environment) and gradually stabilises over
time (Schokker et al., 2015; Timmerman et al., 2017). In early-life, the influence of colonising gut
microbiota on intestinal development is crucial as in this period, the microbiota is considered
essential for appropriate development and programming of the mucosal immune response
(Schokker et al., 2015; Zhuang et al., 2019). Based on the plasticity of the mucosal system
during this early-life development phase, it has been proposed as a “window of opportunity”
where perturbations may have long-lasting impacts on health and welfare (Putignani et al.,
2014; Nowland et al., 2019).

The transition from mother’s milk to solid food, commonly known as weaning, is normally
a gradual process in young mammals. In nature, the weaning process of piglets approaches
completion between 17-20 weeks of age approximately (Newberry and Wood-Gush, 1985; Jensen
and Stangel, 1992). However, in modern swine industry practice, piglets are weaned abruptly
around 3-4 weeks of age, a time-period that coincides with the developmental changes of the
gastrointestinal system (Moeser et al., 2017). Evidently, early weaning is a highly dynamic and
stressful event as the piglets deal with sudden changes in diet and environment, including the
separation from their mother and littermates. Weaning stress is typically associated with low
feed intake, sub-optimal weight gain, diarrhoea episodes and maladaptive behaviour, leading
to compromised animal health and welfare, increased piglet mortality and economic losses
(Le Dividich and Séve, 2000; Bruininx et al., 2002; Heo et al., 2013; Everaert et al., 2017; Gresse et
al., 2017; Pluske et al., 2018). Gut microbiota dysbiosis (characterised by microbial imbalance,
intestinal inflammation, reduced gut barrier function, and increased abundance of potential
pathogens) is one of the factors that could contribute to the weaning transition problems,
and is considered as one of the leading causes of post-weaning diarrhoea and associated
GIT infections in piglets (Gresse et al., 2017; Pluske et al., 2018). The two major pathogens,
identified as causative agents in post-weaning diarrhoea of piglets, are Salmonella enterica
serovar Typhimurium and especially enterotoxigenic Escherichia coli (ETEC), causing high pig
mortality rates worldwide (Gresse et al., 2017; Tran et al., 2018). Although weaning transition
has been associated with intestinal dysbiosis, the role of the microbiota changes in the overall
health-risks at weaning remains elusive. This highlights the need for further research to decipher
the impact of early-life perturbations on gut microbiota colonisation and its consequences
during the weaning transition as well as later life in pigs.
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In neonatal piglets, the microbiota colonisation is a dynamic process with rapid microbial
shifts from the initial pioneering microbial groups (present during the first weeks of life) to the
changing microbial populations eventually reach a climax, adult-like microbial community
(Guevarra et al., 2019). Several studies (Kim et al., 2011; Alain et al., 2014; Frese et al., 2015;
Mach et al., 2015; Niu et al., 2015; Slifierz et al., 2015; Zhao et al., 2015; Chen et al., 2017; Ke et
al., 2019; Wang et al., 2019) have evaluated the microbiota development in pigs, analysing the
age-related microbial shifts, employing either faecal samples or rectal swabs. For instance,
Chen and colleagues (Chen et al., 2017) characterised longitudinal changes in faecal microbiota
of suckling piglets at four different ages and described a quickly shifting intestinal microbiota
around weaning that stabilized in a period of approximately 10 days post-weaning, with microbial
groups like Bacteroides, Escherichia/Shigella group enriched during pre-weaning ages, and
Prevotella predominating the post-weaning ages where it accumulated to approximately 25%
of the overall gut microbiota community.

It is well established that diet can be considered a major factor that can shape the intestinal
microbiota in mammals. Dietary fibres, abundant in common plant-based feedstuffs, pass
through the small intestine in an undigested form and are fermented in the distal ileum and
colon, stimulating the growth of microbes. Microbial fermentation of undigested fibres usually
takes place in the distal part of the gastrointestinal tract, resulting in the formation of short-
chain fatty acids (SCFA), that are known to influence physiological functioning of the intestines
such as formation and protection of intestinal barrier as well as host defence and inflammatory
responses (Den Besten et al., 2013; Furusawa et al., 2013; van der Beek et al., 2017; Xiong et
al., 2019). Several studies have evaluated the impact of dietary fibres on intestinal microbiota
composition, focussing mostly on weaned or growing pigs (Yao, 2008; Ivarsson et al., 2012; Liu
et al, 2012, 2018; Haenen et al., 2013; Dicksved et al., 2015; Umu et al., 2015, 2018; Burbach
et al.,, 2017; Zhao et al., 2018; Soler et al., 2018; Yin et al., 2019; Chen et al., 2020). However,
only a handful of studies have modulated the early-life “window of opportunity” using dietary
treatments in neonatal piglets and evaluated the impact of fibres on microbiota composition
(Shim et al., 2005; Berding et al., 2016; Zhang et al., 2016; Mu et al., 2017; Schokker et al., 2018;
Van Hees et al., 2019). Most of these studies assessed the effect of specific dietary fibres on
the intestinal microbiota at a single time-point, and employed outdated methods of analysis
like microbiota cultivation, 16S DNA-microarray technology, and/or gPCR analysis of selected
microbial groups. Overall, they report alteration in microbiota composition due to the pre-
weaning dietary intervention, especially focussed on increased abundances of genera like
Lactobacillus and Bifidobacterium, and/or decreased abundances of potentially pathogenic
species like Escherichia coli, Streptococcus suis or Clostridium perfringens.

In the present study, we provided a customised fibrous diet to a group of suckling piglets

from two days of age, intending to familiarise them with the consumption of solid feed and
to investigate the impact on their gut microbiota compared to control piglets that did not
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receive pre-weaning solid feed. Both groups of piglets revealed substantial dynamics of
the gut microbiome during the pre-weaning period, characterized by the appearance and
disappearance of specific microbial genera over time. Additionally, our findings establish
that pre-weaning fibrous feed can accelerate gut microbiome colonisation towards a more
‘mature’ microbiome, that resembles that of post-weaning microbial composition. Moreover,
the magnitude of this acceleration effect appeared to be quantitatively related to the amount
of pre-weaning feed intake as deduced from observational studies. Finally, the pre-weaning
provision of fibrous feed reduced variability of post-weaning weight gain, and resulted in a
trend towards higher body weight shortly after weaning.

Materials and methods

Animals and experimental design

The Animal Care and Use committee of Wageningen University & Research (Wageningen, The
Netherlands) approved the protocol of the experiment (AVD104002016515). The protocol is in
accordance with the Dutch law on animal experimentation, which complies with the European
Directive 2010/63/EU on the protection of animals used for scientific purposes. Ten multiparous
Topigs-20 sows (parity 3-5) housed and inseminated at research facility Carus (Wageningen
University & Research, The Netherlands), were divided into two groups (n=6 litters for early-
fed or EF group; and n=4 litters for control or CON group) based on sow’s parity, body weight
and genetic background. Within two days after birth, the litter size was set to maximum 14
piglets per litter (Tempo x Topigs-20) with no cross-fostering. The new-born piglets were
cohoused with sow and littermates till weaning (28 days of age) and received ear tags for
individual identification and an iron injection, standard to pig husbandry practice. From two
days of age, the neonatal piglets belonging to the EF group were given access to customised
fibrous feed (Supplementary Table 1) ad libitum in addition to suckling sow’s milk whereas
the CON group suckled sow’s milk only. Briefly, the feed contained 26% dietary non-starch
polysaccharides, mainly originating from sugar beet pulp (4%), oat hulls (4%), inulin (4%),
galacto-oligosaccharides (5%) and high amylose maize starch (4%) as fibrous ingredients.
A subset of piglets (n=64; 32 for each group, EF and CON) were weaned at four weeks of age
and followed for two weeks post-weaning. At weaning, piglets were mixed within the same
treatment group and housed in separate pens with four unfamiliar piglets per pen (i.e., 4 piglets
per pen originating from different litters within treatment). After weaning, all piglets had ad
libitum access to commercial weaner diet (Inno Speen Pro, Coppens Diervoeding, Helmond,
The Netherlands). Additional information about the housing and management have been
described in detail in a previous study (Middelkoop et al.).
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Eating behaviour by video observation

The eating behaviour of piglets was assessed by video recordings from two days of age till
weaning. For recognition during behavioural observations, piglets were individually numbered
on their back using dark permanent hair dye. Eating frequency of individual EF piglets was
determined daily from 07:00 to 19:00 hours via video observations as an estimate for pre-
weaning solid feed intake. From the video observations, the amount of time spent eating or
“eating time” was evaluated. When an EF piglet placed its snout into the trough for a minimum
of 5seconds (s), the behaviour was scored as eating (Pajor et al., 1991; Adeleye et al., 2014). The
eating time was categorised into short (5-9s), medium (10-29s) and long (= 30s) feeding bouts.
The feeding bout ended when the snout of the piglet was out of the trough for a minimum
of 5s. Exploratory behaviour towards the feed trough such as chewing the trough was not
scored as eating. Daily/weekly eating activity per piglet was (semi-) quantified by summing the
(minimum) number of seconds spent eating (where short, long and medium bouts counted
as 5,10 and 30 seconds respectively) from 2 days of age to weaning (at 28 days of age). All the
observers were trained and instructed with the evaluating criteria to obtain homogeneous and
accurate quantification of eating behaviour. Some parts of the videos were double checked
by more than one person to evaluate consistency and observer dependent variations. This is
to note that the eating behaviour measurements may have some degree of subjectivity and
were taken as an “estimate” for the amount of eating per piglet and used as an indicative
quantification of eating.

Intestinal microbiota sampling and microbiota metataxonomic analysis

To investigate intestinal microbiota colonisation patterns, rectal swab samples were obtained
from piglets by inserting a sterile cotton swab (Puritan Medical, Guilford, ME USA; Cat Number-
25-3306-U) 20-30 mm into the rectum and rotating the swab against the bowel wall for a minute
before placing it into a 5ml eppendorf tube. The samples were kept on ice during transport
to the laboratory and stored at —20°C until further processing. The selection of piglets (n=10
per treatment group) were made by the following criteria: (a) no antibiotic treatment (b) no
pre-weaning diarrhoea (c) close to average weight of the treatment group (d) equal male to
female ratio. A total of 160 swab samples were collected, repeatedly from the same piglets at
five time-points pre-weaning (2,7, 15,21, 28 days of age) and three time-points post-weaning
(+2, +5 and +14 days of age). At 2 and 7 days of age, samples were collected fixed to their
birth date, thereafter all samples were taken on the same day for all piglets fixed to the day
of weaning. However, one sample (from EF group at 7days of age) was unsuccessful at the
sequencing step and therefore could not be included in the analysis. The EF piglets selected
for microbiota analysis belonged to four pens (or litters) before weaning (2-3 piglets selected
per pen), and two pens had to be omitted from microbiota analysis due to uterine infection
of the sow and subsequent antibiotic treatment during the suckling phase.
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DNA extraction from rectal swabs was performed by the repeated bead beating method
(Yu and Morrison, 2004) using QlAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. 500 pl of lysis buffer was added to the 5ml
eppendorf tube (holding swab) to obtain swab solution, which was used as a starting
material for DNA extraction. The quality and quantity of extracted DNA samples were
checked by gel electrophoresis (only representative samples) and Nanodrop DeNovix DS-
11 Spectrophotometer (DeNovix Inc., Wilmington, DE USA) respectively. The DNA template
was used for amplifying the V3-V4 region of the bacterial 16S rRNA gene using V3F primer
(5'-CCTACGGGNGGCWGCAG-3') and V4R primer (5-GACTACHVGGGTATCTAATCC-3'), 5-extended
with extension-PCR-adapters 5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3' and
5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3' respectively. PCR Amplification (Bio-Rad
C1000 thermal cycler, Bio-Rad Laboratories, Veenendaal, The Netherlands) of the 16S rRNA V3-
V4 region was completed in a 50 pl reaction volume consisting of 5 ul 10x KOD buffer (Toyobo,
Japan), 3 ul MgS04 (25 mM) 5 ul ANTPs (2 mM each), 1.5 pl V3F primer [10 uM (Eurogentec, Luik,
Belgium)], 1.5 ul V4R primer [10 uM, (Eurogentec, Luik, Belgium)], 1.0 ul (0.02 U/ul) KOD hot start
DNA polymerase (Toyobo, Japan) and 10 ng (minimum) of template DNA. The amplification
conditions included a single initiation cycle of 95°C for 2 min, followed by 25 amplification
cycles encompassing denaturation at 95°C for 20 s, annealing at 55°C for 10's, and elongation
at 70°C for 15 s, and was completed by a single elongation step at 72°C for 5 min. Amplicons
were purified using MSB Spin PCRapace (STRATEC Molecular, Germany) and were sequenced
at BaseClear BV (Leiden, The Netherlands) using (paired-end) Illumina MiSeq system. Purified
amplicons were subjected to extension-PCR using barcoded lllumina universal index sequencing
adapters prior to sequencing. The Illumina MiSeq system generated FASTAQ sequence files
using the bcl2fastg2 version 2.18 and these sequences were subjected to quality control based
on Illumina Chastity filtering and FASTQC quality control tool version 0.11.5. Subsequently, a
BaseClear in-house filtering protocol was applied for removal of reads containing adapters
(up to minimum read length of 50bp) and/or PhiX control signal, to generate the FASTAQ data
file used for microbiota analysis.

lllumina reads were imported into the CLC Genomics Workbench version 11.01 and were
processed using the CLC Microbial Genomics Module version 2.5.1 (CLC bio, Arhus, Denmark).
The paired end reads were merged into one high quality representative by CLC Workbench
(Mismatch cost = 1, Minimum score =40, Gap Cost =4, Maximum unaligned end mismatches
=5). The CLC pipeline was used for primer and quality trimming (Trim using quality scores =
0.05; Trim ambiguous nucleotides: maximum number of ambiguities = 2; Discard reads below
length =5). The remaining high quality sequences were clustered into operational taxonomic
unit (OTUs) at 97% identity threshold using SILVA database v132 (released on Dec 13, 2017)
(Quast et al., 2013). OTUs lower than 2 reads (Minimum combined count = 2) were excluded
from the analyses. To achieve even sequencing depth between samples, the OTU table was
rarefied to 14,000 reads for calculation of alpha and beta diversity indices. Principal component
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analysis (PCA; unsupervised), redundancy analysis (RDA; supervised) and partial redundancy
analysis (pRDA; supervised) were performed using CANOCO 5 (Microcomputer Power, Ithaca,
NY, USA) according to manufacturer’s instructions (Braak and Smilauer, 2012). To evaluate the
impact of environmental variables like age, pen, gender and treatment separately, RDA and
pRDA analyses were performed, the latter analyses (pRDA) allowing us to correct for other
covariates in the data as described in Canoco 5 manual (Braak and Smilauer, 2012). The pen-
related impact was assessed separately per time-point and in pre- and post-weaning phases
to avoid confounding age and weaning-related differences. The microbial groups detected by
RDA analyses were selected by their response scores in the biplot (obtained by perpendicular
projection of the taxa arrows on the X axis) and were further filtered by the condition of having
>0.1% average relative abundance in at least one of the time-points (for biological relevance).
The median relative abundance of selected microbial groups was calculated for each of the
time-points in 20 piglets (assessing age) or 10 piglets (assessing treatment groups). Relative
abundance of age-related microbial groups were visualised by heat maps by normalising by
the highest median of all timepoints (scaling from 0 to 1), in Perseus software (Tyanova et al.,
2016). Euclidean distance was utilized to measure the distance and clustering was conducted
using the average linkage method. Time dependent treatment effect were assessed by using
alinear ordination method known as principal response curves (PRCs) in Canoco 5, which is
based on redundancy analysis (RDA), adjusted for overall changes in microbial community
response over time (Van Den Brink and Ter Braak, 1999). The principal component is plotted
against time, yielding a principal response curve of the community for each treatment.
The PRC method also shows microbial response scores by a 1-dimensional plot, thereby
enabling quantitative interpretation of treatment effect towards the microbial species level.
Statistical significance was evaluated by Monte Carlo permutation procedure (MCPP) with 499
permutations. Response-variable based case scores (CaseR) was extracted from redundancy
analysis of age, which was defined as their ‘microbiome age’ as they correspond to the
individual sample position in the progressing-age-ordination plot. To evaluate the quantitative
relationship between observed eating behaviour and magnitude of the microbiota change, a
non-parametric spearman correlation was performed between eating scores (in seconds) and
squared Bray Curtis distance of piglets or ‘microbiome age’ between individual time-points
and their corresponding day+14 time-point in GraphPad Software 8.1.1 (California, USA, www.
graphpad.com). Comparison of the specific taxa relative abundance and diversity indices
between treatments were performed by Mann Whitney U-test whereas comparison among
time-points were assessed by one-way ANOVA (Kruskal-Wallis statistic) using a Dunnett’s test
for multiple comparison using GraphPad Software 8.1.1. The level of statistical significance
was set at P <0.05 with a trend defined as 0.1 > P > 0.05.

Performance data analysis

Piglets were weighed individually in all microbiota-sample-collection time-points pre- and
post-weaning. Relative body weights of piglets (normalised to their weaning weights at day28)
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were calculated in the early post-weaning period to evaluate their body weight development
during the weaning transition. To assess differences between the groups, Mann Whitney U-test
and coefficient of variation (CV%) were calculated in GraphPad Software 8.1.1.

Results

Dynamics of gut microbiome development in early-life of piglets

In this study, we first investigated the dynamics of intestinal microbiota development by
analysing rectal swab samples collected from two days after birth (day2) to two weeks post
weaning (day+14). All rectal swab samples were used to assess the microbiota development
over time, irrespective of their allocation to the intervention group receiving pre-weaning fibrous
feed (EF), or not receiving any additional feed (CON). 16S rRNA Illumina sequencing produced
5,013,336 reads after quality filtering, having a mean depth of 27,009 + 5019 reads per sample.

Irrespective of the treatment, the porcine gut microbiota showed typical microbiota colonisation
patterns with Firmicutes being the predominant phyla (60.01%), followed by Bacteroidetes
(23.5%), Proteobacteria (8.04%), Actinobacteria (2.77%) and Fusobacteria (1.56%), together
capturing 95.9% of total microbiome. Firmicutes and Bacteroidetes together accounted
for 64-97% of total sequences across all ages. While the piglets aged from day2 to day+14
post-weaning, the relative abundance of Firmicutes increased (44% to 67%; P < 0.0001) and
Bacteroidetes fluctuated pre-weaning eventually increasing post-weaning (19.9% to 29.2%; P <
0.0001) (Supplementary figure 1). The relative abundance of Fusobacteria significantly dropped
from around 10% at day2 to less than 1% after 15 days of age (P < 0.05) almost disappearing
over time (P < 0.0001). During the same time-period, the microbial (alpha) diversity strongly
increased, especially during the pre-weaning period (Figure 1A, Supplementary figure 2A)
and reached an apparent plateau post weaning. This is reflected by both the Chao 1 index
(richness) that increased significantly from 2 days after birth (day2) up to day 5 post-weaning
(day+5) as well as the Shannon index (richness and evenness) that increased gradually during
the weaning period (day28) and remained stable afterwards.

The impact of variables in the experimental set-up such as age, pen, gender and weaning, on
the microbiota composition were investigated by redundancy (RDA) and partial redundancy
(PRDA) analyses. The pen effect on microbiota was assessed by partial RDA (pRDA) corrected
for othervariables (age, treatment, gender) and revealed the expected (Frese et al., 2015) small
but significant impact of pre-weaning pens on the intestinal microbiota (explained variation
=4.32%, P=0.002). The effect of gender was evaluated by pRDA analyses for each time-point
separately and did not reveal any gender-related influence on microbiota composition in
the present experiment, which is analogous to what has been previously reported (Mach et
al., 2015; Ke et al., 2019). A strong age-related effect (corrected for variables pen, gender, and
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Figure 1: Age-associated intestinal microbiota dynamics pre- and post-weaning. (A) Alpha diversity (Chaol bias
corrected) display shifting diversity over time. (B) Redundancy analysis of age at genus level (explained variation =
28.22%, P =0.002) with associated microbial groups at different ages. The age-related microbial groups visualized
have minimum 35% fit on horizontal axis with a response score = 0.7 in the biplot (obtained by projecting the taxa
points perpendicular to the axes). (C) Heat map showing normalised relative abundance of the discriminative
bacterial genera identified in redundancy analysis of age. Significant differences between time-points were assessed
by student t test or Mann-Whitney U test (***: P<0.001).
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treatment) on microbiome composition at genus level was observed (Figure 1B; explained
variation =28.22%, P =0.002). The microbiota composition development as a function of age
from day2 to day+14 displayed a horse-shoe shaped progression curve over time (Figure 1B;
biplot with red triangles indicating different ages). Moreover, it allowed the identification of
dominant microbial genera (black arrows) associated with certain time-points or parts of the
overall timespan of the experiments. These microbial genera provided the markers for the
time-dependent colonisation pattern in these piglets, irrespective of their treatment (EF or
CON). For example, during the pre-weaning period, microbial groups such as Actinomyces,
Fusobacterium, Enterococcus, Peptostreptococcus, Bacteroides, Escherichia-Shigella were
abundant during the first few weeks of age as shown in heatmap representation (Figure 1C). On
the other hand, genera like Romboutsia, Intestimonas, Methanobrevibacter, Christensellaceae
group R-7 emerged during the third or fourth weeks of age, but strikingly disappeared again
post-weaning (Figure 1C). As expected, a sharp distinction was observed between the pre-
and post-weaning microbiota, with several bacterial groups like Prevotella, Faecalibacterium,
Lachnospira, Roseburia, Subdoligranulum, Catenibacterium, Succinivibrio, Megasphaera,
Coprococcus particularly associated with post-weaning microbiota composition (Figure 1B, 1C,
Supplementary figure 2B). Hierarchical clustering of age-related microbial genera (detected
by RDA analyses) clearly separated the pre- and post-weaning associated microbiota, which
is most probably governed by the sudden dietary shift, from pre-weaning mother’s milk to
post-weaning solid (plant-based) feed. We observed a homogenising effect on the microbiota
during the post-weaning period, which was characterised by comparable alpha diversity scores
(Figure 1A), closely clustered post-weaning time-points (Figure 1B) and lower Bray Curtis
(PCoA) distance between post-weaning samples (Supplementary figure 2C).

Impact of early-life (fibrous) feed intervention on microbiome development

Video observation shows eating behaviour increasing with time

Four pens (EF group) were provided with fibrous feed from two days of age in addition to
suckling mother’s milk. We observed their eating behaviour around the feed trough using
video recordings (0700 to 1900 hrs daily; eating time measured in seconds) for four weeks
pre-weaning. The quantified eating behaviour scores for the EF piglets gradually increased
as the piglets became older, reaching a clear amplified level of eating in the last week before
weaning (Figure 2A). Eating behaviour scores during the first week of life were almost negligible,
with piglets spending no- or only a very limited time exploring and eating the feed. However,
during the second week of life, all the piglets started exploring and consuming the provided
feed, and this behaviour increased during the third and increased strongly in the fourth week
just before weaning. This individual eating behaviour was also supported by the previously
reported (Middelkoop et al.) increase in feed intake at pen-level during the 4 weeks pre-weaning.
However, despite this universal and prominent increase in eating behaviour over time, the
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Early-life feeding accelerates gut microbiome maturation in piglets

Figure 2: Microbiota colonisation development in early-fed (EF) and control (CON) group. (A) Eating behaviour (total
eating seconds per week; n = 10) in EF litters over time pre-weaning. (B) Alpha diversity (Chaol bias corrected)
display diversity differences between the two groups from 15 days onwards. (C) Comparison of squared Bray Curtis
index (distance between different samples with their d+14 time-point in individual piglets) between two groups. (D)
Principal component analysis of microbiota in all ages (PC1 = 42.4%, PC2 = 12.3%), shown for the CON and EF group
separately. (E) Principal response curve (PRC) analysis presenting changes in microbiota composition (genus level)
across time for EF (red) and CON (green) group. The horizontal axis represents time and the vertical axis denotes
PRC score values. Microbial response scores are shown on the right in a 1-dimensional plot. The combination of
PRC score values and microbial response scores offers a quantitative interpretation and direction of change at
different time-points. The effect of treatment (including its interaction with time) was significant according to Monte
Carlo permutation test (P=10.002). Significant differences between groups were assessed by student t test or Mann-
Whitney U test (**: P<0.01; ***: P<0.001).

quantified estimates of eating of individual piglets displayed considerable variation, analogous
to the variation of feed-intake measurements per pen (Middelkoop et al.).

Early-life feeding accelerates microbiome colonisation maturation

One of the objectives of our study was to evaluate the impact of early-life feeding of fibrous feed
on the microbiota composition, compared to the control group of piglets that did not receive
any pre-weaning feed. Therefore, we investigated this effect using the microbiota composition
information from 15 days of age onwards, because at the timepoints prior to day15, the piglets
spent very little time eating solid feed (see above). Remarkably, the period with significant
observed eating behaviour (day15 and onward) coincided consistently with higher levels of
richness of the microbiota determined in the EF group relative to the CON group (Figure 2B).
Moreover, in EF piglets, squared Bray Curtis distance (Figure 2C) of individual samples (day21
and day28) was significantly lower from their corresponding day+14, indicating proximity to
amore “matured” state. The closeness of the EF group to the post-weaning microbiome, was
also reflected in the increased ‘microbiome age’ at pre-weaning time-points (Supplementary
figure 3A). However, this difference was no longer observed post-weaning, indicating that
the microbiota diversity in the CON group rapidly caught-up with that of the EF piglets. These
differences between EF and CON groups could be recapitulated in group-specific (EF or CON)
PCA analysis (Figure 2D), which clearly demonstrated a considerable overlap of pre-weaning
time-points day28, and to a smaller extent day21, with the post-weaning timepoints in EF
piglets, whereas such overlap was completely absent in the CON piglets (Figure 2D). The
EF treatment response over time was further investigated by principal response curve (PRC)
analysis revealing a significant interaction of early feeding with time on the first constrained
axis (P =0.002; Figure 2E). In comparison to the CON group, the microbiota composition
of EF group was enriched for several microbial genera (Figure 2E), including Prevotella 9,
Roseburia, Subdoligranulum, Catenibacterium, Faecalibacterium, which are among the
genera that are also typically among the microbial groups associated with the post-weaning
microbiota in comparison to the pre-weaning microbiota (Figure 1C, Supplementary figure
2B). Obviously, day28 and day21 emerged as interesting time-points to be explored further to
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evaluate accelerated microbiome colonisation in the EF group, which is in agreement with the
increased eating scores observed during these later pre-weaning time-points. The strongest
discrimination between the EF and CON group was detected by RDA analysis at day28 (P =
0.002, Figure 3A), followed by day21 (P = 0.002; Supplementary figure 3B) and dayl5 (P
= 0.04; Supplementary figure 3C). The microbial groups identified as main discriminants
between the EF and CON group on day28 included those identified by PRC analysis, e.g.,
Prevotella 9, Roseburia, Faecalibacterium, Megasphaera, Succinivibrio, Subdoligranulum,
Catenibacterium, Coprococcus, corroborating the enrichment of the post-weaning associated
microbial genera in the EF group pre-weaning relative to the CON group. The maturation is
also illustrated in hierarchical clustering of age-related microbial genera (detected by RDA
analyses), where the EF group at day28 is clearly separated from the rest of the pre-weaning
clusters (Supplementary figure 4). These microbial groups start colonising EF piglets from
21 and/or 28 days of age (Figure 3C, Supplementary figure 5). For example, Prevotella 9, the
dominant genus of the post-weaning phase, started appearing from day21 in the EF group
and continued to have significantly higher abundance at day28 (Figure 3B), compared to the
CON group. RDA analyses at earlier time-points like dayl5 and day21 (Supplementary figure
3B, C) demonstrate the emergence of some microbes like Succinivibrio, Ruminoccus 2 (day15
onwards) and Prevotella 9, Megasphaera, Lachnospira, Subdoligranulum, Coprococcus (day21
onwards) which persisted post-weaning.

Furthermore, the EF group also displayed an accelerated loss of pre-weaning (day2-day7-day15-
day21-day28)-associated microbial genera, like Fusobacterium, Finegoldia, Intestimonas,
Bacteroides (Figure 3C), that is mostly found in the CON group (data not shown). Taken
together, these results show that early feeding of fibrous diet accelerates the porcine microbiota
colonisation, characterised by the earlier appearance and subsequent expansion of post-
weaning associated microbial groups, in parallel with the more rapid disappearance of pre-
weaning associated microbes. The pre-weaning microbiota differences induced in the EF group
appeared to persist somewhat until five days post-weaning (Supplementary figure 6A, B),
but disappeared and became undetectable two weeks post-weaning (day+14).

Quantitative relation between eating behaviour and microbiota

Since the accelerated microbiota colonisation patterns in the EF group coincided with
the increased eating behaviour of individual piglets after two weeks of age (> 15 days), we
investigated the quantitative relation between observed eating behaviour and the microbiota
composition within the EF group.

Spearman correlation analysis was performed between eating behaviour (summed score per
time-point) and squared Bray Curtis distance of individual piglets between a certain time-point
and their day+14 “matured” time-point. It revealed a strong and significant negative correlation
between these parameters, for both short term (last day; Supplementary figure 7A, last two
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Figure 3: Accelerated microbiota maturation in early-fed (EF) group illustrated by emergence of post-weaning
associated microbial groups in pre-weaning period. (A) Redundancy analysis of treatment at day28 (PC1 = 24.1%,
PC2=19.7%; P =0.002) with associated microbial groups in EF and CON groups (response score > 0.65 on horizontal
axis). (B) Changes in relative abundance of Prevotella 9 in EF and CON groups at pre- and post-weaning time-points.
(C) Heat map of normalised relative abundance for representative individual genera at different ages showing
appearance of post-weaning associated microbial groups and rapid loss of pre-weaning associated microbes,
simultaneously. Significant differences between groups were assessed by student t test or Mann-Whitney U test (**:
P<0.01;***: P<0.001).

days; r=-0.798, P <0.0001; Figure 4) and longer term (last week; Supplementary figure 7B)
eating scores prior to the microbiota analysis timepoint. This indicates the consistency of
eating behaviourin individual piglets, which is reflected in its association with both short-term
and long-term scores. Since eating behaviour increased with age, the correlation analysis was
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Figure 4: Spearman correlation between eating scores of individual piglets and squared Bray Curtis distance to
their d+14 “matured” time-point. The last two days eating behaviour before each corresponding time-point was
employed (r=-0.77, P<0.0001).

done using different eating scores (ranging from last day - last week prior to the microbiota
analysis timepoint). We found that inclusion of only ‘recent eating scores’ already quantitatively
correlated with the magnitude of microbiota adaptation. Similarly, there was a strong positive
association between microbiome age and eating behaviour (last two days; Supplementary
figure 7C), fortifying the quantitative relation of eating behaviour and maturing microbiota.

Impact of early feeding on post-weaning body weight

To assess the impact of early feeding on post weaning performance, body weight of piglets
was measured at three time-points day+2, day+5 and day+14 post weaning. The EF piglets
tend to have a higher relative body weight compared to CON piglets at day+5 post weaning
(Figure 5). Notably, we also observed a “smoother” transition for EF piglets in terms of relative
body weight gain within the first few days post weaning, which was further supported by lower
coefficients of variation and a consistent lack of body weight loss in piglets belonging to the
EF group. However, the difference in relative body weight disappears at a later post-weaning
time-point (day+14).

Discussion
It is known that early-life perturbations can impact the intestinal microbiota, however only

a few studies have utilised this “window of opportunity” to improve the weaning transition.
In this study, we have assessed the age-associated microbiota development in young piglets

84



Early-life feeding accelerates gut microbiome maturation in piglets

1.44
P=0.06
1.3
=
=3
[
= 1.2
>
k-]
]
m
(]
2 1.1
o
[}
14
1.0
0-9 T T T T T T
& & b & & o
.\Q x x \Q x x
& & & ¢ & &
3.86% 4.89% |2.48%| 3.27%|
CON EF

Figure 5: Comparison of relative body weight between the groups (n=32 per group) during the weaning transition
(till 5 days post-weaning). Statistical comparisons between the groups were assessed by student t test or Mann-
Whitney U test in GraphPad Software 8.1.1. The coefficient of variation (CV%) is indicated in black boxes below the
labels.

and evaluated the impact of early-life feeding (pre-weaning access to a fibrous feed) on the
gut microbiota colonisation and maturation over time (until 2 weeks post-weaning). Our
results show that exposure to a fibrous diet in early-life accelerates the intestinal microbiota
maturation pre-weaning, which is characterised by an increased microbial diversity, the earlier
emergence and expansion of post-weaning-associated microbial groups and an enhanced
loss of pre-weaning associated microbes. Importantly, analysis of individual piglets allowed
us to establish that the magnitude of these microbiota compositional changes corresponds
strongly with the individualized quantified eating behaviour during the pre-weaning period.

We observed a dynamic, age-related microbiota development with varied microbial groups
associated at different time-points, and a discrete pre- and post-weaning associated microbiota.
Thisisin line with multiple studies (Alain et al., 2014; Frese et al., 2015; Mach et al, 2015; Niu et
al.,, 2015; Slifierz et al., 2015; Zhao et al., 2015; Guevarra et al., 2018; Li et al., 2018; Ke et al., 2019;
Wang et al., 2019) which assessed bacterial communities in early-life of piglets, showing age
as well as weaning as the driving factors in influencing microbiota development. The sudden
shift in microbial communities after weaning is likely due to the abrupt dietary change from
a highly palatable milk diet to a not-as-easily digestible plant-based solid feed. Firmicutes
followed by Bacteroidetes were found to be the dominant phyla across all experimental time-
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points, and were particularly abundant post-weaning, where they accounted for more than
90% of all microbes detected. Although this is consistent with the majority of earlier studies
(Kimetal, 2011;Alain et al., 2014; Mach et al., 2015; Niu et al., 2015; Chen et al., 2017; Holman
et al,, 2017; Ke et al., 2019; Wang et al., 2019), there are a few reports with Bacteroidetes (Lu
et al,, 2014; Guevarra et al., 2018) or Proteobacteria (Slifierz et al., 2015; Zhao et al., 2015) as
the pre-dominant phyla. Analogously, the decreasing abundance of Fusobacteria observed
during the first weeks of life has also been reported by several other studies (Alain et al., 2014;
Niu et al., 2015; Slifierz et al., 2015; Ke et al., 2019), although there are also studies where this
bacterial group was not detected at all (Frese et al., 2015; Guevarra et al., 2018). Such differences
in taxonomic identification could, to some extent, be due to the different primers and variable
regions of the 16S rRNA gene that were targeted in these metataxonomic investigations, which
has been shown to capture different community structures (Albertsen et al., 2015; Holman et
al,, 2017), disallowing an accurate comparison between different studies. It should be noted
that the other phyla we detected in this study, like Actinobacteria, Spirochaetes, Synergistetes,
were consistently present at low relative abundance levels, which may contribute to their
large fluctuations among studies. Despite these variations among studies, and the various
confounding factors among study designs and conditions, including pig genetics, environmental
conditions, piglets age at weaning, sampling procedures, sample processing and sequence
analysis methods, there is a striking congruency in the biological interpretation of differences
between pre-and post-weaning associated microbes in most studies (Alain et al., 2014; Frese et
al., 2015; Mach et al., 2015; Slifierz et al., 2015). This is largely in agreement with our observation
in the present study and pinpoints the early intestinal colonisers belonging to Bacteroides,
Escherichia-Shigella and exemplifies Prevotella as a prominent microbe in the typical post-
weaning microbiota together with species belonging to Roseburia, Faecalibacterium, Blautia,
Subdoligranulum. The drastic increase in relative abundance of Prevotella post-weaning (from
less than 3% to more than 18% of the total community) is likely due to the established capacity
of the members of the genus to produce enzymes that can degrade the plant polysaccharides
(Flint and Bayer, 2008; Ivarsson et al., 2014), which are prominent constituents of the plant-
based weaner diet. Similarly, the current observation of the increasing microbial diversity (Chao
and Shannon) with age, which eventually reached a plateau post-weaning (within 2 weeks),
is in good accordance with several previous studies (Alain et al., 2014; Frese et al., 2015; Niu
et al.,, 2015; Slifierz et al.,, 2015; Chen et al., 2017; Ke et al., 2019; Wang et al., 2019), although
opposite diversity development patterns have been reported in a few studies as well (Guevarra
et al,, 2018; Li et al.,, 2018). This discrepancy might be due to variations in weaning age (e.g.,
the last two studies employed 21 days as weaning age) as well as the post-weaning sampling
time-point (e.g., the last two studies had a shorter post-weaning sampling time-point; within
a week). Microbiota metrics like alpha diversity, Bray Curtis distance, as well as hierarchical
clustering clearly separated samples taken pre- and post-weaning, with the shorter-term post-
weaning samples (2 and 5 days post-weaning) being remarkably close to the last post-weaning
timepoint (14 days post-weaning). This suggests that the porcine microbiota rapidly evolves
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post-weaning, towards an apparently homogeneous and stable microbiome structure within 2
weeks post-weaning, reflecting the crucial role of diet in dictating the microbiome adaptation
during the weaning transition. These diet driven effects clearly overrule various pre-weaning
factors that contribute to the higher microbiome variation observed prior to weaning, such as
litter-specific genetic diversity, distinct consequences of vertical transmission from the sow, and/
orvariations in sow milk composition. Taken together, the present study confirms and refines
various earlier observations of the microbiome development during early-life stages in piglets
and exemplifies the majorimpact of the weaning transition that leads to the establishment of
a homogenous, rich and stable microbiota composition post-weaning.

The central aim of the present study was to investigate whether provision of pre-weaning
fibrous diet would impact the microbiome development in suckling piglets. Quantitative
eating scores of individual early-fed (EF) piglets rapidly increased over time, reaching the
highest eating score in the last week prior to weaning. This is in agreement with creep feeding
studies (Fraser et al., 1994; Bruininx et al., 2002) which provided solid feed preweaning and
found that piglets consumed about 60-80% of total feed in the last week before weaning (4
weeks of age). Unlike traditional creep feeding diets, in this study, the pre-weaning diet was
designed to contain a mixture of soluble and insoluble fibres, that can potentially stimulate
the large intestinal microbiota. We could show that piglets which consumed this fibrous diet
pre-weaning displayed an accelerated microbiota maturation compared to the control (CON)
piglets suckling sow’s milk only. Acceleration of the microbiota development in the EF piglets
was observed by a higher alpha diversity compared to CON piglets from 15 days of age until
weaning, coinciding with the observation of increased eating scores from 15 days of age,
thereby suggesting the relation between feed consumption and these changes. Moreover,
the EF piglets’ microbiota resemblance to the post-weaning microbiota increased during the
last two weeks of pre-weaning period, an effect that was not noticeable in the CON piglets.
This effect in the EF piglets was most prominently reflected by the emergence of increasing
relative abundances of typical post-weaning associated genera like Prevotella, Roseburia,
Faecalibacterium, Ruminococcus, Megasphaera, Catenibacterium and Subdoligranulum.
Additionally, these effects coincided with the accelerated disappearance of typical pre-weaning
associated microbes such as Fusobacterium, Finegoldia, Bacteroides, Eschechichia-Shigella,
which did occur at a much slower rate in the CON piglets. Previous studies have occasionally
found similar microbial groups on consumption of solid feed or specific dietary fibres in
suckling piglets (Berding et al., 2016; Zhang et al., 2016; Schokker et al., 2018; Wang et al., 2019).
Importantly, the degree of resemblance observed was quantitatively correlated to the amount
of feed consumed pre-weaning, strengthening the relation between feed-consumption and
the acceleration in microbiota development.

Furthermore, in the present study, the EF piglets showed a tendency of higher relative body
weight at 5 days after weaning, compared to CON piglets. Intriguingly, we observed a smoother
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transition post-weaning in EF piglets, with a lower variation (CV) and lack of negative trendlines
in body weight development from weaning to day+2, thus reflecting consistency in post-weaning
performance. Microbial fermentation of undigested fibres results in SCFA formation, creating
a niche for bacterial groups that possess saccharolytic properties. For example, Prevotella
that represents a group of strictly anaerobic bacteria, is reported as the dominant genus in
the large intestine of pigs (Leser et al., 2002; Liu et al., 2012; Wang et al., 2019), especially after
the introduction of fibrous solid feed post-weaning. The discriminating microbial groups that
we observed in EF piglets are mostly fibre-degrading, anaerobic, SCFA producers. One of the
expected differences between the two groups is that the EF piglets may have higher SCFA
concentrations in distal part of the intestine, contributing to more SCFA exposure in intestinal
mucosa, thereby stimulating intestinal development towards adaptation for better handling
of post-weaning diet by properly digesting and acting on nutrients. This could potentially
explain the smoother transition during the first five days post-weaning. Further, the CON group
quickly ‘catches up’ post-weaning after exposure to weaner diet, towards a homogeneous
microbiota observed in both groups at day+14 post-weaning. However, they made a ‘longer
distance’ in that short time period, which is possibly reflected in their less smooth and higher
variation in body weight development. In future studies, enlarging sample size could lead to
detection of significant post-weaning weight development effect, which was observed as a
trend in the current study.

In conclusion, this study confirms age-related microbiota dynamics in early-life stages (first
weeks of life) and their progression over time in neonatal piglets. The present study illustrates the
impact of early-life feeding of fibrous diet on gut microbiota, showing an increased microbiome
maturation or higher “microbiome age” in early-fed piglets at pre-weaning stages. Further,
we observed a strong quantitative association between eating behaviour and microbiota,
suggesting that the piglets who spent more time at the feeding trough had higher abundance
of ‘accelerated’ microbial groups. This indicates the importance of developing pre-weaning
strategies (fibrous solid diet) to enhance eating behaviour in suckling piglets for increased eating
and more matured microbiota. Overall, these findings emphasises the importance of early-life
“window of opportunity” for modulation of the gut microbiota development and could aid in
the development of optimal nutritional strategies to support the timely gut colonisation of
relevant microbial taxa in the gradually diversifying neonatal gut.
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Supplemental information

Supplementary table 1: Ingredients and calculated nutrient composition of the pre-weaning fibrous feed?.

Pre-weaning feed

Ingredients, %

Wheat 219
Barley 15
Maize 15
Soy protein concentrate 7
Soybeans (heat treated) 5
Galacto-oligosaccharides? 5
Potato protein 4
Sugar beet pulp 4
Oat hulls 4
Inulin® 4
Resistant starch* 4
Soybean oil 3
Blood meal (spray dried) 2
Dicalcium phosphate 1.7
Sucrose 15
Calcium carbonate 1.0
Sodium chloride 0.5
Premix® 0.5
Potassium bicarbonate 0.3
L-lysine hydrochloride 0.3
DL-methionine 0.2
L-threonine 0.04
L-tryptophan 0.04
Calculated nutrient composition®, g/Kg

Dry matter 891
Starch 290
Non-starch polysaccharides, NSP’ 261
Crude protein 195
Crude fat 61
Crude fibre 44
Crude ash 57
Calcium 9.1
Phosphorus 6.1
Sodium 22
Standardized ileal digestible lysine 11.9
Standardized ileal digestible methionine 4.8
Standardized ileal digestible threonine 71
Standardized ileal digestible tryptophan 24
Net energy, MJ/kg 11.8

! Feed was mixed by Research Diet Services (Wijk bij Duurstede, The Netherlands), and extruded using a co-rotating double screw
extruder (M.P.F. 50, Baker Perkins, Peterborough, United Kingdom).

2 Source: Vivinal® GOS powder (Friesland Campina, Amersfoort, The Netherlands) containing 69% galacto-oligosaccharides.

3 Source: Prebiofeed 95 inulin powder (Cosucra group, Belgium) containing 85% inulin.

*Source: AmyloGel® Native Starches (Cargill, Wayzata, USA) derived from high amylose maize with 75% amylose content.

°Vitamin and mineral premix (per kg of feed): vitamin A: 10000 IU, vitamin D3: 2000 IU, vitamin E: 40 mg, vitamin K: 1.5 mg, vitamin
B1: 1 mg, vitamin B2: 4 mg, vitamin B6: 1.5 mg, vitamin B12: 0.02 mg, niacin: 30 mg, D-pantothenic acid: 15 mg, choline chloride: 150
mg, folate: 0.4 mg, biotin: 0.05 mg, iron: 100 mg, copper: 20 mg, manganese: 30 mg, zinc: 70 mg, iodine: 0.7 mg, selenium: 0.25 mg,
anti-oxidant: 125 mg.

6 According to CVB (2007), nutrients are presented in g/kg dry matter, except for dry matter (g/kg) and net energy (MJ/kg).
"Non-starch polysaccharides: Calculated as the difference between dry matter and the sum of starch, sugars, crude protein, crude
fat, and crude ash.
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Supplementary figure 1: Age-related microbiota dynamics showing relative abundance of taxa (phyla level) at
pre- and post-weaning time-points. Statistical differences were assessed by Mann Whitney U-test or one-way ANOVA
(Kruskal-Wallis statistic) using a Dunnett’s test for multiple comparison. (*: P<0.05; **: P<0.01; ***: P<0.001).
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Supplementary figure 2: Age-driven intestinal microbiota progression in pre- and post-weaning period. (A) Alpha

diversity (Shannon index) showing increasing diversity over time. (B) Redundancy analysis of weaning (explained

variation = 32.4%; P = 0.002) showing both pre- and post-weaning associated microbiome. The microbial groups
visualized have minimum 40% fit on horizontal axis with a response score = 0.7 in the biplot (obtained by projecting
the taxa points perpendicular to the horizontal axis). (C) Bray Curtis (squared) distance between pre- and post-

weaning time-points. Significant differences between groups were assessed by student t test or Mann-Whitney U

test (***: P<0.001).
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Supplementary figure 3: (A) Comparison of the developing ‘microbiome age’ between early-fed (EF) and control
(CON) piglets. Response-variable based case scores (CaseR) that was extracted from redundancy analysis of age,
was defined as ‘Microbiome age’ as they correspond to the individual sample position in the progressing-age-
ordination plot. Significant differences between groups were assessed by student t test or Mann-Whitney U test (***:
P <0.001). Redundancy analysis of treatment at pre-weaning time-points: (B) day21 (PC1 = 15.6%, PC2 = 18.8%; P
=0.002) and (C) day15 (PC1 =8.7%, PC2 = 24.3%; P = 0.04), with associated microbial groups in EF and CON groups
(response score > 0.6 on horizontal axis).
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Supplementary figure 5: Changes in relative abundance of representative microbial groups (shown in box plots) in
early-fed (EF; red) and control (CON; blue) groups at pre- and post-weaning time-points. Statistical differences were
assessed by Mann Whitney U-test (non-parametric) or t test (#: 0.1 > P>0.05; *: P<0.05; **: P<0.01; ***: P<0.001).
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Supplementary figure 6: Redundancy analysis of treatment at post-weaning time-points (A) day+2 (PC1 = 16.01%,
PC2 = 25.6%; P = 0.006) and (B) day+5 (PC1 = 10.8%, PC2 = 20.8%; P = 0.006) with associated microbial groups in
early-fed (EF) and control (CON) groups (response score = 0.6 on horizontal axis).
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Chapter 4

Abstract

Early-life gut microbial colonisation is known to influence host physiology and development,
shaping its phenotype. Suckling piglets with a developing gastro-intestinal tract, provide
a “window of opportunity” for programming their intestinal microbiota composition and
corresponding intestinal development. Here, we investigated the impact of early feeding
on jejunum and colon microbiota composition, and intestinal maturation in suckling
piglets. From two days of age, early-fed (EF; n =6 litters) piglets had access to solid feed
containing a mixture of fibres till weaning (day29) in addition to sow’s milk, whereas the
control (CON; n = 6 litters) piglets exclusively fed on sow’s milk. Early feeding elicited a
significant impact on the colon microbiota, whereas no such effect was seen in the jejunal
and ileal microbiota. Quantified eating behavioural scores could significantly explain the
variation in microbiota composition of EF piglets and support their classification into
good, moderate, and bad eaters. Members of the Lachnospiraceae family, and the genera
Eubacterium, Prevotella, and Ruminococcus were quantitatively associated with eating
scores. EF piglets were found to have a decreased pH in caecum and colon, which coincided
with increased short-chain fatty acid (SCFAs) concentrations. Moreover, they also had
increased weights and lengths of several intestinal tract segments, as well as a decreased
villus-crypt ratio in jejunal mucosa and an increased abundance of proliferative cells in
colon mucosa. The approaches in this study indicate that early feeding of a mixed-fibre
(pre-weaning) diet changes the microbiota composition, pH, and fermentation products
in the distal gut of piglets, while it also alters both macroscopic and microscopic intestinal
measurements. These results exemplify the potential of early feeding to modulate intestinal
developmentin young piglets.

Key-words: early-life, fibrous feed, gut microbiota, intestinal development, pre-weaning,
suckling piglet
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Introduction

In natural conditions, very young piglets begin to forage food items already when a few days old
(Gundlach, 1968; Meynhardt, 1980; Petersen, 1994), familiarising with solid food and preparing
for the weaning transition gradually over a period of 20 weeks of age approximately (Newberry
and Wood-Gush, 1985; Jensen and Stangel, 1992). In contrast, weaning in commercial pig farms
is an abrupt process that commonly takes place between 3-4 weeks of age, where piglets are
exposed to various simultaneous stressors, including separation from their sow and littermates,
new housing conditions, unknown pen-mates, and a sudden change of diet. These abrupt
changes are often accompanied by a transient low feed intake, poor growth, intestinal dysbiosis
and diarrhoea post-weaning, thus compromising animal health and welfare, increasing piglet
mortality and causing economic losses (Le Dividich and Séve, 2000; Bruininx et al., 2002; Heo et
al., 2013; Everaert et al., 2017; Gresse et al., 2017; Pluske et al., 2018). Creep feeding, a method
of supplementing suckling piglets with solid feed, is prevalent in modern pig farming to ease
the weaning transition as well as stimulate post-weaning eating (or feed intake) (Bruininx et al.,
2002; Pluske et al., 2005). However, traditional creep feed is highly palatable, easily digestible
and mainly based on milk proteins (Okai et al., 1976; Heo et al., 2018), which is distant from
fibrous solid feed exposure in both natural and post-weaning conditions.

At the time of weaning, the gastro-intestinal tract of a young pig is still developing (McCance,
1974; Everaert et al., 2017) and undergoing rapid changes in gut microbiota colonisation, digestive
system and immune development (Alain et al., 2014; Frese et al., 2015; Pluske et al., 2018; Xiong
et al., 2019). Importantly, the gut microbiome has been recognised to play a crucial role in
overall animal health and development, especially in early-life (Mulder et al., 2009; 0’Mahony
et al., 2009; Schokker et al., 2014; Merrifield et al., 2016). The early-life microbial colonisation
with potentially beneficial and diverse gut microbes can influence the maintenance of intestinal
homeostasis and prevent gut dysbiosis (Pluske et al., 2018; Guevarra et al., 2019; Nowland et
al., 2019). Dietary fibres can modulate the gut microbiome, and they are widely recognised
as food/feed components that influences gut health positively (Jha et al.,, 2019). Notably,
dietary fibres have also been implicated in gastrointestinal tract development and mucosal
changes in pigs (Bach Knudsen et al.,, 2012; Van Hees et al., 2019). These fermentable fibres
pass through the small intestine undigested and act as a substrate for the distal gut microbiota,
stimulating microbial fermentation and short chain fatty acid (SCFA) production in the colon.
The predominant SCFAs formed (approximately 95%) are acetic, propionic and butyric acid,
although some other organic acids can be detected as well, such as lactic, succinic, isovaleric,
and isobutyric acid (Rios-Covian et al., 2016). Absorbed SCFA can provide up to 15% of the
maintenance energy requirement of growing pigs and 30% in gestating sows (Varel and Yen,
1997). However, special attention is commonly given to butyric acid since it serves as a major
source of energy for colonic epithelial cells, and has been proposed to exert several (additional)
effects that are considered pivotal in establishment and maintenance of homeostasis in the
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colon mucosa, including colonocyte growth and proliferation (Hamer et al., 2008; Berni Canani
et al,, 2012; Leonel and Alvarez-Leite, 2012; Den Besten et al., 2013; van der Beek et al., 2017;
Xiong et al., 2019). The SCFAs, particularly butyric acid, can modulate the expression of genes
involved in gut motility, host defence and inflammatory responses, contributing to formation
and protection of intestinal barrier as well as stimulating differentiation and regulation of
T cells (Furusawa et al., 2013; Smith et al., 2013). Although the exact mechanisms by which
microbial SCFAs influence mucosal physiology remain to be resolved, a few effects of SCFAs
and the underlying mechanisms have been revealed, including the function of SCFAs as
ligands for G protein-coupled receptor pair GPR41, GPR43 in epithelial orimmune cells, and
their inhibition of histone deacetylases (HDAC) activity (Mingming Sun, Wei Wu, Zhanju Liu,
2017; Xiong et al., 2019).

Although previous studies have characterised porcine gut microbiota in relation to dietary fibre
intervention, most of them have focussed on the post-weaning period, assessing the impact
on weaned piglets (Dicksved et al., 2015; Umu et al., 2015, 2018; Kraler et al., 2016; Burbach et
al,, 2017). Currently, a handful of studies have assessed how early-life (pre-weaning) feeding
might influence the gut microbiome (Shim et al., 2005; Zhang et al., 2016; Shi et al., 2018; Brink
et al., 2019) and contribute to the intestinal development of suckling piglets (Alizadeh et al.,
2016; Yeruva et al., 2016; Li et al., 2018; Van Hees et al., 2019). In our previous study (Chapter
3), we established that early feeding with a fibre enriched pre-weaning feed from 2 days of
age, accelerates pre-weaning microbiota colonisation patterns towards those that resemble
a typical post-weaning microbiome. In the present study, we evaluated the impact of this
early-life feeding strategy on the intestinal microbiota composition in different regions of the
intestinal tract, and investigate its consequences for intestinal development and maturation.
We hypothesised that the pre-weaning consumption of solid mixed-fibre feed would result in
an increased level of undigested substrate in the colon, and investigated its impact on local
microbiota composition, SCFA production, macroscopic development of the digestive system,
as well as its microscopic consequences on mucosal morphology. Suckling piglets show large
variation in solid feed intake before weaning [between (Kuller et al., 2007) and within litters
(Pajoretal., 1991)], and therefore we exploited the quantified variation in eating behaviour of
piglets to assess the impact of early feeding at an individual piglet level.
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Materials and methods

Animals and experimental design

The Animal Care and Use committee of Wageningen University & Research (Wageningen, The
Netherlands) approved the protocol of the experiment (AVD104002016515). The protocol
is in accordance with the Dutch law on animal experimentation, which complies with the
European Directive 2010/63/EU on the protection of animals used for scientific purposes. The
experiment was conducted with 12 multiparous Topigs-20 sows (range parity: 3-5), housed and
inseminated at research facility Carus (Wageningen University & Research, The Netherlands).
Within two days after birth, the litter size was set to a maximum of 14 piglets per litter (Tempo
X Topigs-20) with no cross-fostering. The new-born piglets were cohoused with their respective
sows and littermates until weaning (~29 days of age). They received ear tags for individual
identification and an iron injection, standard to pig husbandry practice. The litters were
divided into two experimental groups, early-fed or EF group (n=6) and control or CON group
(n=6) based on sow’s parity, farrowing date, body weight (of the litter at birth and 2 days of
age) and genetic background. From 2 days onwards, piglets belonging to the EF group were
given the opportunity to forage on customised mixed-fibre feed (Supplementary table 1) ad
libitum in addition to suckling sow’s milk whereas the CON group nursed on sow’s milk only.
Briefly, the diet contained 26% non-starch polysaccharides including sugarbeet pulp (4%),
oat hulls (4%), inulin (4%), galacto-oligosaccharides (5%) and high amylose maize starch
(4%) as fibrous ingredients. Additional details about the housing and management have been
described previously (Middelkoop et al.).

Eating behaviour by video observation

The eating behaviour of piglets was assessed by means of video recordings, as described
previously (Chapter 3). Briefly, eating frequency of individual EF piglet (identified by back
numbers) was determined daily (2 to 29 days of age) from 07:00 to 19:00 hours via video
observations as an estimate for pre-weaning solid feed intake. From the video observations,
the amount of time spent eating or “eating time” was evaluated. When an EF piglet placed its
snout into the trough for a minimum of 5 seconds (s), the behaviour was scored as eating (Pajor
etal, 1991; Adeleye et al., 2014). Daily/weekly eating activity per piglet was (semi-) quantified
by summing the (minimum) number of seconds spent eating from 2 days of age to weaning
(at 29 days of age). Of note, the eating scores were taken as an “estimated quantification” of
the amount of eating per piglet.

Intestinal microbiota sampling and microbiota metataxonomic analysis

Atthe end of the suckling period (just before weaning), a subset of piglets was sacrificed (n=28;
n=14 per treatment, seven males and seven females, distributed over two consecutive sampling
days) at 29 days of age. Piglets were euthanised by intravenous injection of 20% sodium
pentobarbital (EUTHASOL, 500 mg/ml, AST Farma B.., Oudewater, The Netherlands). The
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selection of sacrificed piglets were made by the following criteria: (a) no antibiotic treatment
(b) close to mean body weight of the litter (c) close to average weight of the treatment group (d)
oneto three piglets per litter (e) equal male to female ratio. For each piglet, the gastrointestinal
tract was removed from the abdominal cavity and dissected immediately to collect 20 cm
of intestinal segments from different intestinal locations within 25 mins after sacrifice, i.e.,
jejunum (1.5 metres from duodenal-jejunal flexure), ileum (50 cm upstream from ileocaecal
valve) and colon (mid-spiral colon). Luminal contents were collected from the intestinal tissues

segments, immediately frozen in liquid nitrogen and stored at -80°C until further processing.

Approximately 300 mg of luminal content (wet weight) from jejunum, ileum and colon samples
was used for microbial DNA extraction. Total genomic DNA was extracted by the repeated bead
beating method (Yu and Morrison, 2004) using QlAamp DNA Stool Mini Kit (Qiagen, Hilden,
Germany) according to manufacturer’s instructions. The quality and quantity of extracted DNA
was checked by gel electrophoresis and Nanodrop DeNovix DS-11 Spectrophotometer (DeNovix
Inc., Wilmington, DE USA) respectively. The V3-V4 region of 16S rRNA gene was sequenced
and the raw reads were processed in CLC Genomics Workbench version 11 (CLC bio, Arhus,
Denmark) as described previously (Chapter 3). Briefly, the PCR amplified 16S rRNA gene was
purified, extended by adaptors prior to sequencing using the lllumina MiSeq system (BaseClear
BV, Leiden, The Netherlands) which generated FASTAQ sequence files, which were subjected
to a BaseClear in-house quality control and filtering protocol. Subsequently, the CLC pipeline
was utilised for merging the paired-end reads into one high quality representative sequence,
primer and quality trimming and binning the sequences into operational taxonomic unit (OTUs)
at 97% identity threshold using SILVA database v132 (released on Dec 13, 2017)(Quast et al.,
2013). To evaluate alpha and beta diversity indices, OTUs were rarefied to minimum library
size (11,000 reads) attaining even sequencing depth between samples. Alpha diversity was
evaluated using microbial species richness (Chaol bias corrected) and evenness (Shannon)
indicators. Relationship between microbial groups and intestinal location or treatment groups
was determined by principal component analysis (PCA; unsupervised), partial redundancy
analysis (pRDA; supervised) and redundancy analysis (RDA; supervised) using CANOCO 5
(Microcomputer Power, Ithaca, NY, USA), according to accompanying instructions (Braak and
Smilauer, 2012). Statistical significance was evaluated by Monte Carlo permutation procedure
(MCPP) with 499 permutations. The discriminative microbial families (identified in RDA analysis
of colon microbiota) were visualised in a heat map of microbial relative abundance to assess
consistency of the EF treatment at individual animal level. Heat maps were constructed by
hierarchical clustering of microbial groups (selected from Redundancy analysis; microbial genera
below 0.01% relative abundance in less than 10% of individual samples were not included) in
Perseus software (Tyanova et al., 2016), where relative abundance values were log2 transformed
and subsequently normalized by z-score transformation. Euclidean distance was utilized to
measure the distance and clustering was conducted using the average linkage method. The
online tool “MicrobiomeAnalyst” (Dhariwal et al., 2017) for comprehensive statistical, visual,
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and meta-analysis of microbiome data was also used for detecting microbial taxa which were
differentially abundant among different locations/treatments. Low abundance OTUs were
removed, where OTUs with less than two counts in <10% of the samples. The OTU table was
rarefied to minimum library size and transformed using trimmed mean of M-values (TMM)
which was used to evaluate differentially abundant taxa (“Classical Univariate analysis” with
multiple correction). To assess the beta diversity (Bray Curtis distance) between intestinal
segments, PERMANOVA test was performed in MicrobiomeAnalyst.

pH and SCFA measurement

After euthanasia, the gastro-intestinal tract was removed and the contents of the stomach,
small intestine, caecum and colon were collected by gently squeezing the digesta from the
different parts of the intestine. Immediately after sampling, the pH was recorded by inserting
a pH electrode (pH 300, HANNA Instrument, Padova, Italy) in homogenized digesta.

SCFAs (acetic, propionic, butyric acid) along with succinic acid and lactic acid, were quantified
in colon digesta samples using an Ultimate 3000 HPLC equipped with an autosampler, a RI-
101 refractive index detector (Shodex, Kawasaki, Japan), and an ion-exclusion Aminex HPX-87
H column (7.8 mm x 300 mm) with a guard column (Bio-Rad, Hercules, CA, USA). Samples
weighing ~200 mg were taken in a 2ml eppendorf tube, filled with milliQ water to have a final
weight of 1 gram, vortexed followed by centrifugation (10 mins, 30,000*g). The supernatant (10
ul) was injected onto the column and eluted with 5 mM H2S04 at a flow rate of 0.6 mL/min at
65°C oven temperature. Calibration curves of each acid were prepared in a range of 0.01 - 1
mg/ml. Chromeleon 7.1 software (Dionex, Sunnyvale, CA, USA) was used for data analysis.

Macroscopic intestinal parameters

During sacrifice, intestinal organ weights and lengths were determined. Weights of the stomach,
small intestine, caecum, and colon (full and empty), as well as length of the small intestine
and large intestine (caecum plus colon) were recorded for each piglet. Empty weights of
the intestinal segments were determined after removal of digesta by gently squeezing the
intestine, followed by rinsing of the intestine in saline solution and removal of excess rinsing
fluids using paper towels.

In addition, adrenal gland, gallbladder, pancreas, spleen, and liver were also weighed. The
statistical analyses were performed with linear (MIXED) mixed models in the statistical software
SAS 9.4 (SAS Institute Inc., Cary, NC, USA). Organ measurements were compared with a model
including treatment (EF vs. CON) as a fixed factor and using body weight at sacrifice as the
covariate in the model; untransformed data are presented as means + SEM, differences at P <
0.05 were considered statistically significant and differences at 0.05 < P <0.10 were considered
as trend. For correlation analysis with the other measurements in the study, the organ-weight
and -size values were converted to body-weight-normalized values by dividing absolute values
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by the scaled “body weight factor” (body weight of an animal divided by the smallest body
weight in the group; scaled between 1 - 1.9) to obtain “normalized organ-weight and -size
values” per animal.

Histological morphometric measurements and immunohistochemical staining
of intestinal proliferating cells

At weaning, piglets were sacrificed and their intestinal sections (about 2cm) from proximal
jejunum and mid colon (n=16, 8 per treatment) were fixed with 4% paraformaldehyde (PFA), and
then dehydrated and embedded in paraffin blocks. 5 um sections were cut with a Accu-Cut®
SRM™ 200 Rotary Microtome (Sakura Finetek Europe B.V., Alphen aan de Rijn, The Netherlands),
deparaffinized, hydrated and stained with Haematoxylin-eosin (H&E). Slides were examined
using a Leica DM6 B microscope (Leica Microsystems Ltd. CH9435 Heerbrugg) and images (5x
magnification) were processed with LAS X software (Leica Microsystems Inc., Buffalo Grove, IL,
USA). Intestinal (histo-)morphometric parameters like villus length and crypt depth (um) were
measured from jejunal sections and crypt depth was measured from colonic tissue sections.
These parameters were measured on 90 well-formed villi and their corresponding crypts per
animal (n=8 per group; three intestinal sections per animal). In jejunum, the villus length was
defined from the tip of a villus to their base and the crypt depth was measured as a distance
from the base of the villus (i.e, villus-crypt transition) to muscularis mucosa. Subsequently,
the ratio of the villus length to crypt depth (V:C) was calculated.

For immunohistochemical staining of proliferating cells in intestinal tissues, 5 pm sections
were deparaffinized, rehydrated and treated for antigen retrieval in citrate buffer (pH 6.0) at
95°C for 20 min, followed by cooling in tris-buffered saline and tween 20 (TBSt) buffer for 20
min at room temperature (RT). Non-specific staining were blocked using 10% goat serum for 30
minutes at RT. To detect proliferating cells, sections were incubated with primary antibody (anti-
PCNA antibody, PC10 mouse anti-rat IgG2a monoclonal antibody, Merck-millipore, Darmstadt,
Germany, MAB424R; 1:200) overnight at 4°C, followed by TBSt washing and incubation with
secondary antibody (Goat anti-Mouse 1gG (H+L) Superclonal™ Secondary Antibody, Alexa
Fluor® 555, ThermoFisher Scientific, Waltham, Massachusetts, USA; 1:300) for 1 hour at RT.
Nuclei were stained with Hoechst 33342 Solution (Invitrogen, ThermoFisher; 1:1000 dilution).
For quantification of proliferative cells, 10 high quality 16bit grayscale images were captured
per animal for both locations (80 representative images//treatment group/location) at 20X
magnification using Leica DM6b microscope fitted with appropriate fluorescence filters along
with their corresponding nuclei images. Image analysis was performed using Cell Profiler
3.1.8 (Broad Institute, Cambridge Massachusetts USA; www.cellprofiler.org) and FCS Express
6 Flow plus Image (De Novo Software, CA, USA, www.denovosoftware.com), as described in
Supplementary filel. PCNA is a nuclear stain and thus the number of proliferating cells was
normalized by the total number of Hoechst positive nuclei in an image, to obtain ratio of
PCNA:Hoescht identified nuclei/cells.
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Association of eating scores in EF piglets with multiple readouts

We first investigated the impact of early feeding on microbiota composition (colon), pH (caecum/
colon), SCFA (colon), macroscopic and microscopic intestinal measurements. Subsequently,
we evaluated whether these parameters are quantitatively associated with individualised
quantification estimates of eating behaviour. To evaluate the relationship between eating
behaviour and other measured parameters, a non-parametric spearman correlation matrix
was calculated using GraphPad Software 8.1.1 (California, USA).

Statistical analyses

Data analyses were performed in Graph Pad Prism 8.1.1 (GraphPad Software, California USA).
Normality of data (Shapiro-Wilk test) and statistical differences were checked with a limit of
significance set at P <0.05. Comparative analysis of the diversity indices, pH, SCFA concentrations,
histological morphometric measurements and proliferating cells were performed by Mann
Whitney U-test (for non-parametric) or Student’s t-test (for parametric).

Results

Gut microbiome composition in different intestinal segments

We assessed the microbiota composition in jejunum, ileum, and colon of 28 piglets sacrificed
atthe end of the pre-weaning phase (day29). lllumina Miseq 16S rRNA gene sequencing of the
V3-V4 region generated 1,211,527 number of reads after quality filtering, with a mean sample
depth of 16,596 + 3844 reads.

Prominent (intestinal) location-specific differences in microbiota composition were observed.
Principal component analysis showed two distinct clusters (Figure 1A), reflecting different
early-life microbial colonisers in the small and large intestine. For example, microbial families
like Lactobacillaceae, Peptostreptococcaceae, Clostridiaceae 1 were found to be dominant
in the small intestinal (jejunal and ileal) samples whereas Rikenellaceae, Prevotellaceae,
Ruminococcaceae, Lachnospiraceae were more abundant in large intestine (Figure 1B;
Supplementary figure 1A). This was further demonstrated by microbiota compositional
(redundancy) analysis as a function of ‘intestinal location” which identified dominant
microbial groups associated with each intestinal segment (Figure 1B). The small difference
between jejunum and ileum microbiota was recognised by the limited explained variation
(4.76%) encompassed by the second principal component (PC2), as compared to the first
principal component (PC1; explained variation 66.66%), which separates small and large
intestinal microbiota (Figure 1A). The large intestine had microbiota with a higher microbial
richness (Figure 1C) and evenness (Supplementary figure 2A) compared to the small
intestine and clustered separately when assessed by Bray Curtis distance (Supplementary
figure 2A; PERMANOVA, P <0.0001). Comparing jejunal and ileal microbiota, Aerococcaceae,
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Figure 1: Microbiota composition along the intestinal tract. (A) Principal component analysis of jejunum, ileum
and colon microbiota (PC1 = 66.66%, PC2 = 4.76%) at genus level. (B) Redundancy analysis (explained variation =
67.8% P =0.002) of intestinal location with associated microbial groups at family level. Microbial groups visualized
in this figure have a minimum fit value of at least 40% on the horizontal axis and a response score > 0.63 and > 0.80
for jejunum/ileum and colon, respectively. Specific microbial families which are differentially abundant in jejunum/
ileum were enforced in this graph). (C) Alpha diversity (Chaol bias corrected) comparison among jejunum, ileum
and colon. Significant differences between groups were assessed by student t test or Mann-Whitney U test (***: P<
0.001).

Fusobacteriaceae, Moraxellaceae were found to be more abundant in jejunum, while only
Pasteurellaceae was found to be more abundant in ileum (Supplementary figure 1B), which
corroborated the redundancy analyses for intestinal location (Figure 1B). Remarkably, we
observed significant differences in alpha and beta diversity between jejunal and ileal microbiota
(Supplementary figure 2B). Jejunum microbiota was found to have a higher richness (Figure
1C) compared to ileum, although there was no difference observed in evenness (Supplementary
figure 2B). These findings established prominent differences in microbiota composition in small
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and large intestinal locations, and underpin the high relatedness between the microbiota of
the jejunum and ileum regions of the small intestine, which was also supported by the partial
separation of jejunal and ileal samples in hierarchical clustering (Supplementary figure 3).

Effect of early feeding on localintestinal microbiota

One of the main objectives of this study was to gain insight into the impact of early-life feeding
on jejunal, ileal and colon microbiota. We did not find any impact on small intestinal (jejunal
and ileal) microbiome composition or diversity due to early (pre-weaning) feeding of piglets
(Supplementary figure 4). In contrast, the colon microbiome was found to be significantly
altered due to early feeding, and RDA analyses identified several microbial groups (such as
Ruminococcus 2, Lachnospira, Lachnospiraceae group ND3007, Roseburia, Papillibacter,
Eubacterium, Prevotella 1) associated with this difference (Figure 2A). Notably, some of
these microbes (Figure 2C; marked in bold) were also detected to be enriched in rectal swab
samples taken pre-weaning from early-fed piglets in a previous study (Chapter 3). Those
microbial groups represent typical post-weaning associated microbes, demonstrating that
early feeding with a fibrous diet accelerates the ‘maturation’ of the microbiota towards a post-
weaning composition. Due to the absence of post-weaning microbiota samples in this study
(piglets sacrificed before weaning), this correlation with the post-weaning microbiota cannot
be confirmed, but the association of the same microbial groups with early feeding supports the
similarity of microbiota impact. To further evaluate the impact of early feeding on microbiota
composition, beta diversity was assessed by Bray Curtis distance, which revealed significant
dissimilarity between the EF and CON groups (PERMANOVA, P=0.04; data not shown), although
no significant difference was observed in alpha diversity (Figure 2B).

To assess the impact of early feeding at individual animal level, hierarchical clustering of all
samples was performed based on EF/CON group-associated microbes (detected in RDA analyses;
Figure 2A). Partial separation of EF and CON piglets was observed at individual animal level
(Figure 2C). Overall, the hierarchical clustering divided the piglets into three main clusters:
(1) five EF piglets clustering clearly separate, (2) seven EF piglets clustering together but less
distant from the next cluster (3) encompassing all the CON piglets and the remaining two EF
piglets. The genera comprising of Prevotella 1, Roseburia, Lachnospiraceae ND3007 group,
Lachnospira, Selenomonas 3, Roseburia, Eubacterium xylanophilum, CAG-352 and Ruminococcus
2 were found to be most abundant in the first cluster whereas the second cluster had a more
variable abundance of these groups. Cluster 3 was characterised by higher abundance of
other microbial groups, including Ruminococcaceae (UGC-004, UGC010), Tyzzerella, CAG-873,
Pyramidobacter, Synergistes, Butyricimonas and Intestimonas. Intriguingly, some of these
microbes such as Butyricimonas, Pyramidobacter, Intestimonas and Synergistes were also
found associated with the CON group in our previous study (Chapter 3).
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Figure 2: Colonic microbiota composition in early-fed (EF) and control (CON) group. (A) Redundancy analysis at
genus level (PC1 = 8.75%, PC2 = 16.12%; P = 0.002) with associated microbial groups shown (minimum fit value of
at least 30% and > 0.55 response score on horizontal axis). (B) Alpha diversity (Chaol bias corrected) comparison
between the two groups. (C) Heat map showing relative abundance of discriminative bacterial genera (= 0.40
response score in x axis) as found in redundancy analysis. RDA identified microbes that were also detected in a
previous study with similar design (Chapter 3) are shown in bold.
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Quantitative estimate of eating behaviour

To estimate the eating time per individual piglet, video recordings of the six EF litters (12
hours per day) were observed and eating bouts were recorded during the four-week pre-
weaning period. The eating scores were employed as a quantitative indication of eating. The
eating behaviour of the EF piglets gradually increased over time, reaching the highest eating
score in the last week pre-weaning (Figure 3A), which is similar to our previously reported
observations (Chapter 3). However, the quantification of eating behaviour in the present
study was more variable and on average lower as compared to our previous study of a similar
design (Supplementary figure 5). Nevertheless, the substantial variation in the estimated
eating among EF piglets in the present study provides the opportunity to evaluate the relation
between the individualised quantification of eating behaviour and the piglet-specific microbiota
composition and intestinal measurements.

Previously it was shown that eating quantification observed shortly before (rectal swab)
microbiota sampling is strongly and quantitatively related to the microbiota changes, that
are driven by consumption of the fibre-enriched feed (Chapter 3). Analogously, in this study,
we employed the summed eating scores of the last two days prior to sacrifice to investigate
their relation with the microbiome signatures observed in individual EF piglets. Based on the
eating scores in the last two days, we can classify individual EF piglets into good (> 2 times
the median; green), moderate (between 0.8 and 2 times the median; blue) and bad (below 0.8
times the median; red) eaters (Figure 3B). The RDA analyses show that these individual eating
scores (cumulative eating scores from the “last two days”) could significantly explain the colon
microbiota composition (Figure 3C). Notably, all periodical eating scores (“Total seconds’,
“Last week”, “Last two days” and “Last day”) were significantly and positively correlated with
each other (Supplementary figure 8), and were all significantly reflected by the microbiota
RDA scores (Supplementary figure 8, 9). Moreover, the microbiota composition supported
the classification of EF piglets into good (green), moderate (blue) and bad (red) eaters on the
basis of discriminatory microbial groups that were either more abundant in good eaters (e.g.,
Lachnospiraceae ND3007 group, Lachnospiraceae NK3A20 group, Kandleria, Eubacterium
xylanophilum, Lachnospira, Prevotellal, Faecalibacterium, Roseburia) or more abundant
in the bad eaters (e.g., Odoribacter, Butyricimonas). However, since the overall group of EF
piglets in this study includes a substantial amount of bad eaters, significant correlations
were observed between only a few individual microbial groups and eating scores (Figure 3D,
Supplementary figure 6). Nevertheless, the individualised eating behaviour substantiated
the partial separation of EF piglets in hierarchical clustering (Figure 2C) where some EF piglets
(classified as bad eaters) were clustering closely to the control piglets. Taken together, these
findings underpin the microbiota compositional changes in response to individualised eating
behaviour.
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Figure 3: Classification of early-fed (EF) pigletsinto good (green), moderate (blue) and bad (red) eaters. (A) Individual
piglet’s eating behaviour quantification (14 EF piglets; total eating seconds per week) for four weeks pre-weaning by
video observation. (B) Good (> 2 x median; green), moderate (between 0.8 x and 2 x median; blue) and bad (below
0.8 x median; red) eaters, grouping based on eating observed in the “last two days” before weaning. (C) Redundancy
analysis based on eating scores from “last two days” before weaning (explained variation = 5.42% , P = 0.024),
establishing the microbiota discrimination between the “good”, “moderate” and “bad” classification within the EF
piglets (minimum fit value of at least 30% and > 0.55 response score on horizontal axis). (D) Spearman correlation
of individual microbial genera with the eating score from “last two days”. Lachnospiraceae ND3007, Eubacterium
xylanophilum, Prevotella 1 and Odoribacter were identified in redundancy analysis.

Changes in pH and SCFA concentration

To assess the intestinal fermentation as a result of early feeding, the intraluminal pH in different
segments of the intestinal tract and short chain fatty acid (SCFA; i.e., succinic-, lactic-, acetic,
propionic- and butyric-acid) concentrations in the colon content were determined. The
digesta pH of both caecum and colon significantly decreased due to early feeding of piglets
(P<0.05), whereas no differences in stomach or small intestinal digesta were detected (Figure
4A). Subsequently, the relation between eating scores and digesta pH in individual EF piglets
was investigated, revealing that caecum pH tended to be negatively correlated with eating
behaviour, whereas no such association was observed for the colon (Figure 4B). Nevertheless,
the levels of colonic SCFAs were significantly impacted by early feeding, and relative to the
CON group, concentrations of acetic acid, butyric acid and total SCFAs were significantly
higher whereas propionic acid tended to be higher (P = 0.06) in the EF group (Figure 4C),
indicative of increased carbohydrate fermentation in the distal gut. As anticipated, caecum
and colon pH negatively correlated with SCFAs acetic acid, propionic acid and butyric acid.
In contrast, no differences were observed in lactic- and succinic-acid between the CON and
EF piglets (Supplementary figure 7). Notably, SCFA (acetic-, propionic- and butyric acid)
concentrations in individual piglets were found to be significantly correlating with each other
(Supplementary figure 8). However, the distribution of the differential eating classifications
(good, moderate and bad eaters) did not appear to be significantly related to the levels of
SCFAs observed, although a trend (P = 0.08 ) of positive correlation was observed between
propionic acid and eating scores (Supplementary figure 8, 9). Remarkably, the caecal pH
appeared to be significantly reflected by the levels of acetic, propionic and butyric -acid (and
total SCFAs) measured in the colon, whereas colonic pH values only correlated with the level
of butyric acid (Supplementary figure 8).

Digestive organ measurements (macroscopic)

Macroscopic measurements such as digestive organ weight and lengths were determined to
check the effect of early feeding on the intestinal development of piglets at weaning (Table
1). EF and CON piglets did not differ in organ weights of the adrenal gland, gallbladder, spleen,
liver, stomach, and caecum. However, EF piglets tended to have a heavier pancreas (P =0.05)
compared to CON piglets. The small intestine (P=0.096) and the total intestinal tract (P=0.05)
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Figure 4: Impact of early feeding on pH and short chain fatty acids (SCFA). (A) Digesta pH in different parts of the GIT
for EF and CON and an expansion of the two segments where significant difference in pH was detected, illustrating
the distribution of individual piglets in both groups (using the EF group classification of good (green), moderate
(blue) and bad (red) eaters; see figure 2B). (B) Correlation of pH caecum/colon of individual EF piglets with the
quantified eating score from last two days (Caecum: r =-0.48, P = 0.087; Colon: r ==0.33, P = 0.24). (C) Group level
comparison for colonic SCFA concentration (umol/g wet weight of digesta) in piglets. Significant differences between
groups were assessed by student t test or Mann-Whitney U test (*: P<0.05; **: P<0.01; ***: P<0.001). EF = early-fed
group; CON = control group. Green = good eaters; Blue = moderate eaters; Red = bad eaters.

showed a tendency to be longer in EF piglets, while the weights of the small intestine and the
total intestinal tract were higher (P < 0.05), both with (full) and without (empty) digesta in EF
piglets. Further, the large intestine (including caecum and colon) was significantly longer (P <
0.05) and tended to be heavier with digesta (P=0.08) in EF piglets.

The intestinal segment lengths showed a significant positive correlation with each other,
however, organ and intestinal weights did not show such correlation (Supplementary figure
8). Notably, the weight of the small intestine (without digesta; empty) as well as the whole
gastrointestinal tract (with or without digesta; full or empty) significantly correlated (P=0.01;
Supplementary figure 8, 9) with the eating scores (“total seconds”), whereas small intestine
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(with digesta; full) tended to show the same correlation (P = 0.06; Supplementary figure 8,
9). Taken together, these results indicate that early eating has (moderate) effects on some
macroscopic measurements of the digestive system (Table 1), but not all these effects appear
to significantly correlate with the quantified estimate of eating.

Mucosal morphometry and epithelial proliferation in jejunum and colon

Intestinal morphometry (microscopic) measurements were assessed using histological staining
(n=8; randomly selected piglets from each treatment group) of jejunum and colon mucosa. No
significant alteration was observed in the villus length or crypt depth in the jejunal mucosa,
nor in the colonic crypt depth of tissue samples from EF compared to CON group (Figure
5). However, due to a combination of modestly increased villus length and decreased crypt
depth in jejunal mucosa, we observed a tendency for a reduced villus length : crypt depth
ratio (V:C ratio) in the EF compared to the CON animals (P = 0.06). However, no quantitative

Table 1: Intestinal weights of early-fed (EF) and control (CON) piglets at weaning (day29), mean + SEM. P-values
are based on linear mixed model using body weight at sacrifice as covariate.

Item CON EF P-value
Body weight, kg 82403 85+0.4 0.57
Organ weight, g

Adrenal gland 0.5+0.02 0.5+0.03 0.70
Pancreas 135+£0.7 155+0.8 0.05
Spleen 19.4+1.0 19.4+1.0 0.70
Liver 213.6+7.2 2194+11.0 0.79
Gallbladder 3.0+£04 25+03 0.39
Intestine weight, g

Stomach, full 146.2 £10.7 160.7 £11.0 0.47
Stomach, empty 432+16 447+1.7 0.76
Small intestine, full 421.7+178 482.5+31.3 0.02
Small intestine, empty 3285+10.5 370.3+20.3 0.03
Cecum, full 47.9+2.5 51.0+35 0.67
Cecum, empty 188+1.1 19409 0.89
Colon, full 80.4+4.2 96.8+7.5 0.08
Colon, empty 472+2.4 50.3+3 0.54
Total gastro-intestinal tract, full 696.2 +27.3 790.9+45.9 0.02
Total gastro-intestinal tract, empty 437.7+14.3 484.3+23 0.03
Intestine length, m

Small intestine 78+02 83£02 0.096
Large intestine 1.2+0.02 1.3+£0.03 0.046
Total gastro-intestinal tract 9+0.2 9.6+0.2 0.05
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Figure 5: Effects of early feeding on (A) intestinal morphometry and (B) PCNA" proliferating cells in jejunum and
colon (representative image) at weaning (day29). Hoechst and PCNA positive cells are represented in blue- and
green-coloured cells respectively. EF = early-fed group; CON = control group. Differences between groups were
assessed by student t test or Mann-Whitney U test (*: P<0.05).

association was found between these mucosal morphometric measurements and eating scores
(Supplementary figure 8, 10), although it should be noted that the animals selected for this
analysis were not evenly distributed over the good-, moderate- and bad-eaters classification
within the EF group. For example, the inclusion of only a single piglet of the “good eater” group
may have led to an underestimation of the relatedness of the eating scores and the mucosal
morphometric differences.

Epithelial proliferation was evaluated using immuno-histochemistry in combination with a
standardised quantification pipeline in jejunum and colon mucosa. To determine the relative
amount of proliferative epithelial cells in the jejunum and colon mucosa samples, tissues
were stained with nuclei stain PCNA and Hoechst (n=8; randomly selected piglets from each
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treatment group). There was an increase in the number of colonic proliferating cells in EF
group compared to CON (ratio of PCNA:Hoechst positive cells), however, no such difference
was observed in jejunal tissue (Figure 5). Notably, eating scores (based on last two days and
last day) correlated with proliferating cells in jejunum (Supplementary figure 8, 10), although
the effect size is very low (Cohen’s d < 0.2) indicative of substantial individual variation, raising
questions about the reliability of this observation.

Discussion

Early-life conditions are known to have a key influence on the developing gut microbial ecosystem
and have been shown to have long lasting consequences for the microbiota as well as the host
(Schokker et al., 2015; Fouhse et al., 2016; Everaert et al., 2017). The present study was aimed
to investigate whether early-life feeding (pre-weaning access to a mixed-fibre feed) has an
impact on the intestinal microbiota composition and digestive system maturation at weaning.
The hypothesis was that early feeding (of mixed-fibre feed) would modulate the microbiota
composition in the intestine of piglets and would support digestive system development. Our
results show that early feeding impacts the intestinal microbiota and its metabolism (short
chain fatty acids), as well as digestive system development, determined at both macroscopic
and microscopic level. Importantly, we observed the microbiota compositional changes only
in the colon and their magnitude responds proportional to the individual piglet’s quantified
eating behaviour during the pre-weaning period. In contrast, many of the macro- or microscopic
digestive system changes associated with early feeding did not appear to be related with the
eating quantification, suggesting that these changes could be driven by feed exposure (and/
orits associated intestinal microbiota) per se, rather than the amount of feed consumed.

Early feeding did not appear to elicit significant changes in the small intestinal microbiota
which was very different in composition and diversity as compared to the colon microbiota
(irrespective of the intervention). Substantial differences between the microbiota in these
different regions are in agreement with earlier studies (Zhao et al., 2015; Holman et al., 2017;
Mu et al., 2017a; Crespo-Piazuelo et al., 2018). Our analyses detected a significant difference
in richness (Chaol) between jejunal and ileal microbiota samples. However, previous studies
have reported conflicting conclusions related to similar analyses (Kraler et al., 2016; Yang et
al., 2016; Holman et al., 2017; Mu et al., 2017a; Crespo-Piazuelo et al., 2018), which may be
due to a high dynamics of the small intestinal microbiota that was suggested to be driven by
many (nutritional and environmental) factors (Booijink et al., 2010; Zoetendal et al., 2012) that
differ within and between studies and thereby intrinsically prohibit consistent conclusions.

The impact of early feeding (of fibrous feed) on the colon microbiota is in accordance with
previous studies (Shim et al., 2005; Zhang et al., 2016; Mu et al., 2017b), and corroborates the
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impact of dietary fibres on the distal regions of the intestine. Various studies have reported
the influence of fibres on the microbiota composition, mostly focussing on weaned or growing
pigs (Umu et al., 2015, 2018; Kraler et al., 2016; Burbach et al., 2017; Fouhse et al., 2019). In the
present study, a customised mixed-fibre feed was formulated especially for suckling piglets,
with inclusion of both soluble (GOS, inulin) and insoluble (oat hulls, sugarbeet pulp, resistant
starch) dietary fibres. In line with our previously described observations (Chapter 3), early
feeding with this diet elicited higher relative abundances of fibrolytic and/or butyrate-producing
bacterial groups, like Ruminococcus, Lachnospira, Roseburia, Eubacterium, and Prevotella,
which reflect the accelerated pre-weaning microbiota development towards a “post-weaning-
resembling” microbial-ecosystem.

Consistent with previous studies (Pajor et al., 1991; Delumeau and Meunier-Salalin, 1995; Huting
etal,,2019), a large variation in eating behaviour was observed among the EF piglets. In addition,
the eating behaviour of the EF piglets in the present study, may have been compromised by a
diarrhoeic episode during the third week (spreading between day 16-24) in almost all litters,
the cause of which is unknown. Bruininx and coworkers (Bruininx et al., 2004) concluded that
there was considerable within-litter variation in creep-feed intake, and designated piglets as
good, moderate and non-eaters based on the colour of their faeces using chromium oxide as
a marker. Here we used a similar classification system on eating behaviour video-observation
scores and it should be noted that a relatively large proportion of the dissected piglets was
classified as bad eaters (42%), which is substantially more than in our previous study (Chapter
3) that employed a similar design. The higher degree of feed-intake variation in this study, was
exploited to correlate the eating scores with the microbiota changes per individual piglet,
demonstrating that the eating time is strongly reflected in the magnitude of the colon microbiota
changes. Importantly, this reflection appeared independent of the eating score (time-period)
employed, supporting the robustness of the observation that the eating time is a key-driver
of the microbiota adaptation. This is in good agreement with our previous study (Chapter 3),
where it was shown that the microbiota analysed in rectal swabs at different stages during the
pre-weaning period accurately reflects the eating behaviour quantification in piglets.

It is well established that dietary fibre reaches the large intestine, due to their indigestibility
by the host digestive enzymes that are released in the proximal small intestine. In the colon,
these fibres are fermented by the colonic microbiota into short chain fatty acids (SCFA) (Jha
et al., 2019). Prior studies have shown elevated levels of SCFAs after fibrous diet intake in
piglets, which was associated with lower pH values in distal gut (Alizadeh et al., 2016; Li et al.,
2018; Van Hees et al., 2019). Analogously, in the present study EF piglets had higher levels of
the canonical SCFAs (acetic, propionic and butyric acid) in their colon, which was reflected
by a lower pH of both caecal and colonic digesta. Notably, although eating time tended to
quantitatively correlate with caecal pH in our study, it did not associate with colonic pH or
colonic SCFA levels. A possible explanation for this might be that luminal SCFAs production
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and their absorption by the colonic epithelium is highly dynamic (Von Engelhardt et al., 1989),
whereby colonic SCFA levels poorly represent the flux of SCFA production and absorption
(Verbeke et al., 2015). Thereby, the caecum, where the fermentative capacity of the microbiota
is considered to be at its maximum (Cummings et al., 1987), and where mucosal absorption
rates of the luminal SCFAs may be lower as compared to the colon, might have provided a
more appropriate intestinal region to assess SCFA concentrations changes in relation to dietary
intake, compared to the colon.

Increased weight of digestive organs, including the weight of the intestine itself as well as its
length have been associated with solid food consumption (Jergensen et al., 1996; Al Masri et
al., 2015; Van Hees et al., 2019). Our study reached related conclusions, where early feeding
(with mixed-fibre feed) was associated with (relatively modest, but significant) changes in
macroscopic digestive organ measurements, including a heavier small intestine (empty and
full) and complete gastro-intestinal tract (empty and full), as well as an extended large intestine
and complete gastrointestinal tract length. However, only a few of these changes appeared to
have an association with the quantified feed-intake estimates within the early-feeding group,
although the relatively small number of animals may have obscured such relationships, and
to definitely disqualify them would require the analysis of a larger amount of EF animals. For
example, eating behaviour was associated with the weights of the small intestine and total
gastro-intestinal tract (with or without digesta). Increase in gut fill may be due to the typical
water-retention activity and ‘bulking agent’ capacities of the (insoluble) fibres (Morris, 1992;
Tungland and Meyer, 2002) that are present in pre-weaning diet (Bach Knudsen et al., 2012). These
results suggest that early feeding of a fibre-enriched feed stimulates expansion of the intestinal
size as well as digesta. This notion was further supported by a significant positive correlation
between the changes in microbiota (microbiota scores RDA), colonic SCFA concentrations and
the weight of the small intestine, colon and gastrointestinal tract with or without its digesta,
indicating their interrelatedness. Intriguingly, some measurements significantly correlated,
for example, SCFAs associated with a few macroscopic measurements such as weight of gall
bladder and colon (with digesta). However, the correlations were mainly depending on EF
(good and moderate) piglets with relatively extreme SCFA-level values compared to other
piglets, which is most likely a chance event in the intestinal dynamics of SCFA production
and absorption. Thereby the limited numbers of animals in this study and the observation
that these observations are largely determined by a small proportion of these animals may
indicate that these conclusions are biologically less reliable and would require further studies
that include larger numbers of animals.

Presence of luminal nutrients in the gut can cause changes to the structure and function of
the intestinal mucosa (Diamond and Karasov, 1983; Pluske et al., 2018). Feed intake has been
positively associated with adaptation of mucosal architecture, i.e., altered villus length or V:.C
ratio, which has in particular been reported in relation to post-weaning intestinal adaptations
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(Kelly et al., 1991; Pluske et al., 1996; Dong and Pluske, 2007; Muns and Magowan, 2018).
However, these effects have not been unambiguously established in the literature and include
contradicting inferences. For example, Bruininx et al. (Bruininx et al., 2004) reported that
morphometric measurements (villus length, crypt depth, V:C ratio) were not affected by pre-
weaning (commercial) creep feed consumption. On the other hand, a recent study (Alizadeh
et al., 2016) reported morphological changes in the intestinal mucosa (thicker and extended
villi in the jejunum) of piglets that were separated from their mother after 48 hours and fed
with milk replacer diet, supplemented with or without 0.8% galacto-oligosaccharides for 26
days. In the present study, we detected moderate changes in the mucosal architecture, which
were only apparent in jejunal V:C ratio of early-fed piglets. Remarkably, decreased villus length,
increased crypt depth and the corresponding decrease in V:C ratio have been suggested to be
indicative of intestinal mucosa maturation in un-weaned piglets (Hampson, 1986; Al Masri et
al., 2015). Importantly, post-weaning modulations of the intestinal mucosal architecture were
determined in a separate study showing progressively reducing V:C ratios in jejunal mucosa
post-weaning (Chapter 5), which would support an “accelerated maturation” of the mucosal
architecture in EF piglets in this study. Likewise, it has been reported that colonic epithelial
proliferation and crypt depth increase post-weaning (Brunsgaard, 1997). In the present study,
we used PCNA immune-histochemistry (a universal nuclear marker of proliferative cells) to
assess the epithelial proliferation in jejunum and colon, showing that early-fed piglets had an
increased colonic proliferation, although this difference was not reflected in the coinciding
increase of colonic crypt depth. This observation would also support accelerated maturation
of mucosal development by early feeding of fibrous feed. However, though both V:C ratio and
colonic PCNA staining were considered to have a large effect size (Cohen’s d > 0.8), the actual
fold changesin the V:.C ratio (0.89) and colonic PCNA staining (1.13) were relatively small. Taken
together, these are intriguing observations that would support accelerated maturation, but
their actual physiological relevance would require further studies.

Overall, our study illustrates that early feeding with fibre-enriched feed influences the colonic
microbiota composition, increases microbial fermentation products in the colon and modulates
intestinal development at weaning. Importantly, the EF-associated changes in colonic microbial
signatures were concluded to be strongly associated with the amount of eating of a piglet,
which corresponded with increased weights of the small intestine and total gastro-intestinal
tract (with or without digesta). Although the estimated feed intake was relatively low and highly
variable among EF piglets in this study, eating behaviour quantification and the classification
of individual piglets into good, moderate and bad eaters enabled a reliable and consistent
evaluation of eating-behaviour consequences in piglets at an individual level.
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Supplemental information

Supplementary table 1: Ingredients and calculated nutrient composition of the pre-weaning fibrous feed?.

Pre-weaning feed

Ingredients, %

Wheat 219

Barley 15

Maize 15

Soy protein concentrate 7

Soybeans (heat treated) 5

Galacto-oligosaccharides? 5

Potato protein 4

Sugar beet pulp 4

Oat hulls 4

Inulin® 4

Resistant starch* 4

Soybean oil 3 <
Blood meal (spray dried) 2 S
Dicalcium phosphate 17 a
Sucrose 15 Jr:“
Calcium carbonate 1.0 ©
Sodium chloride 0.5

Premix® 0.5

Potassium bicarbonate 03

L-lysine hydrochloride 03

DL-methionine 0.2

L-threonine 0.04

L-tryptophan 0.04

Calculated nutrient composition®, g/Kg

Dry matter 891

Starch 290

NSP? 261

Crude protein 195

Crude fat 61

Crude fibre 44

Crude ash 57

Calcium 9.1

Phosphorus 6.1

Sodium 2.2

Standardized ileal digestible lysine 11.9

Standardized ileal digestible methionine 4.8

Standardized ileal digestible threonine 7.1

Standardized ileal digestible tryptophan 2.4

Net energy, MJ/kg 11.8

! Feed was mixed by Research Diet Services (Wijk bij Duurstede, The Netherlands), and extruded using a co-rotating double screw
extruder (M.P.F. 50, Baker Perkins, Peterborough, United Kingdom).

2 Source: Vivinal® GOS powder (Friesland Campina, Amersfoort, The Netherlands) containing 69% galacto-oligosaccharides.

3 Source: Prebiofeed 95 inulin powder (Cosucra group, Belgium) containing 85% inulin.

* Source: AmyloGel® Native Starches (Cargill, Wayzata, USA) derived from high amylose maize with 75% amylose content.

“Vitamin and mineral premix (per kg of feed): vitamin A: 10000 IU, vitamin D3: 2000 IU, vitamin E: 40 mg, vitamin K: 1.5 mg, vitamin
B1: 1 mg, vitamin B2: 4 mg, vitamin B6: 1.5 mg, vitamin B12: 0.02 mg, niacin: 30 mg, D-pantothenic acid: 15 mg, choline chloride: 150
mg, folate: 0.4 mg, biotin: 0.05 mg, iron: 100 mg, copper: 20 mg, manganese: 30 mg, zinc: 70 mg, iodine: 0.7 mg, selenium: 0.25 mg,
anti-oxidant: 125 mg.

¢ According to CVB (2007), nutrients are presented in g/kg dry matter, except for dry matter (g/kg) and net energy (MJ/kg).
"Non-starch polysaccharides: Calculated as the difference between dry matter and the sum of starch, sugars, crude protein, crude
fat, and crude ash.
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Supplementary figure 1: Box plots of the relative abundance of microbial families at different intestinal locations.
(A) Comparing small and large intestine. (B) Comparing jejunum and ileum. Representative families which have
significant (FDR corrected P value <0.0001) differential relative abundance are shown in this figure.
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Supplementary figure 2: Comparison of diversity metrices among different intestinal locations at genus level.
(A) Comparison between small and large intestine using alpha diversity (Shannon: P < 0.0001) and beta diversity
(PERMANOVA of Bray Curtis distance as depicted in PCoA 2D plot; P<0.001). (B) Comparison between small intestinal
locations jejunum and ileum using alpha diversity metrices (Chaol: P = 8.1931e-071; Shannon: P = 0.49) and beta
diversity (PERMANOVA of Bray Curtis distance as depicted in PCoA 2D plot; P <0.052). All diversity comparisons were
performed after rarefying the reads to minimum library size.
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Supplementary figure 4: Jejunal and lleal microbiota composition in early-fed (EF) and control (CON) group. (A)
Alpha diversity (Chaol bias corrected) comparison between the two groups. (B) Redundancy analysis at genus
level in jejunum (Explained variation = 0.65%; PC1 = 5.38%, PC2 = 27.85%; P = 0.304) and ileum (Explained variation
= 1.27%; PC1 = 5.97%, PC2 = 18.36%; P = 0.188) with associated microbial groups shown (20% minimum fit on
horizontal axis).
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Supplementary figure 5: Frequency of eating scores in last two days before weaning, comparing two experiments
(expl = previous study; exp2 = this study) with respect to eating behaviour. Frequency distribution of EF piglets
at various intervals (200 seconds considered per interval) of eating behaviour two days before weaning. The total
eating score was also lower in the present study (3204 + 1810 seconds) compared to the previous one (8032 + 3387
seconds).
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Supplementary figure 6: Correlation of individual microbial genera with the “classified” eating scores perindividual
during the last two days before weaning identified in redundancy analysis. The early-fed (EF) piglets are marked with

colours of EF classification based on eating observed in the “last two days” before weaning. Green = good eaters;
Blue = moderate eaters; Red = bad eaters.
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Supplementary figure 7: Concentrations of short chain fatty acids (SCFA) succinic and lactic acid in control (CON)
and early-fed (EF) piglets. The EF piglets are marked with colours of EF classification based on eating observed in the
“last two days” before weaning. Green = good eaters; Blue = moderate eaters; Red = bad eaters.
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Supplementary figure 8: Correlation matrix (spearman) of different measured parameters of individual early-fed
(EF) piglets including eating scores, microbiome RDA score, pH, SCFA, PCNA, intestinal morphometry and intestinal
macroscopic measurements.
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Supplementary figure 10: Spearman correlation of microscopic measurements (V:C ratio and PCNA) with eating
score. Green = good eaters; Blue = moderate eaters; Red = bad eaters.
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Supplementary file 1: Quantitative immunostaining

The image analysis pipeline employed Cell Profiler 3.1.8 (Broad Institute, Cambridge
Massachusetts USA; www.cellprofiler.org) to identify PCNA/Hoechst positive nuclei FCS Express
6 Flow plus Image (De Novo Software, CA, USA, www.denovosoftware.com) to visualise and
enumerate the identified nuclei. The raw (16-bit grayscale) images were analysed in a pipeline
developed in Cell Profiler, consisting of different modules, which carry out automated mining
of cellular features in every image. The Hoechst positive nuclei (primary objects) are identified
in the first module with nuclei ranging between 2 to 20 pixels in diameter and applying an
adaptive threshold strategy in combination with the two-classes Otsu algorithm. In the second
module, PCNA positive nuclei (secondary objects) are identified by using primary objects as
a reference for guided detection. The method uses the propagation algorithm (regularisation
factor, ® = 0.05), which assigns (a) dividing lines between secondary objects that touch each
otherand (b) dividing lines between the secondary objects and the background of the image,
taking into account both the distance to the nearest primary object and intensity gradients.
The subsequent modules extract features such as mean intensity, size from each object and
converts identified objects back into images. The output derived from Cell profiler (.cpout
file), containing the raw data associated with individual objects and analysis, was used to
visualise and enumerate the number of ide ntified primary and secondary objects in FCS
Express 6 Plus. The size distribution, intensity of all identified objects was visualised in a
histogram and three gates (or markers) were utilized to include objects (i.e., nuclei) based on
size-limits (red; gate 1), minimal Hoechst intensity (blue; gate 2) and minimal intensity of PCNA
staining (green; gate 3). The flow chart below depicts the gate-settings and the corresponding
images that display the included nuclei in each gating step. Gate 1 (or M1) is based on size
distribution with a lower bound of Median-SDV (SDV = Standard deviation) and a upper bound
of Median+3SDV, leading to inclusion of the red-stained objects (i.e., nuclei; 97 + 0.2% of total
nuclei) in the corresponding image, and exclusion of white-stained objects that mostly represent
overlapping or over-exposed nuclei. Gate 2 (or M2) is based on Hoechst-staining intensity
with a lower bound of Median-2SDV and a upper bound of Median+3SDV, leading to inclusion
of blue-stained objects (98 + 0.5% of the nuclei that passed gate 1). Gate 3 (M3) is based on
PCNA intensity with Median+SDV and Median+10SDV as lower and upper bound, leading to
inclusion of high-intensity PCNA objects (displayed as green-stained nuclei; 18 + 3.32% of the
nuclei that passed gate 2). The objects passing all three gating steps represent nuclei that are
within the nucleus-size boundaries and are considered positive in Hoechst and PCNA staining.
The gating values were based on the highest (visual) resemblance of the processed images
(picture plot showing patterns of identified objects/nuclei in the tissue, marked by different
gates) with the original microscopic overlayed-images of Hoechst and PCNA staining. From
the processed images, the number of Hoechst and PCNA positive objects were obtained and
the ratio of PCNA:Hoechst positive nuclei was calculated to assess the relative fraction of
proliferating cells in the mucosal tissue of individual animals.
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Step 1
Microscopy and raw images

Step 2

Image analysis in Cell Profiler m

- Identify primary (Hoechst positive) and secondary
(PCNA positive) objects based on size, intensity of staining
and distance between primary and secondary objects.

Step 3

Visualise in FCS express and statistics E

- The size distribution, staining intensity of all identified objects
are visualised in a histogram plot and three gates (or markers)
are used to exclude objects (or nuclei) based on size (red),
intensity of Hoechst (blue) and intensity of PCNA (green).
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Flowchart outlining the steps for quantitative immunostaining of intestinal proliferative cells. Step 1: Raw
microscopic image with Hoechst (blue) and PCNA (green) staining. Step 2: Identification of primary and secondary
objects in Cell Profiler based on size, intensity of staining and distance to corresponding primary object. Step 3:
Identified objects or nuclei were visualised and analysed in FCS Express. Three gates (or markers) were utilized
to include objects (or nuclei) based on size-limits (red), minimal intensity of Hoechst staining (blue) and minimal
intensity of PCNA staining (green). The intensity of Hoechst and PCNA identified objects (gated by M1, M2 and M3)
is shown in a dot plot. Step 4: The resulting images provide the number of Hoechst and PCNA positive objects and
then the ratio of PCNA:Hoechst positive nuclei was calculated.
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Abstract

Diet-microbiota-host interactions are increasingly studied to comprehend theirimplications
in host metabolism and overall health. Keeping in mind the importance of early-life
programming in shaping intestinal mucosal development, the pre-weaning period can
be utilised to understand these interactions in suckling piglets. The objective of this study
was to investigate the consequences of early-life feeding on the time-resolved mucosal
transcriptional program as well as mucosal morphology. A customised fibrous feed was
provided to piglets (early-fed or EF group; 7 litters) from five days of age until weaning
(29 days of age) in addition to sow’s milk, whereas control piglets (CON; 6 litters) suckled
mother’s milk only. Rectal swabs, intestinal content and mucosal tissues (jejunum, colon)
were obtained pre- and post-weaning for microbiota analysis (16S amplicon sequencing)
and host transcriptome analysis (RNA sequencing). Early feeding accelerated both
microbiota colonisation as well as host transcriptome, towards a more “mature state”,
with a more pronounced response in colon compared to jejunum. Early feeding elicited
the largest impact on the colon transcriptome just before weaning (compared to post-
weaning time-points), exemplified by the modulation of genes involved in cholesterol and
energy metabolism and immune response. The transcriptional impact of early feeding
persisted during the first days post-weaning, and was highlighted by a stronger mucosal
response to the weaning stress, via pronounced activation of barrier repair reactions,
which is a combination of immune activation, epithelial migration and “wound-repair”
like processes, compared to the CON piglets. Our study demonstrates the potential of
early-life nutrition in neonatal piglets as a means to support their intestinal development
during the suckling period, and to improve adaptation during the weaning transition.

Keywords: early-life, dietary fibre, fibrous feed, microbiota, mucosal, pig, transcriptomics
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Introduction

In commercial pig farming, after weaning piglets have to deal with multiple stressors including
separation from the sow, a sudden dietary shift from milk to solid feed as well as a novel
environment and often unfamiliar pen-mates, leading to a transient low feed intake or anorexia,
intestinal inflammation, and an unbalanced gut microbiota or dysbiosis (Lallés et al., 2007;
Montagne et al., 2007; Heo et al., 2013; Gresse et al., 2017). Weaning stress in piglets is thus
characterised by a multitude of changes in the intestinal physiology and function, and is often
accompanied by post-weaning diarrhoea. Several studies have reported decreased intestinal
digestive enzyme activities, damaged tight junction proteins, impaired immune response and
barrier function, as well as altered mucosal morphometry, especially during the first week
after weaning (Hampson, 1986; Pluske et al., 1997; Pié et al., 2004; Moeser et al., 2007, 2017,
Campbell et al., 2013). Forinstance, alterations in intestinal mucosal architecture typically occurs
post-weaning, often characterised by lowered villus length and deepened crypt depth (Lallés
et al., 2007; Al Masri et al., 2015). Furthermore, the process of weaning triggers transcriptional
changes in the intestinal mucosa of pigs, mostly related to oxidative stress and immune
activation (Bauer et al., 2011; Yang et al., 2016; Xiong et al., 2019). It is therefore important to
employ appropriate nutrition and management strategies to minimise the adverse effects of
weaning stress, aiming to improve animal health and welfare during the weaning transition,
which may also have a positive health-impact later in life.

At the time of weaning in commercial pig-husbandry systems (around 3-4 weeks of age),
the gastro-intestinal tract of the piglets is still developing (Blecha, 2001), including drastic
adaptations in microbiota colonisation and the mucosal immune system (Bailey et al,,
2005; Moeser et al., 2017). The pre-weaning period in early-life, thus provides a “window of
opportunity” to modulate and support the host gastrointestinal function of the young piglet
(Pluske et al., 2018; Guevarra et al., 2019). Inclusion of fibres in pre-weaning diet (instead of
milk-based creep feed) may positively influence gut function and animal health, and thus
can be used as a contemporary pig management strategy to change the structure of the gut
microbial communities (Jha et al., 2019). Dietary fibres are known to influence gut microbiota
via microbial fermentation of fibres leading to production of short chain fatty acid (SCFAs) such
as butyrate, acetate and propionate (Hamer et al., 2008). Moreover, SCFAs are recognised to
influence intestinal functions such as the enhancement of the intestinal barrier function, as
well as mucosal immune system development (Den Besten et al., 2013; Furusawa et al., 2013;
Xiong et al., 2019).

Studies reporting on the host mucosal transcriptome response to dietary fibres are scarce
(Schokker et al., 2018), especially in piglets during the pre-weaning period. The studies that
assessed the dietary fibre-microbiota-host interaction mostly employed growing pigs or
were performed in alternative animal models, like mice (Rodenburg et al., 2008; Haenen et
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al., 2013b; Hugenholtz, 2015; Lange et al., 2015; Li et al., 2019; Chen et al., 2020). Previously
we have reported that early feeding of fibrous feed leads to acceleration of the intestinal
microbiota composition towards a more mature microbiome in suckling piglets (Chapter
3). In the present study, we expand this work to evaluate the influence of early feeding and
the coinciding microbiota changes on the development of the host mucosa. We therefore
provided fibrous feed pre-weaning (from five days of age) and studied its impact on the host
mucosal transcriptome patterns, mucosal morphology and proliferation at the moment of
weaning (29 days of age). In addition, similar analyses at two time-points post weaning (3
and 21 days after weaning) enabled us to investigate the post-weaning development and
evaluate the persistence of the effects of early-life feeding. Our findings establish that early
feeding can accelerate mucosal transcriptome profiles towards a more “mature” state that
is more closely resembling the post-weaning transcriptome profiles. Moreover, the data also
demonstrate that early-fed piglets display an improved responsiveness during the weaning
transition compared to the control piglets.

Materials and methods

Animals, experimental design and sampling

The Animal Care and Use committee of Wageningen University & Research (Wageningen, The
Netherlands) approved the protocol of the experiment (AVD104002016515). The protocol is in
accordance with the Dutch law on animal experimentation, which complies with the European
Directive 2010/63/EU on the protection of animals used for scientific purposes.

The experiment was conducted with thirteen multiparous Topigs-20 sows (Parity 2-8) and
their new-born piglets (Tempo x Topigs-20), housed at research facility Carus (Wageningen
University & Research, The Netherlands) (Figure 1). The litters were divided into two treatment
groups, early-fed or EF group (n=7 litters) and control or CON group (n=6 litters), balanced for
sow parity, body weight and genetic background. Within two days after birth, the litter size
was set to a maximum of 15 piglets per litter with no cross-fostering. The new-born piglets
were cohoused with their mother and littermates till weaning (29 days of age), and received
eartags forindividual identification and an iron injection, standard to pig husbandry practice.
Piglets belonging to the EF group were given access to customised fibrous feed ad libitum
(Supplementary Table 1) from 5 days of age in addition to suckling sow’s milk, whereas the
CON group suckled sow’s milk only. Briefly, the feed included sugarbeet pulp (4%), oat hulls
(4%), inulin (4%), galacto-oligosaccharides (5%) and resistant starch (4%) as fibrous ingredients.
Asubset of piglets (n=72; 36 per treatment group) were weaned at 29 days of age and followed
until 21 days post-weaning. At weaning, piglets were mixed within the same treatment group
and housed in separate pens, having three piglets per pen. After weaning, all piglets had ad
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libitum access to a standard weaner diet (Supplementary Table 2), mixed and pelleted by
Research Diet Services (Wijk bij Duurstede, The Netherlands).

Rectal swabs were collected at pre- (13 days of age [day13]; n = 32) and post-weaning (19 days
after weaning [day+19]; n = 16) time-points for microbiota analysis. This was done by inserting
a sterile cotton swab (Puritan Medical, Guilford, ME USA; Cat Number-25-3306-U) 20-30 mm
into the rectum and rotating the swab against the bowel wall for a minute before placing itinto
a5mleppendorftube. The samples were put on ice immediately after collection, transported
to the laboratory and stored at =20°C until further processing. Intestinal content and mucosal
tissue samples were collected at three time-points (just before weaning [day29], 3 days after
weaning [day+3] and three weeks after weaning [day+21]) following the sacrifice of a subset of
piglets (10 piglets per treatment per time-point). The selection of sacrificed piglets at pre- and
post-weaning time-points was made by the following criteria: a) no antibiotic treatment b) close
to mean body weight of the litter c) moderate to good eaters (scan sampling for EF piglets; see
below) d) no pre-weaning diarrhoea €) gender balanced for treatment. Instantaneous 1-min
scan sampling (6 hours per day) on three time-points pre-weaning (15, 22 and 26 days of age),
was used to determine “eaters”, allowing the selection of EF piglets that were sacrificed for
bio-sampling. All piglets were scanned once each minute and the observer recorded whether
piglets were eating or chewing feed from the trough or floor. Just before weaning, the data
from all three observation days (60*6*3 = 1080 scans) were combined and subsequently piglets
were classified into “good”, “moderate” and “bad” eaters (i.e., found to be eating or chewing
feed) at least once, in 3,2, 1 day (s) out of 3 days respectively (data not shown).

Piglets were euthanised by intravenous injection of 20% sodium pentobarbital (EUTHASOL®, 500
mg/ml, AST Farma BV., Oudewater, The Netherlands). After euthanasia, the gastro-intestinal tract
was removed and dissected immediately to collect intestinal segments (~25cm) from jejunum
(1.5 metres from duodenal-jejunal flexure) and colon (mid-spiral colon). For host mucosal tissue
transcriptome analyses, tissue samples (2-3 cm) were collected from the intestinal segments
in RNAlater™ and snap frozen in liquid nitrogen. For microbiota analysis, jejunal and colon
luminal contents were collected from the adjacent part of the segment (approximately 10cm) in
a5mleppendorftube and immediately frozen in liquid nitrogen. Lastly, the adjacent posterior
tissue part (whole tissue; 2 cm) was collected in 4% paraformaldehyde (PFA) for histology and
immunohistochemistry. All intestinal samples were stored at -80°C until further processing.

DNA extraction and 16S rRNA gene based amplicon sequencing

DNA was extracted from rectal swabs and intestinal content by the repeated bead beating
method (Yu and Morrison, 2004) using QlAamp PowerFecal® DNAKit (Qiagen, Hilden, Germany)
according to manufacturer’s instructions. PowerBead solution (750 pl) was added to the 5ml
eppendorf tube (containing rectal swab) and mixed well to obtain the extracted swab solution
that was used as a starting material for DNA extraction. For jejunum and colon samples,
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approximately 200 mg of luminal content (wet weight) was used for microbial DNA extraction.
The quality and quantity of extracted DNA samples were checked by gel electrophoresis (only
representative samples) and Qubit™ 4.0 Fluorometer (Thermo Fisher Scientific, Wilmington,
DE USA), respectively.

Library construction of the V3-V4 hypervariable region (from 16S rRNA gene) followed by
sequencing on an Illumina HiSeq 2500 platform (paired end reads; 2250 bp) were performed
at Novogene (Novogene Co. LTD, China). Amplicons of the V3-V4 hypervariable region of the 16S
rRNA gene, were generated using the primer set 341F/806R (341F: 5-CCTAYGGGRBGCASCAG-3/,
806R: 5-GGACTACNNGGGTATCTAAT-3'). All PCR reactions were carried out with Phusion®
High-Fidelity PCR Master Mix (New England Biolabs Ltd., Ipswich, USA), according to standard
protocols at Novogene. The PCR products were mixed with the same volume of 1x loading
buffer (contained SYBR green) and were detected by electrophoresis on 2% agarose gel.
Samples with a bright band between 400-450 bp were used for library construction. Prior to
library preparation, the PCR products were mixed in equimolar ratio and purified using Qiagen
Gel Extraction Kit (Qiagen, Hilden, Germany). Sequencing libraries were constructed using
TruSeq DNA PCR-Free Sample Preparation Kit (Illumina Inc., San Diego, USA), according to
the manufacturer’s instructions. Subsequently, after in-house quality check at Novogene, the
sample-specific barcodes and primer sequences were trimmed from the Illumina raw reads.

16S sequencing data analysis

The trimmed paired end reads were imported into the CLC Genomics Workbench version 11.01
and were processed using the CLC Microbial Genomics Module version 2.5.1 (CLC bio, Arhus,
Denmark). The paired end reads were merged into one high quality representative sequence
using CLC default parameters (Mismatch cost = 1, Minimum score = 40, Gap Cost =4, Maximum
unaligned end mismatches = 5). The sequences were then clustered into operational taxonomic
unit (OTUs) at 97% identity threshold, followed by taxonomic annotation using SILVA database
v132 (released on Dec 13,2017) (Quast et al., 2013). Multivariate redundancy analysis (RDA) was
employed to identify microbial signatures in different time-points or treatment groups using
CANOCO 5 (Microcomputer Power, Ithaca, NY, USA) according to manufacturer’s instructions
(Braak and Smilauer, 2012). Additionally, the linear discriminant analysis effect size (LEfSe)
algorithm (Segata et al., 2011) was used to characterize the microbial differences between
groups. Principal coordinate analysis (squared Bray Curtis distance) was employed to assess
microbiota maturation in colon (day29 and day+3) by comparing to the relatively ‘mature’
post-weaning time-point (day+19) in rectal swabs.

RNA-seq library preparation and sequencing

Total RNA was extracted from the jejunal and colonic tissue samples using RNeasy Mini Kit
(Qiagen, Hilden, Germany), according to the manufacturer’'s recommendations. RNA quantity
and quality were assessed using Qubit™ 4.0 Fluorometer (Thermo Fisher Scientific, Wilmington,
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DE USA), and the Agilent 2200 TapeStation system (Santa Clara, CA, USA). All RNA samples
were found to be suitable for RNA sequencing, based on the minimum requirements that
the sample showed intact 18S and 28S ribosomal RNA bands, and had a RIN (RNA Integrity
Number) above 8.0.

The RNA samples were transferred to Novogene (Novogene Co. LTD, China) for library preparation
and RNA sequencing. Briefly, 1 ug total RNA in 50 pl was used for library preparation using
NEBNext® Ultra Directional RNA Library Prep Kit for lllumina® (NEB, Ipswich, MA, US) following
the manufacturer’s protocol. After RNA quality verification, mRNA was enriched using NEBNext
Oligo d(T), fragmented randomly and first strand cDNA was synthesised using random primers.
Second Strand cDNA was synthesised using dNTPs (with dUTP replacing dTTP). The double-
stranded cDNA was then purified using Agencourt AMPure XP Beads (Beckman Coulter,
Beverly, MA, USA), followed by end repair of cDNA library and adaptor ligation. The adaptor
ligated DNA was PCR enriched and the PCR products were purified by Agencourt AMPure XP
Beads. The library quality was assessed by Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA,
USA), Qubit 2.0 fluorometer (Thermo Fisher Scientific,Waltham, MA USA) and gPCR (iCycler,
BioRadLaboratories, Hercules, CA, USA). The libraries were sequenced on Illumina Novaseg6000
(Hlumina, San Diego, CA, USA) by Novogene (Novogene Co. LTD, China) at 6 Gb raw data/sample
with 150 bp paired-end reads. The raw reads (in fastq format) were first processed using in
house scripts. Reads with adapter sequences, poly-Ns, and low quality were removed to obtain
a clean-read dataset. Read counts and bases were summarized for both raw reads and clean
reads. Additionally, Q20, Q30, error rate, and GC-content of clean data were also calculated.

Differential expression analysis and biological interpretation of transcriptome
data

Clean sequencing reads were imported in the CLC Genomic Workbench (QIAGEN, Aarhus,
Denmark), mapped to the Sus scrofa 11.1 reference genome, resulting in read counts per gene
which was used for downstream analysis. Differential gene expression (DGE) analyses of the
treatment groups were performed using ‘Empirical analysis of DGE’ tool in CLC workbench, that
employs the ‘Exact test’ (Robinson and Smyth, 2008) incorporated in the EdgeR bioconductor
package (Robinson et al., 2010). Lowly expressed genes (< 5 counts per million [CPM], in more
than 80% of the samples) were excluded from further analysis according to EdgeR pipeline
(Robinson and McCarthy, 2010). The web-based galaxy platform (https://usegalaxy.org/;
RNAseq tool in the EdgeR package) was used to obtain the normalised counts (logCPM) of
the filtered gene list (~12000 genes). Further, the unknown Ensemble gene IDs (Sus scrofa)
in the list were converted into gene names using g:Profiler (g:Convert tool) (Raudvere et al.,
2019), with 435 (colon) and 416 (jejunum) out of 1332 of these unknown IDs attaining gene
annotation. Using this (filtered, normalised) gene table, principal component analysis (PCA),
principal co-ordinate analysis (PCoA, squared Bray Curtis distance) and principal response
curve (PRC) analyses were performed in CANOCO 5 (Microcomputer Power, Ithaca, NY, USA)
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(Braak and Smilauer, 2012). Principal response curve analyses detected temporal changes in
transcriptome and its interaction with early feeding treatment. In addition, the significance
of the interaction was tested using MonteCarlo permutation test (499 permutations). Among
the total of 120 samples, two were classified as outliers (Crosby et al., 1994; Rousseeuw and
Hubert, 2011), employing modified Z scores of summed PC components (Supplementary
figure 1A) and removed from further analysis.

To identify canonical pathways associated with up- and down-regulated genes in the EF group
relative to the CON group, Ingenuity Pathway Analysis (IPA; Ingenuity Systems, Redwood city,
CA, USA) was employed, which uses curated information from the Ingenuity Knowledge Base
(www.ingenuity.com). IPA provides statistical assessment (based on Fisher’s exact test) of
biological pathway enrichment, by determining whether there are non-random associations.
The statistical test calculates the probability of genes associated with a pathway (from the
dataset) relative to the total number of genes that define the canonical pathway within the
IPA knowledge base. The list of differentially expressed genes was uploaded into the IPA
software, containing gene identifiers and corresponding fold change (FC; absolute FC > 1.2)
and Pvalues (<0.05). Canonical pathways identified in IPA, having logP value = 1.3 (or P<0.05;
enrichment score from Fisher’s exact test) and an absolute Z score > 2 (assessing the match
of observed and predicted up/down regulation patterns) (Qiagen, 2014), were subsequently
visualised in GraphPad Software 8.1.1 (California, USA). Following primary DGE analysis (i.e.,
the convergence of post-weaning transcriptome at day+21; see results), the gene expression
changes over time were evaluated by normalising expression values (logCPM; per group per
time-point) by scaling to the mean expression value of day+21 (irrespective of treatment), and
visualised in Multiple Experiment Viewer (MeV) version 4.9.0 (http://mev.tm4.org/#/welcome)
(Saeed et al,, 2003). In addition, unsupervised hierarchical clustering (euclidean distance) of
the identified genes was performed in MeV, for group comparison over time.

To assess the functional interactions among pathway-associated genes, the Reactome Flviz
(functionalinteraction) application (Wu et al., 2014) in Cytoscape 3.7.1 (Shannon et al., 2003)
was employed. The genes corresponding to enriched pathways in EF group (identified in IPA;
unigue to one or more time-point(s)) were used to build the functional networks (‘Gene Set
Analysis’ tool) utilising information from the Reactome FI database (Croft et al., 2014), which
is an expert-curated, peer reviewed database of human biological pathways. Prior to building
the network, the porcine gene IDs needed to be converted into their human homologues using
g:Profiler (g:Orth tool) (Raudvere et al., 2019).

Histology analysis and immunohistochemical staining of colonic proliferating
cells

Intestinal tissues (jejunum and colon) collected at three time-points day29, day+3 and day+21
were fixed in 4% paraformaldehyde (PFA), and then dehydrated and embedded in paraffin blocks
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(8 animals per treatment per time-point per location). Histological and immunohistochemical
staining were performed as previously described (Chapter 4). Briefly, 5 pm sections were cut
with a Accu-Cut® SRM™ 200 Rotary Microtome (Sakura Finetek Europe B.V., Alphen aan de
Rijn, The Netherlands), deparaffinized, hydrated, stained with Haematoxylin-eosin (H&E) and
examined using a Leica DM6 B microscope (Leica Microsystems Ltd. CH9435 Heerbrugg). Images
(5x magnification) were processed with LAS X software (Leica Microsystems Inc., Buffalo Grove,
IL, USA) to measure villus length and crypt depth (um) from tissue sections (60 measurements
per animal: 3 sections per animal*20 measurements per section). For immunohistochemical
staining of colonic proliferating cells, 5 pm sections (from 8 animals per treatment per time-
point) were deparaffinized, rehydrated and treated for antigen retrieval in citrate buffer
(pH 6.0) at 95°C for 20 min, followed by cooling in tris-buffered saline and tween 20 (TBSt)
buffer and blocking with 10% normal goat serum (Invitrogen™). To detect proliferating cells,
sections were incubated with primary antibody (anti-PCNA antibody, PC10 mouse anti-rat
lgG2a monoclonal antibody, Merck-millipore, Darmstadt, Germany, MAB424R; 1:500) and
secondary antibody (Goat anti-Mouse 1gG (H+L) Superclonal™ Secondary Antibody, Alexa
Fluor® 555, ThermoFisher Scientific, Waltham, Massachusetts, USA; 1:300). Nuclei were stained
with Hoechst 33342 Solution (Invitrogen, ThermoFisher; 1:1000 dilution). 10 high quality 16bit
grayscale images were captured per animal at 20X magnification (80 representative images/
treatment) using Leica DM6b microscope fitted with appropriate fluorescence filters along
with their corresponding nuclei images.

Image analysis was done using a semi-automated in-house workflow that we described
previously (Chapter 4), encompassing image data-extraction by Cell Profiler 3.1.8 (Broad
Institute, Cambridge Massachusetts USA; www.cellprofiler.org) and analysis in FCS Express 6
Flow plus Image (De Novo Software, CA, USA, www.denovosoftware.com). The relative number
of proliferating cells was obtained by normalising with the total number of Hoechst positive
nuclei (PCNA:Hoescht ratio) in each image.

Other statistical analysis

Normality of data (Shapiro-Wilk test) and statistical differences were checked with a limit
of significance set at P < 0.05 in GraphPad Software 8.1.1. Comparison of the squared Bray
Curtis distance, histological morphometric measurements and proliferating cells between
treatments were performed by Mann Whitney U-test (non-parametric) or t-test (parametric),
whereas comparison among different time-points (histological morphometric measurements
and proliferating cells) were assessed by one-way ANOVA (parametric) or Kruskal-Wallis test
(non-parametric) using a Dunnett’s test for multiple comparisons.
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Figure 1: Schematic experimental design and sampling. Rectal swabs were collected at day 13 and d+19 for
pre-and post-weaning microbiota analysis. Jejunal and colon samples were collected from the sacrificed piglets
to perform transcriptome, microbiota and intestinal morphometry analyses at the time of weaning (day29), 3 days
post-weaning (day+3) and 21 days post-weaning (day+21). Notably, luminal samples at day+21 were not included for
microbiota analysis, instead the rectal swab samples at day+19 were used as a proxy, to reflect the ‘relatively mature’
post-weaning microbiota composition.

Results

Pre-weaning fibrous diet accelerates gut microbiota maturation in early-fed
piglets

We have previously shown that pre-weaning consumption of fibrous feed accelerates the
development of the intestinal microbiota in suckling piglets (Chapter 3), which is underpinned
by a pre-weaning microbiome that is more adapted towards a typical post-weaning microbiota
composition. As the present study employed a similar intervention design, our initial analyses
were geared to confirm the anticipated impacts of early feeding with fibrous feed on the
colonisation pattern and maturation of the gut microbiota.

The typical pre- and post-weaning associated microbiota compositions were analysed and
compared using rectal swabs obtained at 13 days of age to reflect the pre-weaning microbiota
(preceding substantial eating behaviour of the fibrous feed) and 19 days post-weaning (day+19)
as a reflection of the typical post-weaning microbiota (Chapter 3). Specific microbial groups
were associated with the pre- and post-weaning stages irrespective of the early feeding
treatment (Figure 2A), which was corroborated by analysis of the individual time-points day13
and day+19 that did not reveal any treatment-associated differences (Supplementary figure
2A, B). Notably, the microbial groups that were most discriminant between the pre-weaning
(day 13) and post-weaning (day+19) microbiota composition strongly resembled those found
in our previous study (Chapter 3), which is exemplified by more than 50% overlap in the
microbial genera identified.
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Figure 2: Pre-and post-weaning microbiota composition (irrespective of treatment) and pre-weaning
acceleration in the early-fed (EF) group as compared to the control (CON) group (genus level). (A) Redundancy
analysis of pre- (d13) and post-weaning (d+19) time-points (explained variation = 41.81%; P = 0.002) with
associated microbial groups. Microbial groups visualized have a minimum response score of > 0.80 on horizontal
axis. (B) Redundancy analysis (colon, d29) of the EF and CON group (explained variation = 16.1% ; P = 0.002) with
discriminating microbial groups (response score > 0.60). (C) Comparison of squared Bray Curtis index (distance to
d+19 time-point) over time, between the two groups. (D) Redundancy analysis (jejunum, d29) of the CON and EF
group (explained variation = 11.6% ; P=0.002) with discriminating microbial groups (response score > 0.65) at genus
level. Significant differences between groups were assessed by student t tests or Mann-Whitney U tests (***: P <
0.001).

Colon microbiota analysis of sacrificed piglets at weaning (29 days of age) revealed that early-
fed (EF) piglets had significantly expanded microbial genera (Figure 2B; Supplementary figure
2C) that are typically associated with the post-weaning microbiota (Figure 2A), including
Prevotella, Subdoligranulum, Faecalibacterium, Roseburia and Megasphaera. Conversely,
colon samples obtained from control (CON) piglets appeared to be enriched in microbes
belonging to Enterococcus, Intestimonas, Christensenellaceae R-7 group, Romboutsia,
Methanobrevibacter (Figure 2B; Supplementary figure 2C) which are associated with the
pre-weaning microbiome (Figure 2A). Besides evaluating “accelerated-maturation” at weaning,
we also assessed the “persistence of the impact of early feeding” 3 days post-weaning (day+3).
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We observed that the pre-weaning microbiota differences in the colon (day29) persisted in a
modest way to the first time-point analysed after weaning (day+3), which is reflected by the
higher relative abundance of the genera Coprococcus, Marvinbryantia, Selenomonas, Prevotella,
Prevotellaceae NK3B31 group, Eubacterium xylanophilum, Catenisphaera and Agathobacter
in the colonic microbiota of EF piglets versus Peptostreptococcus and uncultured-39 found
in the CON group (Supplementary figure 2D). In contrast, and according to our anticipation,
the pre-weaning treatment effects on the colonic microbiota were no longer detectable at
the later post-weaning time-point (day+19) (Supplementary figure 2B). The accelerated
microbiome development in EF piglets was further underpinned by the significantly lower
Bray Curtis distance of the EF samples at 29 days of age, relative to the ‘mature’ post-weaning
time-point (day+19) (Figure 2C), where microbiota convergence was observed.

In the early-life intervention study presented here, we also detected a significant effect of early
feeding on the jejunal microbiota on day29 (Figure 2D), which contrasts with a previous study
using a similar design (Chapter 4). Remarkably, the distinctive microbial groups were previously
identified to reflect the early feeding intervention in the colon microbiota (i.e., EF-associated)
including the increased relative abundance of Roseburia, Lachnospiraceae ND3007 group,
Prevotella, Subdoligranulum, Holdemanella, Dorea. Notably, the jejunal microbiota differences
elicited by early feeding were no longer detectable post-weaning (day+3), which could reflect a
more modest impact of early feeding observed in this intestinal region. Although the impact of
early feeding on the jejunal microbiota is moderate compared to the colon microbiota, these
findings are suggestive of a similar influence of early feeding on small and large intestinal
locations, although with a varying degree of strength.

Early feeding leads to “accelerated maturation” in intestinal mucosal
transcriptome

To explore the consequences of early feeding on the time-resolved mucosal transcriptional
program, we conducted transcriptome analyses (in jejunal and colonic tissue) on the day of
weaning (day29), and two time-points post weaning (day+3 and day+21). At each time-point
10 animals from both groups (CON and EF) were sacrificed to harvest jejunal and colonic tissue
samples, which were processed for different purposes (see M&M for details, and see below),
including tissue transcriptome analysis using RNA sequencing on an Illumina Hiseq platform,
generating an average of 25 million PE reads per sample.

Global comparison of both colonic and jejunal transcriptome profiles by principal component
analysis (PCA; Figure 3A, B) revealed a clustering of samples based on age, irrespective of
the pre-weaning treatment (EF versus CON). To investigate the impact of early feeding on
the jejunal and colonic transcriptome, differentially expressed genes (DEG; EdgeR test) were
assessed at each time-point separately. These analyses revealed that day29 has the most
DEG in colon tissue, and these differences between treatment groups decrease over time or
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Figure 3: Jejunum and Colon transcriptome alterations over time (pre- and post-weaning). (A) Principal
component analysis of whole colon transcriptome (PC1 = 26.6%, PC2 = 10.4%) at day29 (pre-weaning; red), day+3
(post-weaning; green) and day+21 (post-weaning; yellow) denoted by circles with (Early-fed or EF piglets) and
without (control or CON piglets) black border. (B) Principal component analysis of whole jejunal transcriptomics
(PC1=21.1%, PC2 = 11.6%) at day29, day+3 and day+21. (C) Number of differentially expressed genes (DEG; EdgeR
test: P value < 0.05) at day29, day+3 and day+21 in colon (red) and jejunal (black) samples. (D) CON and EF group
comparison of squared Bray Curtis distance at day+21 time-point in (D) colon and (E) jejunum. (F) Unsupervised
hierarchical clustering (euclidean distance) of whole colon transcriptome using normalised (logCPM) expression

values (averaged per group per time-point) and scaled by the mean value of day+21 gene expression (irrespective
of treatment).

“converge” post-weaning (Figure 3C). The number of DEG (P <0.05) decreased from 1366 genes
(at day29) to 573 (at day+3) and 270 (at day+21) genes, respectively, however, the number of
differential genes post-weaning became negligible when the P value was corrected for multiple
testing (False discovery rate or FDR < 0.1; Supplementary figure 1B). Much less DEG were
observed in jejunal tissue (compared to colon), and the number of DEG remained more or
less similar over time (P < 0.05; Figure 3C), although FDR correction (Supplementary figure
1B) somewhat refined this conclusion, demonstrating a declining number of DEG also in the
jejunal transcriptome, analogous to the colon. To evaluate the development of gene expression
over time, we compared the treatment groups in relation to the last post-weaning time-point
(day+21), where we observed the convergence of the transcriptome data in EF and CON groups.
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Strikingly, at day29 the colon transcriptome profile of the EF group had a significantly smaller
distance (Bray Curtis) to the “convergent transcriptome average of both groups” (day+21)
compared to the CON group (Figure 3D). Similarly, the day29 jejunal transcriptome profile
of the EF group tended to resemble the day+21 “convergent jejunal transcriptome of both
groups” more closely as compared to the CON group (P =0.06, Figure 3E). These observations
were also evident in PCA analyses (Figure 3A, B) that illustrate the EF day29 transcriptomes
(red circles with black border) clustering in closer proximity to the day+21 transcriptome
profiles relative to the CON day29 transcriptome (red circles). This was further corroborated
by principal response curves (PRC) analysis which assessed the temporal effects of the EF
treatment and detected the biggest impact of early feeding at day29 in the colon (5.4% of
total variation; 499 permutations; P=0.01), as well as by unsupervised hierarchical clustering
of the colon transcriptome, positioning the day29 CON group transcriptome farthest from
the post-weaning time-point and highlighting its closer resemblance to the day29 EF group
transcriptome (Figure 3F). Remarkably, the EF group transcriptome determined on day+3
appeared to be more similar to the average day+21 transcriptome profile, as compared to
the CON transcriptome. Unlike colon, we did not detect a significant impact of early feeding
over time in jejunum (PRC; 4.8% of total variation; P = 0.12), thereby reflecting the relatively
moderate impact of early feeding on the jejunum. The unsupervised hierarchical clustering of
the jejunal transcriptome positioned the day+3 CON farther from the post-weaning (day+21)
time-point compared to the day+3 EF (Supplementary figure 3A), which might indicate the
impact of EF on jejunum more relevant at day+3. Overall, these results illustrate that the largest
effect of early feeding is detected at the end of the pre-weaning stage (day29), and that this
effect rapidly diminishes after weaning to converge to indistinguishable transcriptome profiles
three weeks post-weaning (day+21). Moreover, this also reveals that early feeding appears to
induce an acceleration of the molecular development of the intestine mucosa, particularly
in the colon mucosa.

Functional analysis of the DEG due to early feeding

To further explore the transcriptional response due to early feeding, pathway analysis was
performed on the DEG at individual time-points. Analogous to the larger number of DEG
identified in the colon transcriptome at day29, more up- and down-regulated canonical
pathways were significantly enriched at day29 (32 canonical pathways) compared to the post-
weaning time-points day+3 (10 canonical pathways) and day+21 where no pathways appeared
to be enriched (Supplementary figure 3B). These analyses re-affirmed the convergence of
the colon transcriptome within 3 weeks post-weaning in the treatment groups. On the other
hand, reflective of the lower and more consistent numbers of DEG identified in the comparison
of the jejunal transcriptomes, pathway analysis at all three time-points (day29, day+3, day+21)
identified only 3 and 7 significantly enriched canonical pathways (in EF as compared with CON
piglets) at day29 and day+3, respectively (Supplementary figure 3C).
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In the EF group, oxidative phosphorylation and cholesterol biosynthesis pathways were
significantly upregulated in the colon mucosa at day29 (Figure 4A). In addition, oxidative stress
related pathways such as glutathione redox reactions, ketogenesis and fatty acid 5 oxidation
pathways were enriched in EF compared to CON piglets. On the other hand, the significantly
downregulated pathways in EF group were sirtuin signalling and immune response pathways
(Figure 5A), such as CD28 signalling in T Helper cells, calcium induced T Lymphocyte Apoptosis,
GP6signalling, Th1 pathway and NFkB signaling among others. Three days after weaning (day+3),
the colon transcriptome in EF piglets displayed upregulation of pathways such as Integrin,
Leukocyte extravasation, p38 MAPK, Netrin, TREM1 signalling, associated with extra-cellular
matrix (ECM), immune response and external (stimulus) stress response (Supplementary
figure 3B), which could reflect the tissue’s adaptive response to “weaning-associated stress”.
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Figure 4: Pathway analysis (upregulated) in colon mucosa. (A) Canonical pathways upregulated in the early-fed
(EF) group compared to the control (CON) group at day29. Identified in Ingenuity pathway analysis (IPA) having logP
value > 1.3 (enrichment score from Fisher’s exact test) and an absolute Z score > 2 (assessing the match of observed
and predicted up/down regulation patterns). Hierarchical clustering of expression profiles over time for (B) Oxidative
phosphorylation pathway genes (C) Oxidative stress + cholesterol related pathway genes including pathways
including glutathione redox, ketogenesis, dopamine degradation. The normalised expression values (averaged per
group per time-point) are scaled by the mean value of total day+21 expression (irrespective of treatment).
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Figure 5: Pathway analysis (downregulated) in colon mucosa. (A) Canonical pathways downregulated in the
early-fed (EF) group compared to the control (CON) group. Identified in Ingenuity pathway analysis (IPA) having
logP value = 1.3 (enrichment score from Fisher’s exact test) and an absolute Z score > 2 (assessing the match of
observed and predicted up/down regulation patterns). (B) Hierarchical clustering of expression profiles over time
for sirtuin signaling pathway genes. (C) Heatmap showing immune pathway genes (without hierarchical clustering).
The normalised expression values (averaged per group per time-point) are scaled by the mean value of total day+21

expression (irrespective of treatment).

Notably, the persistence of pre-weaning altered pathways was not observed post-weaning in
colon transcriptome of EF piglets. However, jejunum showed persistence in the upregulation
of oxidative phosphorylation pathway at both day29 and day+3 (Supplementary figure 3C),

although a modest numbers of genes were involved.

To investigate the evolution of gene expression in EF and CON groups over time, unsupervised
hierarchical clustering was performed using the “point of convergence” (averaged day+21
expression values for each gene; irrespective of prior treatment) to scale and compare the
transcriptome profiles over time. Time-resolved (colonic) gene expression patterns related
to oxidative phosphorylation and oxidative stress-related pathways (including cholesterol
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pathway) displayed clear convergence of the gene expression towards day+21 (Figure 4B, C). In
addition, the EF group (day29) was substantially closer to the post-weaning “convergent” time-
point (day+21), compared to the CON group at the same time-point (Figure 4B, C), confirming
an accelerated activation of these pathways due to early feeding. Sirtuin signalling associated
genes displayed similar behaviour as we observed with the upregulated pathway genes, with
similar expression as the post-weaning time-point (day+21) (Figure 5B), thus affirming the
acceleration of the gene expression program due to early feeding. Notably, the hierarchical
clustering of the DEG associated with immune system functions appeared predominantly age-
driven (Supplementary figure 4A). However, this age-dependent gene expression conclusion
was dictated by a subset of the immune system associated genes (purple and green clusters in
Figure 5C). On the other hand, the other subset of immune system associated genes (yellow
cluster in Figure 5C) did display the typical accelerated evolution of expression in EF piglets
when analysed separately (Supplementary figure 4B), as previously seen in other pathways.
Overall, we detect a mixed observation in immune-related genes where the upper panel of
genes displays age-related programs, and the lower panel displays acceleration by the early
feeding treatment.

The leading genes of day+3 in colon showed a similar acceleration pattern in the EF group
as observed previously, with both day29 and day+3 clustering with the convergent day+21
transcriptome (Supplementary figure 4C). Of note, only one gene, GADD45B (part of sirtuin
pathway; involved in cell cycle regulation) was found to be common on both day29 and day+3,
although notsignificant at day29 and with an inverse fold change at day+3 (P=0.01). Though
in jejunum much fewer altered pathways were detected in EF as compared to the CON group,
hierarchical clustering of those pathway identified genes at day29 and day+3 also support
the accelerated (pre-weaning) maturation in the EF group (Supplementary figure 4D, E).

Additionally, protein-protein interaction networks were generated using the pathway associated
leading gene in both day29 and day+3 (Cytoscape, Reactome Flviz plugin). From the colon
transcriptome, a total of 180 pathway identified genes combining day29 (142 genes) and day+3
(38 genes) were used to construct the interaction network (Figure 6). In the network, the most
prominent gene clusters were associated with oxidative phosphorylation, immune-related and
sirtuin signalling pathways. Both oxidative phosphorylation and sirtuin signalling pathways are
known to be active in mitochondria for redox metabolism, having common genes observed
in the network such as ATP5F1A, ATP5F1D, ATP5MC1, ATP5PF (mitochondrial ATP synthase
subunits), CYC1 (cytochrome bcl complex subunit), NDUFA2, NDUFA11, NDUFB3, NDUFBE,
NDUFB7, NDUFB9, NDUFB11, NDUFAB1, NDUFV1 (NADH:ubiguinone oxidoreductase subunits)
and UQCRFS1, that encode key enzyme complexes in the electron transport chain reaction.
Besides, sirtuin signalling is also involved in homeostasis and cellular adaptive response to
external environmental stimuli, which can be observed in the altered transcription-regulating
gene expression of PPARGC1A, NFE2L2 and EPASLI (Figure 6), indicating a link between external
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stimuli and the regulation of cellular metabolism in the colon. Furthermore, PPARy was
identified as one of the potential upstream transcriptional regulators for the mucosal gene
expression response to fibrous feed (Activation Z score = 3.4; Upstream Regulator Analysis,
IPA). The other important large gene cluster in the network represents immune-related
pathways, including tyrosine kinase family hub genes such as FYN, LCK, that are involved in cell
growth and immune activation, chemokine receptors (CXCL12), as well as T cell development
(proliferation, differentiation) and signal transduction (antigen recognition) genes like LCP2,
ZAPT0, ITK, TRAT1, CD3D, CD3E, CD3G, CD247, IL33 and IL2RB (Figure 6). Interestingly, this
cluster of immune genes were previously observed to be deviating in the CON group at day+3,
displaying an abrupt change of gene progression from day29 to day+21 (Figure 5C), which
was not observed in the EF group.

In the functional network, we clearly observed the immune system to be more responsive in
the EF piglets at day+3 potentially due to the newly emerging post-weaning situation (Figure
6). This is reflected by the activation of inflammation-related genes such as IL18, IL1RL1,
TGFB1,TGFB2; leukocyte extravasation (i.e., leukocyte migration from peripheral blood into
tissues site of inflammation) pathway identified genes including MMP12, MMP24, MMP25,
as well as ECM (Integrin and Paxillin signalling; ACTG2, ACTN1, ACTN2, ITGA1, ITGA5, RHOD,
RHOBTBI, VCL) genes that regulate cell migration and intercellular communication during
inflammation/stress. MAPK11 can be one of the hub genes or central regulator of the above
mentioned biological processes, as observed in the functional network. Notably, GADD45B gene
(part of senescence and sirtuin pathway) was found at both day29 and day+3, with significant
upregulation (fold change = 1.2; P = 0.01) after weaning (day+3), and is known to arrest cell
growth and proliferation via blocking cell cycle proteins encoded by CDK1 and CCNB2, as seen
in the network (Figure 6).

Even though jejunum mucosal transcriptomes only displayed a modest impact of early feeding
(as described before), we investigated the functional interaction in the jejunum using a total
of 43 pathway identified genes combining day29 (13 genes) and day+3 (32 genes) to build the
interaction network (Supplementary figure 5). As anticipated, a substantially smaller functional
network was observed, mostly revealing interactions between genes involved in oxidative
phosphorylation and sirtuin signalling pathways, and some smaller networks associated
with immune system functions. Notably, genes belonging to oxidative phosphorylation such
as ATP5MC1, ATP5MC3, ATPSME, COX17, COX7A2, NDUFA2 were found in both jejunum and
colon at day29, whereas only one gene RHOD (Rho-related GTP-binding protein; involved in
reorganization of the actin cytoskeleton and membrane transport) was found to be common
between jejunum (part of ILK signalling) and colon (part of Integrin signalling) at day+3. Taken
together, these findings indicate that EF piglets show an “alerted system” that displays an
enhanced responsiveness to external stimuli of feed and microbiome development in colon
and moderately in the jejunum, compared to the CON group.
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Effect of early feeding on mucosal morphometry and proliferative cells at pre-
and post-weaning period

In this study, we also investigated the intestinal mucosal changes (over time) in CON and EF
piglets by evaluating their mucosal morphometry. Jejunum and colon samples (n =8 per group
per time-point per location) were assessed using H&E stained tissue images obtained at day?29,
day+3 and day+21. These analyses revealed clear age-related morphometric development of
the jejunum mucosa, which was especially apparent in increasing crypt depth over time, while
the villus length and width were not significantly different between the weaning day (day29) and
three weeks post weaning (day+21). This observation is paralleled by a crypt depth dependent
decrease in villus:crypt ratio over time (Figure TA). Analogously, in colonic mucosa the crypt
depth also increased over time, which was especially clear at day+21 (Figure 7B). These
differences between day29 and day+21 were observed in both groups of piglets (EF and CON).

Comparative analysis between the CON and EF group was performed for each morphometric
measurement. Remarkably, at day+3 we observed significantly higher villus length in EF
compared to CON piglets (Figure 7C). In other words, EF (unlike CON) piglets, did not show a
drastic change in villus length over time, indicating smoother weaning transition. This was also
reflected in the significant difference between day29/+21 and day+3 within the CON group,
suggesting an impact of weaning on jejunal mucosa in the CON group (Figure 7A). However,
no other morphometric differences in crypt depth, ratio of villus:crypt, villus width (jejunum)
and crypt depth (colon) were observed between the treatment groups (Supplementary
figure 6A, B, C).

Next, we evaluated the potential alterations in epithelial proliferation (due to increasing
crypt depth), and subsequently assessed the effect of early feeding. The number of epithelial
proliferating cells were estimated in colon mucosa (n =8 per group per time-point) by employing
the previously standardised IHC quantification protocol (Chapter 4). Previous studies suggested
thatincreased crypt depth is correlated with increased epithelial proliferation rates in the mucosa
(Zhou et al., 2019), however, we did not observe a reflection of increasing crypt depth over
time in the number of proliferating cells, which remained stable over time in both CON and EF
(Figure 7D). Further, no difference was detected in the number of proliferating cells (ratio PCNA
: Hoechst nuclear stain) between the CON and EF groups at any time-point (Supplementary
figure 6D), which was further supported by the lack of (significant) changes in the PCNA gene
expression level (Supplementary figure 7). This is contrasting to our previous study where
increased number of proliferating cells were found in EF group at weaning (Chapter 4).
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Figure 7: Intestinal morphometric analysis at day29, day+3 and day+21 time-points in jejunum and colon.
(A) Measurements in jejunal tissue: Villus length, crypt depth, calculated villus:crypt (V:C) ratio and villus width.
(B) Crypt depth measurement in colon tissue. (C) Comparison of villus length between early-fed (EF) and control
(CON) group at day+3. (D) Colonic epithelial proliferating cells estimated by semi-quantitative image analysis by
calculating the ratio of PCNA positive: Hoechst nuclei stain. Differences between groups were assessed by either
Mann-Whitney U test or Kruskal Walis test (non-parametric).

Discussion

Dietary fibres are generally known to influence intestinal health, via unexplored biological
mechanisms that have been proposed as a consequence of microbial fermentation into
short chain fatty acids (SCFAs). In this study, we have confirmed the impact of early feeding
(fibrous feed including dietary fibres like GOS, inulin, resistant starch) on colon microbiota,
with accelerated microbiota maturation in suckling piglets, as also observed in a prior study
employing a similar design (Chapter 3). The accelerated maturation in the early-fed (EF) piglets
as compared with control (CON) piglets, was illustrated by the closer resemblance of pre-weaning
microbiome with the post-weaning microbiota composition, with an expanded microbiota at
day29 comprising of typical post-weaning microbial groups like Prevotella, Subdoligranulum,
Faecalibacterium, Roseburia and Megasphaera. Moreover, we could additionally evaluate the
persistence of EF-associated microbes post-wearing, and found persistence to some extent
at three days post weaning (day+3) but not after three weeks (d+19). The similar microbiota
composition in CON and EF piglets after weaning indicates the rapid microbiota adaptation
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due to diet and supports the previously observed “convergence” of microbiota post-weaning.
Contrary to previous findings (Chapter 4), we observed a significant impact of early feeding
on jejunal microbiota at day29, which did not persist post-weaning at day+3. This can be
possibly explained by the lower pre-weaning feed intake in the previous study (Chapter 4) that
may have been compromised by a diarrhoeic episode during the third week of age, thereby
potentially weakening the EF impact. This is because we observed similar microbial signature
in jejunum, with microbial groups like Subdoligranulum, Coprococcus tending to correlate
with the individual eating scores of the piglets (Chapter 4; data not shown), suggestive of the
impact being driven by the amount of the feed consumed.

The primary aim of the current study was to investigate whether early feeding (pre-weaning
provision of fibrous feed) can modulate the host mucosal transcriptome over time in colon
and jejunum tissues. We show that early feeding accelerates not only the luminal microbiota
(see above) but also the host transcriptome maturation in neonatal piglets, in addition to
impacting the jejunal morphometry during the weaning transition. Intriguingly, the results
demonstrate the coinciding time-frame of “accelerated maturation” as well as convergence
after weaning both in the intestinal microbiota and transcriptome profile, indicating their
potential interrelation. Maximum impact of early feeding was detected at weaning (day29),
which was followed by convergence of transcriptome three weeks post-weaning (day+21). The
“convergent” post-weaning time-point (day+21) was exploited to evaluate the maturation of
the piglets at weaning and few days after weaning. It is to be noted that this study comprised of
mixed effects of weaning-induced, age-related as well as treatment-associated transcriptome
changes. Strikingly, the EF treatment effect seemed to overrule the aging/ weaning effect, as
was clearly evident from the hierarchical clustering of transcriptome profiles, especially in colon
and much modestly in jejunum. This is consistent with literature (Montagne et al., 2003; Chater
et al,, 2015; Capuano, 2017; Chen et al., 2019) as the microbial fermentation of fibres leading
to SCFA production, predominantly occurs in the distal part of the gastrointestinal tract, thus
a larger effect on colon mucosa due to fibre consumption is likely. However, separating the
impact of the microbes from their metabolic products remains difficult. The key question is
whether early feeding is causative for microbiome/transcriptome changes. We have previously
established the association of eating and microbiome changes (Chapter 3), however the
causative relation with mucosal transcriptome changes is difficult to determine in this study,
although it seems likely that “feed in combination with microbiome” drives the predominant
transcriptome changes (larger than age-effect).

SCFAs (particularly butyrate) form an important energy source for the intestinal epithelium and
subsequently influences the epithelial cell homeostasis (Donohoe et al., 2011; Sivaprakasam
etal.,2017;Allaire et al., 2018). Considering that SCFAs are fatty acids that are transported into
colonocytes and eventually oxidised in mitochondria (Wojtczak and Schénfeld, 1993; Donohoe
et al,, 2011), it is reasonable that the pathways involved in cellular energy or mitochondrial
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metabolism, are altered in the EF group, which were enriched in SCFA producing microbes
(Prevotella, Subdoligranulum, Faecalibacterium, Roseburia and Megasphaera). This was
further supported by the increased expression levels of SCFA transporters like SLC16A1, SLC26A3
(Supplementary figure 7) in the EF piglets at weaning, indicating that the CON piglets are
less well-prepared to tackle the (post-weaning) changing circumstances (feed, microbiome,
SCFA). At day29, EF piglets displayed an upregulation of genes associated with pathways
including oxidative phosphorylation, cholesterol biosynthesis, glutathione redox reactions,
ketogenesis and fatty acid [ oxidation (related to cellular metabolism and oxidative stress)
and a downregulation of sirtuin signalling and immune-related pathways. This is consistent
with previous studies which supplemented animal feed with non-digestible carbohydrates,
and has shown to activate fatty acid oxidation in different animal models, including pigs
(Haenen et al., 2013a), rats (Rodenburg et al., 2008). Moreover, a germ free versus conventionally
raised mice study (Donohoe et al., 2011) has previously shown the impact of microbiota on
energy homeostasis, specifically butyrate promoting oxidative metabolism in colonocytes
by upregulating genes involved in fatty acid metabolism, glycerolipid metabolism, TCA cycle
and mitochondrial oxidative phosphorylation (OXPHOS). The results presented here thus are
in agreement with these studies, although our study highlights that these processes can be
initiated during early-life by providing piglets with fibrous feed during lactation, whereby the
transition to solid feed at weaning can be smoothened and does not require the mucosa to
adjust abruptly to these novel feed components.

Our analysis identified PPARy as an upstream transcriptional regulator that mediates the effects
of the dietary fibres on gene expression, which is in accordance with a previous study (Lange
et al,, 2015) that evaluated different fibre sources in mice. Furthermore, EF piglets displayed an
increased expression of oxidative stress pathways in colon mucosa. This isin line with previous
knowledge that enterocytes contacted by enteric commensal bacteria (and/or their products)
are known to stimulate transient oxidative stress generating physiological levels of reactive
oxygen species (ROS) (Kumar et al., 2007; Jones et al., 2012). Microbial-elicited ROS may serve
as second messengers to mediate cellular proliferation, motility and modulate innate immune
signalling which is necessary for commensal-induced gut epithelial homeostasis (Marciano
and Vajro, 2017; Dumitrescu et al., 2018). For instance, (probiotic) Lactobacillus strains have
been reported as potent producers of ROS that acts as a signal-transducing molecule via the
PPARy pathway in intestinal epithelial cells (Voltan et al., 2008); PPARy being a master regulator
of energy metabolism and inducer of OXPHOS (Fan and Evans, 2015). The altered mucosal
homeostasis is potentially regulated by sirtuin signalling, which is indicated by the activation of
SIRT5 genein the EF group, that is known to be exclusively located in mitochondria regulating
energy metabolism and homeostasis (Yamamoto et al., 2007; Lee, 2019).

Weaning stress has been associated with altered gene expression of oxidative stress and
immune pathways, regulated by MAPK signalling as a response to external stimuli (Yang et al.,
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2016; Xiong et al., 2019; Li et al., 2020). MAPK signalling are a class of mitogen-activated protein
kinases that transduce signals from the cell membrane to the nucleus, leading to oxidative
stress-induced differentiation, apoptosis, immune response. These response cascades were
previously reported to be activated in pigs shortly after weaning (Hu et al., 2013; Luo et al,
2016; Li et al., 2020). Our study corroborates these results and identifies p38 MAPK activation
atday+3 along with the increased expression of immune-related genes (IL18, TGFB1, TGFB2) in
EF compared to CON piglets. TGF-beta signalling is known to play an important regulatory role
in intestinal barrier restoration by stimulating epithelial cell migration, extra-cellular matrix,
integrin production, and can be important for post-weaning adaptation in pigs (Xiao et al,,
2014). Remarkably, EF piglets displayed an increased expression of TGFB1, TGFB2 as well as
ECM (ACTG2, ACTN1, ACTN2, ITGAL, ITGA5, RHOD, RHOBTBI1, VCL) genes, suggesting a relatively
improved mucosa integrity. Improved barrier integrity in EF piglets was also substantiated in
jejunum with the strong downregulation of MMP-9 gene (Matrix metalloproteinase-9; involved
in re-modelling of ECM and wound repair), that is known to cause an increase in intestinal
epithelial tight junction permeability (Al-Sadi et al., 2019). Taken together, the EF piglets
seem to be more adequately coping with the weaning-stress induced mucosal challenges
by pronounced activation of barrier repair reactions, which is a combination of immune
activation, epithelial migration and “wound-repair” like processes. The lack of activation in
the CON piglets might reflect failure of the intestine to respond adequately to the stimulus of
feed and/or microbiota triggered by weaning.

In agreement with previous studies (Pluske et al., 1996; Vente-Spreeuwenberg et al., 2003;
Montagne et al., 2007), temporal changes induced by weaning were observed in jejunal
mucosal morphology, characterised by altered villus length and crypt depth. Strikingly, EF
piglets displayed a significantly higher jejunal villus length three days post-weaning (day+3)
compared to the CON piglets, which suggests a lower “weaning dip” or a smoother weaning
transition in terms of mucosal morphology. Furthermore, lowered villus length could be
indicative of the less appropriate activation of barrier and tissue remodelling in the CON
group, possibly reflected in the altered expression levels of proliferation, tissue-remodelling
associated genes (RHOC, RHOD, RHOE, RAC3) in jejunum. Unlike earlier work that focussed
on jejunal morphology, this study also assessed the temporal changes in colon mucosa and
detected an increasing colonic crypt depth over time, though this process did not appear to be
affected by early feeding. Of note, it is remarkable to observe the impact of early feeding on both
microbiota and host mucosa, in spite of the relatively low (fibrous) feed intake of (EF) piglets
compared to the milk intake [approximately 28 grams/day/piglet from d21-30 in this study vs.
1 kg milk/day in (Quesnel et al., 2015)] that constitutes the main energy source of the piglet.

Performance parameters were also assessed in our study and a quite moderate smoothening of

weaning transition was observed, reflected in the increased post-weaning feed intake (between
day+1 and day+5), average daily gain (between day+1 and day+2) and consistently lowered
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coefficient of variation in body weight development (Supplementary figure 8), which was
also seen previously (Chapter 3). However, we also observed a fluctuating average daily gain
between the two treatment groups within 2 days post-weaning and no difference in relative
body weight post-weaning, which makes the importance of early feeding in improving the post-
weaning performance, unclear. Itis although important to note that these piglets were healthy
and unchallenged, and therefore a more stressful situation (e.g., nutritional or environmental
challenge models such as low-hygiene, heat stress, fasting) can possibly detect differences in
coping adaptability between the groups.

In conclusion, the results from the present study confirmed the acceleration in maturation of
the microbiota and clearly demonstrated that this “accelerated maturation” is also reflected in
the host mucosal transcriptome in early-fed piglets. The accelerated changes in the EF piglets
were closely associated with upregulation of cellular energy metabolism and immune tolerance
potentially induced by the colonised commensals. Remarkably, the EF piglets seem to be more
responsive to the post-weaning situation (day+3), which may contribute to the smoothening
of the weaning stress by supporting better maintenance of adequate immune responses, gut
barrierintegrity and intestinal morphology. Of note, our study addresses fundamental questions
about how the microbiome regulates host metabolism, which might aid in the understanding
of dietary fibre-microbiota-host mucosa interactions, in addition to exploring early feeding as
an attractive strategy to prepare suckling piglets for weaning transition.
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Supplemental information

Supplementary Table 1: Ingredients and calculated nutrient composition of the pre-weaning fibrous feed*

Pre-weaning feed

Ingredients, %

Wheat 219
Barley 15
Maize 15
Soy protein concentrate 7
Soybeans (heat treated) 5
Galacto-oligosaccharides? 5
Potato protein 4
Sugarbeet pulp 4
Oat hulls 4
Inulin® 4
Resistant starch* 4
Soybean oil 3
Blood meal (spray dried) 2
Dicalcium phosphate 1.7
Sucrose 15
Calcium carbonate 1.0
Sodium chloride 0.5
Premix® 0.5
Potassium bicarbonate 0.3
L-lysine hydrochloride 0.3
DL-methionine 0.2
L-threonine 0.04
L-tryptophan 0.04
Calculated nutrient composition, g/Kg

Dry matter 891
Starch 290
NSP® 261
Crude protein 195
Crude fat 61
Crude fibre 44
Crude ash 57
Calcium 9.1
Phosphorus 6.1
Sodium 2.2
Standardized ileal digestible lysine 11.9
Standardized ileal digestible methionine 4.8
Standardized ileal digestible threonine 7.1
Standardized ileal digestible tryptophan 2.4
Net energy, MJ/kg 11.8

! Feed was mixed and pelleted (12mm diameter pellets) by Research Diet Services (Wijk bij Duurstede, The Netherlands). According
to CVB (2007), nutrients are presented in g/kg dry matter, except for dry matter (g/kg) and net energy (MJ/kg).

2 Source: Vivinal® GOS powder (Friesland Campina, Amersfoort, The Netherlands) containing 69% galacto-oligosaccharides.

* Source: Prebiofeed 95 inulin powder (Cosucra group, Belgium) containing 85% inulin.

4 Source: AmyloGel® Native Starches (Cargill, Wayzata, USA) derived from high amylose maize with 75% amylose content.

°Vitamin and mineral premix (per kg of feed): vitamin A: 10000 U, vitamin D3: 2000 IU, vitamin E: 40 mg, vitamin K: 1.5 mg, vitamin
B1: 1 mg, vitamin B2: 4 mg, vitamin B6: 1.5 mg, vitamin B12: 0.02 mg, niacin: 30 mg, D-pantothenic acid: 15 mg, choline chloride: 150
mg, folate: 0.4 mg, biotin: 0.05 mg, iron: 100 mg, copper: 20 mg, manganese: 30 mg, zinc: 70 mg, iodine: 0.7 mg, selenium: 0.25 mg,
anti-oxidant: 125 mg.

¢ Non-starch polysaccharide: Calculated as the difference between dry matter and the sum of starch, sugars, crude protein, crude
fatand crude ash.
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Supplementary Table 2: Ingredients and calculated nutrient composition of the weaner feed?, that closely
resembles the composition of standard commercial weaner diets

Post-weaning feed

Ingredients, %

Barley 379

Wheat 20.0

Corn 5.0

Soybean meal 4.0

Soybeans full fat toasted 5.0

Corn 5.0

Whey powder 5.0

Sugarbeet pulp 15

Provisoy™? 10.0

Soybean oil 2.5

Premix® 0.5

Limestone 1.05

Monocalcium phosphate 0.9

Sodium chloride 0.4

Sodium bicarbonate 0.1

L-lysine 0.52

DL-methionine 0.22

L-threonine 0.24

L-tryptophan 0.08 "

L-valine 0.1 §
=%

Calculated nutrient composition, g/Kg Y

Dry matter 886 ©

Crude ash 54

Crude protein 175

Crude fat 57

Crude fibre 33

Carbohydrates 573

Starch 398

Sugar 68

Neutral detergent fiber (NDF) 109

Acid Detergent Fiber (ADF) 47

Calcium 6.7

Phosphorus, total 5.6

Magnesium 15

Potassium 83

Sodium 2.2

Chloride 5.0

Standardized ileal digestible lysine 11.0

Standardized ileal digestible methionine + cysteine 6.5

Standardized ileal digestible threonine 6.9

Standardized ileal digestible tryptophan 2.4

Standardized ileal digestible valine .7

Net energy (MJ/Kg) 10.6

*Mixed and pelleted (3mm diameter) by Research Diet Services (Wijk bij Duurstede, The Netherlands).

?Provimi, Cargill, Rotterdam, The Netherlands.

3Vitamin and mineral premix (per kg of feed): vitamin A: 10000 IU, vitamin D3: 2000 IU, vitamin E: 40 mg, vitamin K: 1.5 mg, vitamin
B1: 1 mg, vitamin B2: 4 mg, vitamin B6: 1.5 mg, vitamin B12: 0.02 mg, niacin: 30 mg, D-pantothenic acid: 15 mg, choline chloride: 150
mg, folate: 0.4 mg, biotin: 0.05 mg, iron: 100 mg, copper: 20 mg, manganese: 30 mg, zinc: 70 mg, iodine: 0.7 mg, selenium: 0.25 mg,
anti-oxidant: 125 mg.
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Supplementary figure 1: (A) Outliers were detected using modified Z scores of principal component loadings
obtained from unsupervised principal component analysis in colon and jejunum samples. Samples exceeding
absolute score of 3.5 are regarded as outliers. (B) Number of differentially expressed (DE) genes (EdgeR test: FDR <
0.1) at day29, day+3 and day+21 in colon and jejunal samples.
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Supplementary figure 2: Microbiota composition (genus level) in early-fed (EF) and control (CON) group. (A)
Redundancy analysis of EF and CON treatment groups at day 13 (swabs; explained variation = 0.00%; P = 0.53). (B)
Redundancy analysis of treatment groups at day+19 (swabs; explained variation = 0.00%; P = 0.85). (C) LEfSe analysis
(colon, d29) identified the differentially abundant microbial groups between EF and CON. (D) Redundancy analysis
(colon, d+3) of treatment groups (explained variation = 9.8% ; P=0.002).
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Supplementary figure 3: (A) Unsupervised hierarchical clustering (euclidean distance) of jejunal transcriptome
using normalised (logCPM) expression values (averaged per group per time-point) and are scaled by the mean value
of day+21 gene expression (irrespective of treatment). Pathway analysis in (B) Colon and (C) Jejunum. Canonical
pathways up and downregulated in early-fed (EF) group compared to the control (CON) group are shown in red
and purple bars respectively. Identified pathways have a logP value = 1.3 (enrichment score from Fisher’s exact test,
Ingenuity pathway analysis) and an absolute Z score = 2 (assessing the match of observed and predicted up/down
regulation patterns).
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Supplementary figure 4: Hierarchical clustering of expression profiles over time for (A) immune pathway genes of
colon at day29. (B) the third cluster of immune genes (yellow) observed in Figure 5C (C) colon day+3 (upregulated)
(D) jejunum day29 (E) jejunum day+3. The normalised expression values (averaged per group per time-point) are
scaled by the mean value of total day+21 expression (irrespective of treatment). EF = early-fed, CON = control.
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Supplementary figure 5: Functional network of pathway identified genes (jejunum) at day29 and day+3. Functional
protein-protein interaction of up- and down-regulated genes in early-fed (EF) compared to control (CON) group. The
circles or nodes represent genes and edges represent interactions between genes, as determined by Reactome.
Arrows represent directed interactions, bar-headed arrows indicate inhibition reactions and dotted lines indicate
predicted relationships. Pathway identified genes from time-points day29 (blue bordered), day+3 (orange bordered)
and both (green bordered) are shown in this figure. The upregulated (red nodes) and down-regulated (blue nodes)
genes are represented by their fold change (EdgeR test) in a blue-red gradient scale, where the size of the node is
proportional to their significance (P value; EdgeR test). The dotted green lines depict different pathways associated
with those genes. Two genes ATP5MC1 and NDUFA2 (part of oxidative phosphorylation pathway) were observed at
both day29 and day+3 (fold change ~ 1.3; P<0.05).
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Supplementary figure 6: Jejunal and colonic morphometric measurements determined at the three sampling
time-points indicated at the top (day29, day+3, and day+21) for individual piglets in the early-fed (EF; red) and
control (CON; blue) groups. Panel A: Jejunal villus length (upper panels), crypt depth (middle panels) and villus:crypt
ratio (lower panels). Panel B: jejunal villus width, Panel C: colonic crypt depth, and Panel D: colonic ratio of PCNA
over Hoechst stained nuclei, indicative of relative epithelial proliferation activity. Differences between groups were

assessed by t-test or Mann-Whitney U test (non-parametric).
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Supplementary figure 7: Gene expression levels of SCFA transporters (belonging to solute carrier family) that

were found significantly altered in early-fed (EF) as compared to the control (CON) piglets (EdgeR test, P < 0.05). In
addition, gene expression levels of (colon) proliferating marker PCNA is shown.
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Supplementary figure 8: (A) Pen-level post-weaning feed intake in control (CON; blue) and early-fed groups (EF;
red) measured between 0-1 day, 1-2 day, 2-5 days, 5-12 days and 12-19 days post-weaning. All pens were provided
with weaner diet after weaning (n =12 pens per treatment group till day+2, after which n =8 per treatment till day+19
due to sacrifice of piglets). (B) Coefficient of variation (%) which captures the dispersion of the feed intake data at
each time-point per treatment. (C) Average daily gain (ADG, in grams; n = 24 per treatment group) in the early-post-
weaning period. (D) Mean of the ADG shown during the first 5 days post-weaning, comparing with the pre-weaning
(three days before weaning) ADG per treatment. (E) Relative body weight development (relative to weaning weight
per individual piglet) between the groups (n = 48 per treatment) till 19 days post-weaning. (F) The coefficient of
variation (CV%) capturing the variation in body weight in CON and EF groups. Statistical comparisons between the
groups were assessed by student t test or Mann-Whitney U test in GraphPad Software 8.1.1.
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Abstract

It is increasingly recognised that the microbes residing in the gastrointestinal tract can
influence brain physiology and behaviour, via the microbiota-gut-brain axis. Here, we
evaluated the association between the gut microbiota and behaviour in suckling piglets.
16S microbiota profiling information was obtained from two independent replicate
experiments at two and four weeks of age. Piglets underwent a backtest to assess their
personality or coping style at 2 weeks of age, and were subjected to a combined open
field and novel object test at 3.5 weeks of age, recording anxiety-related and exploratory
behaviour. The number of squeals vocalised during the open field test was associated with
microbial groups such as Coprococcus 3 and CAG-873, whereas in the novel object test,
explorative behaviour was significantly associated with microbial genera like Atopobium and
Prevotella. Overall, this study explores the microbiota-behavioural relation by employing
multivariate analysis and exemplifies the importance of individualised analyses when
evaluating such relationships.

Keywords: anxiety, behaviour, exploration, microbiota, individual analysis, piglet,
personality, backtest, open field, novel environment, coping style, fearfulness
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Introduction

Increasing evidence indicates that the impact of gut microbiota extends beyond the gut, as
it plays a crucial role in the bidirectional communication between the intestine and central
nervous system (CNS), also known as the microbiota-gut-brain axis (Collins et al., 2012; De
Palma et al., 2014; Sherwin et al., 2019). The mediators of this communication include short-
chain fatty acids, neurotransmitters, immune system modulators, hormones, as well as the
vagus nerve, which are all known to be affected by microbial metabolism (Bravo et al., 2011,
Johnson and Foster, 2018; Valles-Colomer et al., 2019). During early-life the intestinal microbiota
is dynamic and rapidly evolving, which coincides with important developmental processes
in the brain. This overlapping timeline of early-life microbiota and brain development could
provide a “window of opportunity” for influencing CNS development and function, via microbial
modulation (Davidson et al., 2018). The microbiota-gut-brain axis consists of bidirectional
communication, with the microbiota shown to play a role in neurodevelopment (from
early-life to adulthood) and behaviour by influencing neural processes such as myelination,
neurogenesis, neurotransmission and development of the hypothalamic-pituitary-adrenal
axis (HPA) (Davidson et al., 2018; Sherwin et al., 2019). On the other hand, the brain regulates
intestinal functions (e.g. motility, secretion and mucin production) as well asimmune functions
(e.g. modulation of cytokine production) (Collins et al., 2012) in the gastro-intestinal tract.
However, the underlying mechanisms of the bidirectional communication between the gut
and the brain are not fully understood.

Recent advancement of sequencing technology has allowed exploration of the microbiome
and its neuroactive potential in the context of stress, anxiety and depression-related behaviour
(Valles-Colomer et al., 2019). Animal models can play an important role in understanding
the underlying mechanisms via which early-life experiences affect later life health. Mostly,
gnotobiotic or germ free rodent models have been employed to get insight into the mechanism
of the microbiota-gut-brain communication, using probiotics, antibiotics, drugs or faecal
transplantation (Cryan and Dinan, 2012; Ezenwa et al., 2012). However, compared to humans,
the CNS development is substantially different in rodent species as they have a less developed
brain at birth (Dobbing and Sands, 1979), with maximum development occurring postnatally.
On the other hand, pigs and humans exhibit striking similarity with respect to their physiology,
brain development and gastrointestinal function (Conrad and Johnson, 2015; Nguyen et al.,
2015), including an analogous “window of brain development” at birth as well as having a
gyrencephalic brain (Dobbing and Sands, 1979). Apart from its value as a translational model
for human development, disease and the underlying processes, the understanding of early-life
developmentin pigs is also valuable in the context of veterinary and animal sciences. However,
to the best our knowledge, there are no studies evaluating the relationship between microbial
communities and behavioural characteristics in piglets using multivariate approaches, reflecting
the putative communication with the gut and the brain.
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Itis well known that microbiota differs among individuals, and therefore needs to be explored
as an individualised mechanism to explain differences in behaviour, which remains virtually
unexplored (Davidson et al., 2018). The present study explores the association between the
microbiota composition and behaviour of individual suckling piglets in challenging situations,
(which could reflect their personality), aiming to take afirst step towards better understanding
of the biological relevance of microbiome variation in behaviour.

Materials and methods

Study design

The Animal Care and Use committee of Wageningen University & Research (Wageningen, The
Netherlands) approved the protocol of the experiment (AVD104002016515). The protocolis in
accordance with the Dutch law on animal experimentation, which complies with the European
Directive 2010/63/EU on the protection of animals used for scientific purposes.

Two independent (replicate) experiments were performed using 22 multiparous Topigs-20
sows housed and inseminated at research facility Carus (Wageningen University & Research,
The Netherlands). The new-born piglets inhabited with the sow and littermates till weaning (4
weeks of age), and received ear tags for individual identification and an iron injection, standard
to pig husbandry practice. Two days after birth, twelve litters were provided with fibrous diet
(early-fed group or EF) in addition to sow’s milk and the remaining ten litters suckled mother’s
milk only. Additional details about the treatment, housing and management have been
described previously (Chapter 3, 4).

Personality test or backtest

At approximately 2 weeks of age, the piglets were subjected to a backtest as described previously
(Bolhuis et al., 2003). Their response in this test, which is heritable (Velie et al., 2009; Zebunke
etal,, 2015; Iversen et al., 2017), reflects their preferred coping strategy, or coping style, which
is considered a personality trait. Several studies, often studying the extreme pigs at either
end of the population, have revealed links between the backtest response of piglets with
neuroendocrine features, gene expression patterns and behavioural characteristics in later
life, including behavioural flexibility (Bolhuis et al., 2004, 2005; Kanitz et al., 2019). Briefly, in the
backtest, piglets are manually restrained by putting them on their back (supine position) for
60 seconds. The recorded parameters during the test were: (i) latency until the first struggling
attempt (latency_resist); (i) the total number of struggling attempts (frequency_resist); (iii)
latency until the first vocalisation (latency_vocalise); (iv) the total number of vocalisations
(frequency_vocalise).
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Combined open field and novel object test (or novel environment test)

At 3.5 weeks of age, a subset of piglets (n = 47) was subjected to a 10 min combined open field
test (OFT) and novel object test (NOT) in both the experiments (experiment1, n = 19; experiment2,
n = 28 piglets). The selected piglets were balanced for pen, gender as well as average body
weight of the litter at 21 days of age. Testing was carried out on two consecutive days and the
order of piglets tested was balanced for gender and treatment. Fear-related behaviour and
exploration were assessed using multiple behavioural observation scores obtained during
the combined OFT and NOT, which have previously been described (Middelkoop et al.). The
unfamiliar (or novel) environment, which was an arena of 3 x 3 m, with walls of 1.2 m and a
concrete floor, was located in a test room at the end of the hallway, away from the home pen
(visually and auditorily). The individual piglets were transported to the arena using a transport
cart. Each piglet was placed in one corner of the test arena, in the same start position next to
the wall. The pigs were given a 5-min period to explore the novel environment (OFT). After 5
minutes, a novel object (metal bucket) was slowly lowered from the ceiling into the centre of
the arena until it touched the floor which, consequently, resulted in a noise. The piglets were
given another 5 minutes to interact with the novel object (NOT). Behaviour and vocalisations
(Supplementary table 1) were continuously scored live using Psion hand-held computers
with the Pocket Observer 3.1 software package (Noldus Information Technology, Wageningen,
The Netherlands). Two mutually exclusive behavioural classes were observed simultaneously,
one recording the posture or locomotion of the piglet as states, and the other recording the
(other) behavioural states displayed by the piglet whilst in a particular posture or locomoting,

Sampling, DNA extraction and 16S rRNA gene based amplicon sequencing

For microbiota analysis, rectal swab samples were collected at two and four weeks of age,
by inserting a sterile cotton swab (Puritan Medical, Guilford, ME USA; Cat Number-25-3306-U)
20-30 mm into the rectum and rotating the swab against the bowel wall for a minute before
placing it into a 5ml Eppendorf tube. The samples were kept on ice during transport to the
laboratory and stored at =20°C until further processing.

As previously described in detail (Chapter 3), DNA extraction was performed by the repeated
bead beating method (Yu and Morrison, 2004) using QlAamp DNA Stool Mini Kit (Qiagen, Hilden,
Germany). Briefly, the DNA template was used to amplify the V3-V4 region of the bacterial 16S
rRNA gene, purified and subsequently sequenced using (paired-end) Illumina MiSeq system
at BaseClear BV (Leiden, The Netherlands). After quality filtering, the Illumina reads were
imported into the CLC Genomics Workbench version 11.01, processed using the CLC Microbial
Genomics Module version 2.5.1 (CLC bio, Arhus, Denmark) and the high quality sequences were
finally clustered into operational taxonomic unit (OTUs) at 97% identity threshold using SILVA
database v132 (Quast et al., 2013).
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Correlation analysis

The backtest (at 2 weeks of age), reflecting a pig’s coping style or personality, was analysed
with microbiota information obtained from rectal swabs taken at the same timepoint (2 weeks
of age), whereas the novelty test observations (at 3.5 weeks of age; related to anxiety, fear and
exploration) were assessed with microbiota data collected at 4 weeks of age (Figure 1). To
evaluate associations between microbiota composition (genus level) and behavioural variables,
multivariate redundancy analysis was performed in CANOCO 5 software (Microcomputer Power,
Ithaca, NY, USA) (Braak and Smilauer, 2012). Redundancy analysis (RDA) is a canonical version
of principal component analysis where the principal components are constrained to be linear
combinations of the explanatory variables. RDA is a type of constrained ordination that assesses
how much of the variation in response variables (here, microbial taxa) can be explained by the
variation in explanatory variables (here, behavioural observations), in addition to providing
related microbial taxa with the explanatory variable. Partial redundancy analysis (pRDA) was
employed in this study to analyse the associations between microbiota and behavioural
variables, after experiment and treatment were removed (partialled out) from the ordination.
Statistical significance was assessed by the Monte Carlo permutation procedure (MCPP) with
499 random permutations. The behavioural observations (Supplementary table 1) were
categorised pertest, i.e backtest, OFT, NOT, and analysed separately. Some of the behavioural
observations were summed to obtain additional parameters, for example, frequency of squeals,
grunt squeals and screams were summed as ‘high pitched vocalisations’. Similarly, ‘exploring
behaviour’ was obtained by summing nosing and rooting behaviour on the walls and floor of
the test arena. Lying did not occur and sitting was very rare and displayed by only a number
of piglets, and were not included in the analyses. Frequency of excretions was not included
in the analyses, as it was found to be distant from the mean of coefficient of variation (CV%)
(Supplementary figure 1A). We employed relatively permissive cut-off values in the RDA
analyses to identify potential microbiota associations, where behavioural parameters having
P value < 0.1 were considered significant and the associated microbial groups (genus level),
having (i) a minimum response scores = 0.35 and (ii) 0.1% relative abundance in at least 10%
of samples, were considered relevant. The associations between individual behavioural
scores and microbial groups (identified in pRDA) were subsequently tested by non-parametric
Spearman correlation analysis (P < 0.05 considered significant) in GraphPad Software 8.1.1
(California, USA, www.graphpad.com).

In addition, Multivariate Analysis by Linear Models (MaAsLin) (Morgan et al., 2012) was
employed in the galaxy platform (https://huttenhower.sph.harvard.edu/galaxy/) to further
test the significant behavioural observations and their associated microbial taxa. MaAsLin is a
multivariate statistical linear regression analysis that identifies associations between metadata
and microbial community abundance. MaAsLin allows detection of the effect of one variable
without the influence of other metadata in the study. Initially, the default MaAsLin parameters
were applied (minimum 0.01% relative abundance present in 1% of samples, P < 0.05, FDR <
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Figure 1: Schematic study design to assess association between the microbiota and behaviour. Microbiota
and behavioural data were obtained from two independent experiments. Rectal swabs were collected at day 15 and
day 29 pre-weaning for microbiota analysis. Personality (or back)test and Anxiety test (open field test, novel object
test) were done at day 15 and day 25 respectively, in suckling piglets.

0.05), but to more accurately compare MaAsLin results with redundancy analyses, subsequent
MaAsLin analyses employed taxa representing = 0.1% of the total microbial composition
prevalent in >10% of all samples.

Results

Group based analyses employing categorical variables such as treatment, gender and pen
did not reveal any associations with the behavioural parameters. To understand individual
differences in behavioural traits, we explored associations between microbiota composition
and behavioural observations at an individual level. Correlation analyses were performed
by combining data from two replicate experiments. The microbiota composition data were
determined by llumina Miseq 16S rRNA gene sequencing of the V3-V4 region, generating
1,941,012 number of reads after quality filtering, with a mean sequencing depth of 20,128 +
5905 reads per sample.

We analysed four backtest variables with the microbiota composition at two weeks of age by
redundancy analysis (RDA), but did not find a significant correlation (P = 0.66; Supplementary
figure 1B). To investigate fear-related as well as explorative behaviour in suckling piglets,
a combined OFT and NOT was performed at 3.5 weeks of age. In the OFT, the frequency of
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squeals was significantly associated with the microbiota composition (Figure 2A), displaying
the strongest correlation in the RDA plot (longest arrow; Supplementary figure 1C). The
frequency of squeals during the OFT was positively associated with the abundance of microbial
genera such as Coprococcus 3, CAG-873, Eubacterium coprostanoligenes, p-1088-a5 gut group
and Veillonella. Individual Spearman correlation analysis re-affirmed the RDA correlation
observations, except for Veillonella whose association appeared to be insignificant (Figure

2B). Other behavioural variables in the OFT did not relate to the microbiota composition.

Similarly, NOT variables were assessed to evaluate whether an animal’s reaction to a novel
object was associated with its microbiota composition (Supplementary figure 1D). We
found six observations linked to exploration behaviour, having significant associations with
microbiota. Behavioural parameters such as nosing (walls + floor), exploring (nosing + rooting
of walls and floor), walls (nosing + rooting walls), nosing floor, nosing walls as well as exploring
the novel object were found significant (P <0.1; Figure 3A, B; Supplementary figure 2A, B,
C, D, E). However, no significant correlation was found between ‘latency to touch the novel
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object’ and microbiota, that is related to the fear response of the pig (Supplementary figure
2F). In most of the exploration-related variables, similar microbes were found associated at
both genus and OTU level, supporting the inter-relatedness of the behavioural parameters
used (data not shown). Notably, piglets spent much more time displaying nosing behaviour
relative to rooting behaviour, indicating that the overall exploration behaviour is predominantly
directed by the nosing behaviour (Supplementary table 2). Both nosing and total exploration
behaviour negatively correlated with the abundance of Prevotella 9 and Prevotellaceae
NK3B31 group and positively with microbial groups like Atopobium and UBA1819 (Figure
3A, B). Individual Spearman correlation analysis found moderate, yet significant correlations
between the identified microbial groups and nosing/exploring behaviour (Figure 3C, D).
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test, corrected for experiment and treatment. (B) pRDA of the exploring behaviour (nosing + rooting: both walls and
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visualised in the triplot. The perpendicular distance between microbes and environmental variable axes in the plot
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Notably, Eubacterium coprostanoligenes (5 OTUs), UBA1819 (1 OTU) and Atopobium (1 OTU)
were associated with respective behavioural observations at the OTU level. Further, most
of these identified behavioural parameters were interrelated, indicated by similar (quartile)
distribution of individual piglets (based on nosing behaviour) with other behavioural parameters
(Supplementary figure 1E). Intriguingly, ‘explore novel object’ showed an opposite association
with Prevotellaceae NK3B31 group compared to other exploration-related behaviour like ‘nosing’
and ‘exploring’ (Supplementary figure 2), which is also evident from their negative correlation
(Supplementary figure 3) as well as the inverse distribution of individual piglets in ‘explore
novel object’ behaviour when grouped by nosing behaviour (Supplementary figure 1E).

To compare results obtained by redundancy analyses, MaAsLin analysis was performed
using both default as well as congruent settings. Using the MaAsLin default settings that are
more stringent than those we employed in RDA analyses, we did not identify any significant
microbial associations (Benjamini-Hochberg FDR corrected P value < 0.05). However, upon
relaxing the correction method and employing microbiota cut-off settings analogous to the
RDA analyses, the MaAsLin analyses revealed various microbial groups including several found
by RDA, to be associated with behavioural parameters albeit with varying degree of strength
(Supplementary table 3).

Discussion

The association between microbiota and behaviour is increasingly studied and accumulating
evidence indicates that the gut microbiota can influence animal behaviour (Ezenwa et al., 2012;
Johnson and Foster, 2018; Sherwin et al., 2019), although the underlying mechanisms largely
remain to be deciphered. We previously investigated the influence of diet on gut microbiota
and host mucosa development during early-life in pigs (Chapter 3, 4 and 5). In the present
study we explored whether the intestinal microbiota composition in pigs is associated with
host behavioural traits at an individual animal level (independent of dietary treatment), by
employing multivariate correlation analyses. This study aimed to tentatively reveal associations
between the intestinal microbiota composition and piglet behaviour in a test for coping style,
(i.e. a personality trait), as well as anxiety- and exploration-related behavioural parameters in
an open field-novel environment test. These associations between microbiota composition
and behaviour of suckling piglets in challenging situations have, to the best of our knowledge,
not been investigated before.

Previous studies stated that behavioural responses during the ‘backtest’” are indicative of
individual coping responses to environmental stressors (Hessing et al., 1994; Zebunke et al.,
2017), often classifying them into high and low-resisting animals based on the latencies and
frequencies of struggling and vocalising (Bolhuis et al., 2003). High-resisting animals seem more
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likely to adopt an active coping style, whereas low-resisting animals that remain immobile and
silent during the backtest adopt a passive, or reactive coping style (Hessing et al., 1994). In this
study, the coping style of suckling piglets did not have any association with the corresponding
microbiota composition at two weeks of age. A possible explanation for this might be that
the microbiota colonisation in the first few weeks of life, is usually dynamic and apparently
chaotic leading to relatively high individual variation, suggesting that an extended sample size
would probably be required to assess microbial association with parameters obtained during
the backtest. An alternative could be to perform the backtest at a later age, for instance just
before weaning, when the microbiota has relatively stabilised, and investigate whether there
is a relation between coping style and microbiota.

Prior studies indicate that vocalisations can reflect an animal’s (pig) emotional and/or
physiological state (Dipjan et al., 2008). Low-pitched vocalisations (grunts) might be used to
maintain social contact, while high-pitched vocalisations, particularly squeals and screams,
could relate to distress or anxiety, especially when the animal is in isolation (Fraser, 1975;
Manteuffel et al., 2004; Dipjan et al., 2008). Suckling piglets were subjected to a combined OFT
and NOT to evaluate their anxiety- and exploration-related responses in a novel environment. In
the present study, we observed that the number of squeals uttered by piglets had a significant
association with their microbiota. However, we found no significant microbiota correlation with
the frequency of long grunts, which has been previously reported to be strongly associated
(r=0.75, P<0.05) with the frequency of squeals in a similar test in adult pigs (Fraser, 1974). In
the present study we only detect a minimal correlation between these two behaviour (r=0.3,
P=0.07; Supplementary figure 3).

Exploratory behaviour in a challenging situation can reflect anxiety, with lower levels of
exploration indicative of more fearfulness (Donald et al., 2011; Reimert et al., 2014). During
the NOT in our study, the piglets displayed higher frequency of squeals, spent more time
on standing alert and less time exploring the test arena (especially nosing floor), compared
to the OFT (Supplementary table 2), that was not fully compensated by the time spent on
‘exploration of novel object’ during the NOT. This suggests that the piglets were more alert/
fearful in the NOT, possibly indicating ‘exploration during the NOT” as a better reflection of (lack
of) fear/anxiety compared to OFT. This is in line with a previous study (Ursinus et al., 2013) that
found associations among platelet serotonin, brain serotonin and behaviour during the NOT
phase, but not during the novel environment (or OFT) phase. Another study (Andersen et al.,
2000) demonstrated the effect of an anxiolytic drug on pig behaviour, only in an elevated plus
maze but not in a novel environment test. This potentially suggests that exposure to a novel
environment alone (OFT) was not particularly fear-provoking for pigs, as their level of fearfulness
is more evident in a relatively challenging situation (e.g., NOT), which is also coherent with our
findings with more associations observed in the NOT.
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In our study, Coprococcus showed a moderate positive correlation with the frequency of squeals
in the OFT, however, this is contrary to previous mice/human studies that showed an inverse
correlation with stress (Bailey et al., 2011) or depression (Valles-Colomer et al., 2019). In addition,
we found microbial groups like Atopobium and Prevotella/Prevotellaceae to be positively
and negatively associated with exploration behaviour, respectively. This is consistent with a
previous mice study on maternally separation which reported that ‘anxious’ mice have a reduced
Atopobium abundance (De Palma et al., 2015). Moreover, our results are also in agreement
with existing literature reporting positive associations between Prevotella and depression/
anxiety in rodents or humans (Cussotto et al., 2019; Simpson et al., 2020), which would be in
line with ‘less exploring’ behaviour in the present study. Although these parallel findings are
intriguing, it is important to note that comparisons of microbiota-behavioural associations
across different animal species are challenging, as we might be potentially compare apples
and oranges. This is because both behavioural observational scores as well as the coinciding
development of the central nervous systems and intestinal microbiota during early-life can be
potentially very different across species. In the previous study (Valles-Colomer et al., 2019), apart
from an inverse relation with depression, the Coprococcus relative abundance was proposed to
coincide with abundance of genes associated with dopamine biosynthesis in the microbiota.
The paper further assembled a catalogue or framework called gut brain modules (GBMs), that
represent ‘neuroactive potential’ of microbes annotated for function, pathway, structure and
potential to cross the intestinal epithelium and the blood-brain barrier. The microbial groups
identified in the present study, such as Coprococcus, Eubacterium and Prevotella are described
in the GBMs having microbial neuroactive potential, which is noteworthy.

Interestingly, ‘exploring novel object’ revealed an opposite trend of association with the
intestinal microbiota, possibly reflecting the ambiguity of ‘general exploration’ behaviour
and ‘novel-object-oriented’ behaviour and their connection to an animal’s level of fear. As
mentioned above, squeal (‘high-pitch’ vocalisation) and exploratory behaviour directed at
the environment have previously been positively and negatively linked with anxiety in piglets
respectively. However in the present study, we did not observe a significant negative correlation
between the frequency of squeals/ latency to explore NO (fearfulness) and nosing (exploratory)
behaviour (Supplementary figure 3). In other words, we did not identify an ‘anxious’ group
of piglets displaying both high squeal behaviour (OFT) and low exploration behaviour (NOT).
A possible explanation for this apparent discrepancy can be because pigs are opportunistic
omnivores and relatively neophilic (unlike rodents), with ‘novelty’ not only perceived as a
potential threat but also as an opportunity. Besides, pigs have a natural instinct or ‘behavioural
need’ to explore, which is extremely limited in their barren, stimulus-poor housing (not
enriched). Thus, during their exposure to novel environment (e.g., OFT), social isolation might
be the most stressful part and the test could well be experienced as an outlet for exploring the
environment. Hence, their behaviour can be reflecting a mixture of fear(fulness), motivation to
explore (“curiosity”), and motivation to join their pen mates and mom (for warmth and food).
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Another point to recognise is our lack of understanding of the complexity of the (animal)
behavioural phenotype. For instance, although the open-field test has been widely used to
assess pig emotion, there are insufficient evidence to justify its validity as a test for fearful or
anxious behaviourin pigs (Forkman et al., 2007). Apart from the lack of consensus in assessing
and interpreting individual behavioural parameters, it is even more complex to interpret the
overall open field behaviour in pigs (Donald et al., 2011). For example, ‘freeze’ behaviour (or
standing alert) in a novel environment, has been differently interpreted by previous studies,
where it has been considered to reflect either a fear response’ (Clouard et al., 2015) or as a
‘state of arousal’ (Backus et al., 2017) in which the animal orients itself to toward the stimulus
to investigate, and likely reflects both. Furthermore, suckling piglets are hardly tested, so we
do not know whether their open field behaviour reflects the same as weaned/adult pigs as
reported in other studies. Therefore, the ambiguities in behavioural interpretations has to be
taken into account when inferring the overall biological consequence of correlations between
microbiota and a single observed behavioural parameter. Nevertheless, the porcine microbiota-
behavioural associations observed in this study deserve further evaluations, to establish their
biological relevance and underlying mechanism(s).

Taken together, this study provides insights into the association of early-life behaviour and
microbiota in suckling piglets. It also demonstrates the importance of individual analysis when
evaluating behavioural and microbiota associations, both of which are individual-specific traits.
Notably, most behavioural tests have been developed and standardised for post-weaning or
growing pigs, which are more mature as compared to the suckling (still developing) piglets
employed in our study. For future studies in young piglets, the behavioural tests might need
to be adjusted and verified accordingly to ensure that they adequately reflect anxiety and/
or explorative behaviour. Although there is a lack of similar studies reported in the literature
which disables the comparative analysis of the results obtained in this study, the approaches
used in this study may inspire the design of new experiments and strategies to evaluate the
role of the microbiota-gut-brain axis in behavioural development of young animals.
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Supplemental information

Supplementary table 1: Ethogram of behavioural states and vocalisations scored in the combined open field
and novel object test. Behavioural states were scored in two mutually exclusive classes: “Locomotion and pos-
tures” and “Behaviour”. The behaviours mentioned under “novel object test only” were added to the “Behavi-
our” class for that phase of the test.

Behaviour

Definition

Open field test/ Novel object test

Locomotion and postures

Walking
Standing
Standing alert
Sitting or lying

All four legs move or the piglet turns around at the same spot without moving all four legs
Standing with four paws on the floor without moving them, excluding standing alert
Standing motionless with ears upright and head fixed (up or down)

Sitting or lying on the floor without performing any other described behaviour

Behaviour

Exploring floor

Nosing floor

Rooting floor

Sniffing, touching (with snout) or licking the floor. Rooting disc is either in contact or very close to
the floor

Rooting the floor with the rooting disc that exerts some force

Exploring walls

Nosing walls

Rooting walls

Sniffing, touching (with snout) or licking the walls of arena. Rooting disc is either in contact or very
close to the surface

Rooting the walls of arena with the rooting disc that exerts some force

Low-pitched vocalisations (events)

Short grunt
Long grunt

Alow tone of less than half a second (one note)

Alow tone of more than half a second (one note)

High-pitched vocalisations (events)

Squeal

Grunt-squeal

Scream

Novel object test only
Draw back

A high tone (different notes)

Chapter6

A low tone that transforms into a high tone

Ahigh, long and loud tone, often as long as an expiration

Drawing back from the novel object (NO; bucket) by walking away from the object or turning
around at the same spot. At first the head is directed to the object, during the draw back the head
can be either directed to the object or turned away from it

Approaching novel object
Slow approach novel object

Fast approach novel object

Approaching the novel object slowly (step by step) within 1m distance

Approaching the novel object quickly (easy walking or running) within 1m distance

Exploring novel object

Touch novel object

Explore novel object
Chew novel object

Latency to explore novel
object

Sniffing, touching (with snout), rooting or licking the novel object. Rooting disc is in contact with
the object

Sniffing the novel object without touching it. Rooting disc is not in contact with the object
Touching novel object with open mouth and making biting movements

Latency until the time the piglet either touched or explored (sniffing without touching) the novel
object
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Supplementary figure 1: (A) Coefficient of variation (CV%) of all the behavioural variables observed in the backtest,
combined open field test (OFT) and novel object test (NOT). (B) Partial redundancy analysis (pRDA) of the personality
or backtest showing individual piglets belonging to expl_EF (red), expl_CON (dark blue), exp2_EF (orange) and
exp2_CON (light blue) groups. (C) pRDA of all the variables in OFT. (D) pRDA of all the variables in NOT. The arrow
length represents the strength of the correlation between the environmental variables and the microbes. The longer
the arrow length, the stronger the correlation. (E) Scatter plot of the individual behavioural variables showing the
spread of the data. Based on the ‘nosing behaviour’ quartiles, the individual piglets were divided into three groups:
High (green; maximum to median), moderate (blue; median to 25th percentile) and low (red; 25% percentile-
minimum) nosing behaviour. The other behavioural parameters were visualised using this classification.
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Supplementary figure 2: Partial redundancy analysis of the behavioural variables (corrected for experiment and
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Supplementary figure 3: Spearman correlation analysis between different behavioural parameters: vocalisations
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Supplementary table 2: Behavioural responses observed in the combined open field test (OFT) and novel
object test (NOT) at 3.5 weeks of age in suckling piglets (n = 47), expressed as Mean + SEM. The variables with a
prefix “F” denotes frequency of that event and “P” denotes the percentage of time (%) spent on that behaviou-

ral state.
Open field test (OFT) Novel Object test (NOT)
Variable Mean+SEM Variable Mean+SEM
F_shortgrunt 113+9.2 F_shortgrunt 121+8.8
F_longgrunt 55+4.3 F_longgrunt 48+39
F_bark 0.1+0.1 F_bark 0.7+04
F_lowpitch 168+ 8.7 F_lowpitch 170+£8.3
F_squeal 12422 F_squeal 20+£3.1
F_gruntsqueal 31+6.0 F_grunt_squeal 22+47
F_scream 23+13 F_scream 2+0.7
F_highpitch 45+7 F_highpitch 44+£57
F_jump 224045 F_jump 3+0.6
P_walking 48+19 P_walking 35+1.8
P_standing 50+1.7 P_standing 61+1.8
P_standing_alert 19+04 P_standing_alert 3+0.5
P_nosing_floor 42422 P_nosing_ floor 195+1.3
P_rooting_floor 17+0.5 P_rooting_floor 12403
P_nosing_walls 14+09 P_nosing_walls 13+14 ©
P_rooting_walls 0.39+0.1 P_rooting_walls 02+0.1 %-
Nosing 56+2.2 Nosing 32+19 S
Rooting 21+06 Rooting 14+04
Floor 44+£2.4 Floor 21+14
Wall 14+09 Wall 13+14
Exploring 58+2.4 Exploring 34+19
P_draw_back NO 03£0.1
P_slow_approach_NO 0.6+0.23
P_fast_approach_NO 1.0+0.1
P_touch_NO 13+15
P_explore_NO 0.5+0.13
P_chewing_NO 1.2+0.39
Latency_explore_NO 18+2.1
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Chapter 7

Background

Weaning stress leading to microbial dysbiosis is a major concern in pig commercial farming,
with a pressing need to evaluate feeding strategies to prepare pigs for the weaning transition
(Gresse et al., 2017; Guevarra et al., 2019). Commercial pig production systems involves early
and abrupt weaning, which contrasts with the gradual transition from mother’s milk to solid
feed in nature. Due to such abrupt weaning, a piglet is challenged with multiple stressors
(including environmental-, nutritional- and psychological-) which is usually associated
with changes in gut microbiota and a high incidence of diarrhoea. An optimally functioning
gastro-intestinal tract is important for the overall host metabolism and physiology, with gut
microbiota playing a crucial role (Pluske et al., 2018). Modulating gut microbiota by dietary
fibres has been previously proposed to be beneficial to the gastro-intestinal health of the
host (Montagne et al., 2003; Jha et al., 2019), especially during ‘early-life’ development (Pohl
etal., 2015; Everaert et al., 2017). However, there is a scarcity of information on the impact of
dietary fibres on intestinal microbiota and mucosal development in young piglets, utilising
the early-life ‘window of opportunity’ (Chapter 1). Therefore, this thesis aimed to evaluate
early-life nutritional strategies to prepare the pig’s intestine for weaning stress, focussing on
assessing the (molecular) consequences of the early feeding intervention (during lactation
phase) in piglets.

The principal aims of this thesis were: (i) To assess the optimal sampling type for (longitudinal)
microbiota analysis in young piglets (Chapter 2), (i) To investigate the age-related gut microbiota
colonisation and the impact of fibrous feed on the gut microbiota colonisation as well as intestinal
physiology in neonatal piglets (Chapter 3, 4), (iii) To investigate the host mucosa (transcriptome)
response due to pre-weaning fibrous feed (Chapter 5), (iv) To explore associations between
the gut microbiota and behaviour in suckling piglets (Chapter 6). Three animal experiments
were conducted to address the above-mentioned aims, starting immediately after the birth of
the piglets, and following the piglets until a few weeks post-weaning (Figure 1). The first five
days after weaning is usually considered to be the period where piglets experience maximum
weaning stress, whereas the adaptive phase (day 5 to 15 post-weaning) corresponds to an
adaptation of the gut to the weaning diet (Montagne et al., 2007). Keeping this in mind, the
study design was prepared (Figure 1), with neonatal piglets being offered a customised fibrous
feed (including dietary fibres such as galacto-oligosaccharides (GOS), inulin, resistant starch)
till weaning (around 4 weeks of age). Post-weaning effects were investigated at two stages: an
early post-weaning time-point (generally a few days after weaning) and a later post-weaning
time-point (around 2-3 weeks after weaning).

This chapter is divided into three sections: (A) Evaluating early-life feeding as an alternative

nutrition strategy in suckling piglets, where the major findings of the thesis will be discussed
and aligned with existent literature; (B) Technical considerations, where methodological
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Figure 1: Schematic overview of the experiments performed in this PhD thesis (Chapter 3, 4, 5, 6) along with the
sampling time-line and sample-type/location. The pilot experiment (to evaluate rectal swabs as an alternative to
faecal sampling) described in Chapter 2 had a different set up and is not illustrated in this figure.

limitations will be discussed along with proposed alternatives; (C) Future perspectives, where
the implications of our findings as well as considerations for future research will be addressed.

(A) Evaluating early-Llife feeding as a nutrition strategy in suckling
piglets

Stimulating early feeding in piglets

The work presented in this thesis was part of an integrated project titled “Stimulating early
foraging in piglets to accelerate their development and improve their performance around
weaning’, that allowed the investigation of the connections among “stimulating early feeding
in piglets”, their “behavioural development” and the “molecular effects” (microbiota and host
mucosa development) due to the early-life feeding.

Before investigating the impact of early feeding, it is essential to stimulate solid feed intake
in suckling piglets. In our studies, we opted for the “natural” method of pre-weaning feed
provision (ad libitum feed consumption), “mimicking” natural conditions where piglets can
show their foraging behaviour. In modern pig farming, creep feeding is an optional method to
provide complementary feed during lactation, where suckling piglets are given access to solid
feed to familiarise them to independent feeding. This may ease the weaning transition as well
as stimulate post-weaning feed intake (Bruininx et al., 2002) in piglets. However, “traditional”
creep feed is usually highly palatable, easily digestible and mainly based on milk proteins
(Okai et al., 1976), which is distant from more fibrous solid feed exposure in both natural and
commercial post-weaning conditions. In this thesis, the pre-weaning diet was customised
to stimulate the intestine of a suckling piglet, having a fibrous feed composition containing
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dietary fibres, such as galacto-oligosaccharides (GOS), inulin and resistant starch with a varying
degree of solubility and fermentability.

To stimulate early feeding, we provided the fibrous feed two days after birth in a long feed
trough (100 x 24 x 8 cm; having approximately 8 feeding spaces) in experiment 1 and 2 (EF;
Chapter 3, 4). Observational (video analysis) data from both the experiments indicated that
eating started mostly during the second week (between 9-11 days of age), increasing over time
and displayed maximum eating in the last week before weaning (Figure 2).

However, the increasing eating score was not consistent for all piglets, and a high individual
variation was observed between and within litters. Against expectations, the eating score did
not display a consistent development over time (i.e., steady increase or reaching a plateau),
but appeared to display considerable daily variation up to the weaning timepoint (Figure 2),
illustrating the unpredictability of solid feed intake in suckling piglets.

Our observations are in agreement with previous studies on creep feeding (Pajor et al,,
1991; Bruininx et al., 2002, 2004; Heo et al., 2018), that reported a large individual variation
in feed intake ranging from “no eating” to “high” feed intake within the creep feeding group.
Therefore there is a need to find strategies for stimulating early feed intake in suckling piglets,
i.e., increase the number of piglets consuming the feed and enhance the feed consumption.
This habituation to ingesting and digesting (some) feed during lactation may lead to “more
robust” pigs around weaning for which the dietary transition at weaning is less challenging.
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Figure 2: Daily eating behaviour in suckling piglets over 4 weeks (data from experiment 1 and 2). Two piglets having
the highest eating score (video observation) in the respective experiments are shown in green lines.
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In the (integrated) project, different strategies have been evaluated to stimulate foraging
behaviour in suckling piglets such as an ‘enriched pen’ with foraging materials, a ‘foraging-
stimulating’ play-feeder, dietary diversity as well as feed presentation in sand (Middelkoop,
2020 PhD Thesis). The most effective and feasible strategy was chosen to stimulate EF pigletsin
experiment 3 (Chapter 5) which was a combination of (i) the ‘foraging-stimulating’ play-feeder
and (ii) learning from the sow (Figure 3). The play-feeder strategy (Middelkoop et al., 2019a)
stimulated the time spent exploring the feeder and led to a higher number of piglets within a
litter to visit the feeder (video observations), compared to litters provided with a conventional
feeder. Furthermore, ‘learning from the sow’ was included since a previous study (Oostindjer
etal,,2011) has shown that ‘learning to eat’ is more effective when piglets can participate with
the mother as well as observe her while she is eating. Applying diversity to the feed, which has
been shown to be effective in stimulating feed intake in suckling piglets (Middelkoop et al.,
2018,2019b), may lead to confounding effects on the intestinal microbiota and was therefore
not included in experiment 3.

Contrary to our expectations, inclusion of these feed-intake stimulating strategies in experiment
3 (Chapter 5) did not seem to improve eating in EF piglets, as these had pre-weaning feed
intake (at pen level) values comparable with those in the previous experiments in this thesis
(Figure 3). This is in agreement with previous observations (Middelkoop et al., 2019a) that
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Figure 3: Experiment 3 included strategies like providing a ‘play-feeder’ and allowing ‘learning from the sow’ to
stimulate eating behaviour in suckling piglets. An extra foraging area’ was built in front of the sow, with two feeders
(eight spaces) attached with ‘play materials’ like canvas clothes, braided natural cotton ropes and PVC spiral tubes.
The feeders were placed in front of the sow for ‘learning from sow’ strategy, where sows were allowed to partially
enter the foraging area’ and eat with the piglets for 10 mins two times a day till weaning.

In the panels on the right, the average feed intake per pen (in grams) are shown for all three experiments conducted.
The black dots are individual pens followed over different time-points. At day 30, the average feed intake was 3.96
Kg/pen in experiment 3 whereas it was 4.19 Kg/pen for experiment 1 and 2 (combined).
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reported a minimal effect of the play-feeder on pre-weaning feeding (i.e., creep feed intake per
pen) although it was successful in eliciting and sustaining exploratory behaviour directed at
the feed(er) in suckling piglets. Furthermore, effects of the ‘learning from the sow’ strategy, on
sow and piglet behaviour during the procedure varied (R. Choudhury, personal observation).
This strategy involved allowing the sow (with her snout; two 10-min sessions per day) access
to a ‘foraging arena’ that was normally only accessible to her piglets, during which the piglet
feed was presented on the floor and in the feeders (Figure 3). In four of the seven EF pens, sow
and piglets ate together during these 10-min sessions, in line with our expectations. However,
that was not the case for all pens, for example, some of the sows were resistant to consume
the piglet feed and were waiting for their own feed, which was provided after each session. In
another pen, the piglets did not enter the foraging arena’ when the sow was eating, and started
suckling the standing sow for milk. The above-mentioned behaviours were quite consistently
observed for those particular pens on all days. All these individual (or pen specific) behavioural
variations can thus render such feeding strategies (in suckling piglets) difficult to be uniform
in their effect. On one hand, the lack of uniformity poses a challenge to form a homogenous,
well-eating group in piglets. On the other hand, a natural gradient of eating behaviour is formed,
allowing us to evaluate the consequences of these individual variations in piglets (Chapter 4).

Dynamic microbiota colonisation in early-Llife followed by subsequent
homogenisation

Prior to evaluating the effect of early feeding on gut microbiota, we aimed to assess the
microbial colonisation or microbiota development over time (regardless of treatment groups),
i,e., from birth to 7 weeks of age (Chapter 3, 5). As anticipated, we observed distinct pre-
and post-weaning associated microbes (irrespective of treatment) with a gradual increase
in microbial diversity and “microbiome age” (as determined in redundancy analysis of age)
over time (Figure 4), eventually reaching a plateau. After 2-3 weeks post-weaning, a relatively
stable microbial composition was reached predominantly induced by post-weaning (feeding)
conditions. Early colonisers (generally facultative anaerobes that can survive in relatively higher
levels of oxygen) such as Escherichia-Shigella, Enterococcus and Streptococcus first create an
anaerobic environment in the neonate gut, allowing the colonisation and/or proliferation of
strict anaerobes like Romboutsia, Intestimonas, Methanobrevibacter, Christensellaceae group
R-7 during 3-4 weeks of age (Chapter 3). After weaning, a drastic shift in microbiota composition
occurred, dominated by fibre-degrading bacteria such as Prevotella, Faecalibacterium,
Subdoligranulum, Roseburia, Megasphaera, which is likely due to the dietary shift from sow’s
milk to plant-based solid diet.

The sole dependence on solid feed (after commercial weaning around 4 weeks of age) is a key
event that affects the intestinal microbiota as well as the host physiology of the developing
piglet (Heo et al., 2013). Our results are consistent with previous studies (Davenport, 2016;
Rothschild et al., 2018; Scepanovic et al., 2019) that collectively suggest diet as one of the
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Figure 4: Age-associated intestinal microbiota dynamics at pre- and post-weaning.

prominent drivers of microbiome composition and diversity in various mammals. Specifically
in pigs, a previous study concluded that the combination of age, introduction of solid food,
and weaning as the main driving forces for the succession and establishment of the microbiota
(Bian et al., 2016). They reported that although the impact of breed or host genetics (internal
factor) was evident in the early suckling period (< 2 weeks of age), it was overruled by the
introduction of solid food/weaning (external factor) in the later ages. After weaning, piglets
also undergo (small intestinal) morphological changes at the mucosa level, having a lower
villus length as well as villus:crypt ratio (Chapter 5), which is in line with previous literature
(Bruininx et al., 2004; Al Masri et al., 2015). The post-weaning morphological alterations could
also be caused by the reduced nutrient intake (or transient starvation) in the first 48 hours after
weaning, independent of the dietary change from mainly sow’s milk to (solid) feed.

While the intestinal microbiota during early-life is known to be dynamic and variable among
individuals, initial bacterial settlers like Escherichia-Shigella, Fusobacterium showed similar
colonisation patterns in both the experiments conducted in this thesis (Figure 5; Chapter 3,
5). Experiment 1 and 3 of this thesis enable the assessment of microbiome development over
time in piglets. Remarkably, the colonising microbes at various ages were mostly comparable
between the two studies, though there were a few inconsistencies. For example, in experiment
1, Prevotella was the dominant post-weaning microbe with relative abundance increasing
from 2% at weaning (day28) to 15% at dayl4 post-weaning (day+14), whereas in experiment
3 Lactobacillus was detected as the dominant genus increasing from 6% at weaning (day29)
to 35% at day+19 (Figure 5). The main differences between the two experiments were the
lack of repeated sampling (from the same piglets) in experiment 3 and the later post-weaning
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Figure 5: Pre- and post-weaning associated microbes in experiment 1 and 3 showing their average relative
abundance at each time-point.

sampling point (day+14 vs. day+19), however that seems unlikely to cause these variations.
Both Prevotella and Lactobacillus have been reported to be prevalent in weaned piglets
in several studies (Chapter 1). Members of the Prevotella genus are known to metabolise
plant-derived non-starch polysaccharides to produce short-chain fatty acids (SCFAs), via
degrading polysaccharides in plant cell wall with enzymes (such as B-glucanase, mannase, and
xylanase) (Flint and Bayer, 2008). In addition, some Lactobacillus species are well-equipped to
metabolise carbohydrates like oligosaccharides and starch (Génzle and Follador, 2012), that
are abundant in the post-weaning diet providing favourable conditions for members of this
genus. Notably, the relative abundance of the Lactobacillus genus has been previously shown
to be variable among pig breeds (Bian et al., 2016), but that has no relevance in our studies as
the experiments were conducted with the same genetic line. The establishment of a “dominant
species” can potentially be just a chance or timing event rather than a consistent predicted
outcome, with microbes having a fermentative capacity getting a benefit to compete against
others immediately after weaning, setting a stage for a relatively stable adult microbiome.

Early feeding leads to accelerated maturation in intestinal microbiota as well as
host mucosa

The primary aim of this thesis was to evaluate the impact of early feeding (of fibrous feed) on
the intestinal microbiota and host transcriptome in suckling piglets, compared to the control
(CON) piglets that did not receive any pre-weaning feed and suckled mother’s milk exclusively
(Chapter 3, 4 and 5). Early-fed (EF) piglets displayed an ‘accelerated maturation’ in their
microbiota colonisation (pre-weaning; Figure 6), which was illustrated by a higher (alpha)
diversity, emergence of typical post-weaning associated microbes (e.g., Prevotella, Roseburia,
Faecalibacterium, Ruminococcus) (Figure 6) as well as rapid decline of pre-weaning microbial
genera (e.g., Fusobacterium, Eschechichia-Shigella, Intestimonas, Bacteroides). The effect
of early feeding started to be evident from 15 days of age till weaning, which coincided with
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increased eating scores in video observation. Importantly, eating behaviour was quantitatively
correlated with the degree of microbiota acceleration at individual animal level. This illustrates
the relation between amount of feed consumed and the microbiota adaptations, thus supporting
that these changes are caused by feed intake (i.e., more eating = more microbiome change;
Chapter 3). Interestingly, our findings are analogous with a previous study (Vo et al., 2017)
which reported ‘accelerated microbiota maturation’ as a result of exposure to agricultural
soil (for unrestricted rooting behaviour) from 4 days of age till weaning (day21). Rooting is a
natural behaviour in pigs, where they use their snout as a tool for foraging i.e., explore their
surroundings and find food (Studnitz et al., 2007). Similar to EF piglets, an increased abundance
of microbial groups such as Prevotella, Blautia, Faecalibacterium, Coprococcus were detected
in soil-exposed piglets, which can be possibly explained by the presence of plant material
(mainly fibres) available in the soil, hence making it analogous to our (fibrous) intervention.
However, the soil consumption by the piglets (during rooting) would be possibly minimal (soil
intake not reported in the study), which is reflected by the considerably smaller effect size of
the microbiota changes due to soil exposure compared to our study.

Early feeding exhibited maximum impact on colon, while being much more moderate on
smallintestinal locations (Chapter 4, 5), which is in line with previous literature reporting the
effect of dietary fibres on the distal regions of the intestine. Short chain fatty acids (SCFAs),
such as acetate, propionate and butyrate, are important metabolites in maintaining intestinal
homeostasis, produced by bacteria that feed on dietary fibres (predominantly in the distal
part of the intestine). SCFAs, particularly butyric acid, can modulate the expression of genes
involved in gut motility, host defence and inflammatory responses, contributing to adequate
establishment and maintenance of the intestinal barrier (Hamer et al., 2008; Leonel and Alvarez-
Leite, 2012; Den Besten et al., 2013; van der Beek et al., 2017). The EF-associated microbiota
were typical SCFA-producers, which was also reflected by the increased amount of total SCFAs,
as well as specific SCFA butyrate and acetate, and the lower luminal pH in EF relative to CON
piglets at weaning (Chapter 4). It can be anticipated that there will be an age-related increase
in the SCFA concentration levels post-weaning (Ayuso et al., 2020), although the persistence of
the impact of early feeding on SCFA levels was not evaluated in our studies. However, it should
be noted that microbial SCFAs production in the intestinal lumen and their absorption by the
colonic epithelium is a highly dynamic process and the measurements (in vivo) merely display
a snapshot view. Therefore this provides an inadequate representation of the actual SCFA-
flux that is subject to substantial fluctuation, depending on feeding timeframe and history,
as well as mucosal adaptation of absorptive capacity (Von Engelhardt et al., 1989; Verbeke et
al., 2015). For a better understanding of the SCFA kinetics, future studies might apply stable
isotope-labelled nutrients in combination with metabolic modelling (meta-transcriptomics
or meta-proteomics) to assess metabolic changes in the microbiota and the host (de Graaf
and Venema, 2007; Verbeke et al., 2015).
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Figure 6: Graphical representation of the molecular changes due to early feeding (fibrous feed) at weaning (day
28/29) and at an early post-weaning time-point (day+3) in the colon mucosa. The early-life dynamics reached
stability 2-3 weeks post-weaning, where both the treatment groups converged in their microbial composition and
transcriptome. The intestinal microbiota in early-fed (EF) piglets showed an accelerated maturation with a higher
microbial diversity, microbiome age and presence of post-weaning microbes (typically SCFA producers) just before
weaning, compared to the control (CON) piglets. At weaning, cellular energy metabolism (mitochondrial oxidative
phosphorylation or OXPHOS) and immune response were altered in EF piglets, which is modulated by the key
transcription factor PPAR-y. Colonic epithelial cells consume SCFAs (particularly butyrate) through R-oxidation in
mitochondria, producing energy (ATP) and generating reactive oxygen species (ROS). The cellular homeostasis
is maintained by sirtuin proteins like SIRT5 which balances the altered cellular ROS levels. Day+3: Weaning stress
activates the p38 mitogen-activated protein kinase (p38 MAPK) signalling as a response to external stimuli or
stress, along with TGF-R (transforming growth factor-beta) pathway, that regulates the post-weaning adaptation
process. Increased gene expression of cytokines (IL18, TGFB1, TGFB2), leukocyte migration, extracellular matrix
proteins indicates an improved mucosal response in EF piglets compared to the CON group. 1 significant increase;
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The host transcriptome displayed a similar trend of progression as was seen for the microbiota
maturation during the same timeline, with maximum impact of early feeding just before weaning
and reaching relative stability 3 weeks post-weaning (Chapter 5). Moreover, the effect of early
feeding was more pronounced in the colon transcriptome, analogous to the more extensive
microbiome changes in the same intestinal region. Just before weaning (day29), the colon
transcriptome of EF piglets showed significantly altered pathways involved in cellular energy
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metabolism (mitochondrial oxidative phosphorylation or OXPHOS), lipid metabolism and
immunity, including the upstream activation of PPAR-gamma (Figure 6). The upregulated
(cellular) energy metabolism is expected due to the increased SCFAs production (particularly
butyrate) in EF piglets, which are utilised by the colonic epithelial cells as an energy source,
and subsequently metabolised in mitochondria to produce ATP (Wojtczak and Schonfeld,
1993; Haenen et al., 2013a). Import of SCFA by colonic epithelia is mostly carrier-mediated
with proton coupled transporters mediating SCFA influx from lumen and SCFA efflux into
blood (Sivaprakasam et al., 2017; Venegas et al., 2019). This was reflected in the increased
expression of solute carriers such as SLC16A1 (monocarboxylate transporter) and SLC26A3
(chloride anion exchanger) in the EF group, mediating the SCFA transport across the cellular
membranes. However, expression of other transporters such as the sodium coupled transporter
SLC5A, known to be regulated by colonic microbes (Sivaprakasam et al., 2017) did not seem
to be altered in EF piglets (Figure 7). Through binding to G protein-coupled receptors such as
GPR41 (FFAR3), GPR43 (FFAR2) and GPR119 or by inhibiting histone deacetylase (HDAC), SCFAs
can influence regulatory pathways that impact intestinal mucosal homeostasis, immunity and
barrier integrity (Mingming Sun, Wei Wu, Zhanju Liu, 2017; Fellows and Varga-Weisz, 2020).
Although a tendency of repressed HDACT expression was found in EF compared to CON piglets
(Figure 7), GPR41, GPR43 and GPR119 were not differentially expressed and actually had a
very low expression level (counts per million < 7) in most of the samples irrespective of the
treatment. This might be explained by the cell-lineage-specific and time-associated variations

A_ | B HDAC7
o5 “ FABP1 o ey e
o 124
5 05 B . . & 5458
o o | ®m "] | : . . .
I : g ‘ ‘ a G 55 5 10
o s a o o o 1 % é 1 3 % ?
9 E E a g N % i
9 E E g s B
50 .
SLC1EAL S % :
SLC5A8
SLC2EA3 ISCFA transporters
SLCZAS p —— — —
GERA3 "96‘,933‘59"‘:;,3190‘}? "’5;?* 0,4‘&9‘!‘;*90 RN 59‘\«@7’;, E ~”¢,¢. X
FEARd Pt ST A

HDACT SCFA receptors ENSSSCG00000040035
peana and downstream genes “ REG4 " (uca) " TFFY

Specific intestinal
cell-type markers

logCPM

I IHIIJIII H

7 T
e LtEAT FAFA I SIS
EAXS & P F G & P A et
REG4 =+
ITLNZ T
MAPKLl 85- CLONG
MAP4KLl
MAB3KL s
TGFBEL
i .
crong Weaning stress-related 5
e & tight junctions £ 1o
JAM3 65
LAME3
cmme1

| ©cL20 “"—'—'—‘—'—'—‘—* e & o P
ce1zs RS

o P I

Figure 7: (A) Heatmap displaying colonic gene expression of SCFA transporters, SCFA sensing receptors, specific
intestinal cell-type markers and tight junction proteins (literature identified) in CON and EF piglets. The expression
values (averaged per group per time-point) are scaled by the mean value of total day+21 expression (irrespective of
treatment). (B) A few genes shown in box plots along with their P value (differential expression analysis, EdgeR test)
(***:P<0.001).
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in the expression levels of GPR41 and GPR43, which was found lowest in the colon tissue of
4 weeks old pigs (Li et al., 2014). Furthermore, this is consistent with previous pig studies
(Haenen et al., 2013b; Venegas et al., 2019) that found no fibre-induced changes in the gene
expression of these SCFA-sensing receptors, indicative of potential species-related differences
in the regulation of the receptor itself (may not be required in pigs) to elicit the downstream
signalling cascades. To further evaluate the sensing receptors in the porcine colon, in vitro
experiments can be designed using porcine organoids (or colonoids derived from 4-week
old pigs for instance) combined with RNA-sequencing to understand their response to SCFAs
exposure. Taken together, it appears that SCFA transporters (especially SLC16A1) in the colon
mucosa are regulated by the microbe-derived metabolites in EF piglets, while additional studies
would be necessary to assess the effective SCFA-sensing GPRs in pigs.

Our results corroborate with findings of previous fibre intervention studies (Haenen, 2013; Lange
et al.,, 2015) which proposed PPAR-gamma as a central regulator of (colonic) transcriptional
responses to dietary fibres, modulating lipid metabolism and immune pathways. Peroxisome
proliferator-activated receptors (PPARs) are a group of ligand-activated transcription factors
that regulate various metabolic processes such as fatty acid metabolism (Fan and Evans, 2015)
and are also involved in regulating microbiota-mediated intestinal homeostasis and immunity
(Su et al., 2007; Oh et al,, 2019; Cai et al., 2020). Although PPAR-gamma was activated in EF
piglets at weaning, the (fibre) fermentation associated genes reported in rodent studies (Zhou
et al., 2006, 2008), such as glucagon (GCG) and peptide YY (PYY) were not differentially altered
in EF piglets (Figure 7), which may be indicative of species-specific regulatory differences and
supports the need for further mechanistic exploration in in vitro cell models using porcine cells.

In chapter 5, we demonstrated the “accelerated maturation” in the intestinal mucosal
transcriptome at weaning, due to early feeding which was closer to the “convergent” post-
weaning transcriptome obtained three weeks post-weaning. At weaning (around four weeks
of age), the gastro-intestinal tract of a piglet is immature and thus early-life intervention
can induce transcriptomic changes in the mucosal tissue. The intestinal epithelium is one
of the most rapidly renewing tissues, where the epithelial cells are continuously renewed
approximately every 3-5 days, leading to a reformed monocellular lining of the intestine. The
epithelial integrity and rapid turnover are supported by intestinal stem cells (ISCs) located at the
base of intestinal crypts that generate the progenitors of all intestinal epithelial cell-lineages,
including absorptive cells (enterocytes and colonocytes), secretory cells (mucus-secreting
goblet cells, hormone-secreting enteroendocrine cells), and antimicrobial peptide-secreting
Paneth cells. Previous studies have demonstrated the influence of microbiota in determining
specific cell-types in the intestinal epithelium via modulating signalling pathways like Notch
and Wnt/b-catenin signalling (Peck et al., 2017; Lee et al., 2018; Troll et al., 2018; Xing et al.,
2020). For example, it has been previously (Lee et al., 2018) shown that microbiota-derived
lactate can impact stem cell-mediated intestinal development, having an increased expansion
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of intestinal stem cells, Paneth cells, and goblet cells in mice fed with Bifidobacterium and
Lactobacillus spp. The impact of early feeding (i.e., accelerated microbiota) on the specific
intestinal cell-type markers (literature-known) was thus evaluated and the maturation of the
EF piglets was further apparent from the modulation of certain markers, such as FABP1 (fatty
acid-binding protein 1; associated with differentiated enterocytes) (Gregorieff, 2005; Rodriguez
Sawicki Luciana et al., 2017), CDX2 (caudal type homeobox 2; associated with enterocyte
differentiation and proliferation) (Coskun et al., 2011), LGRS (leucine rich repeat containing G
protein-coupled receptor 5; stem cell marker) (Barker et al., 2007; Fernandez Vallone et al., 2020),
TFF3 (trefoil factor 3; expressed within goblet cells) (Scholven et al., 2009; Aihara et al., 2017)
as well as REG4 (regenerating family member 4; deep crypt secretory cells functioning as the
colon equivalent of Paneth cells) (Sasaki et al., 2016) (Figure 7A, B). Furthermore, an increased
expression of a common goblet cell marker MUC2 gene (ENSSSCG00000040035) was found in
EF piglets at weaning. Initially, the gene was not detected in our RNA-seq dataset, however a
recent study has shown Ensemble ID ENSSSCG00000040035 corresponding to the MUC2 gene
(NCBI gene tracks of NC_010444.4; Chromosome 2) in porcine organoids (van der Hee et al,,
2020). Nevertheless, the differential expression between the treatment groups did not hold true
for other known Paneth and goblet cell markers such as, SOX 9 (SRY-Box transcription factor
9; involved in Paneth and goblet cell differentiation) (Bastide et al., 2007), GFI1 (growth factor
independent 1 transcription repressor) (Shroyer et al., 2005; Chen et al., 2018), MSI1 (musashi
RNA binding protein 1; suppresses Paneth cell differentiation) (Murayama et al., 2009), which
were not differently expressed in EF compared to CON piglets. Differential expression of marker
genes for specific cell-types (mentioned above) would imply that the numbers of those cells
are different between the treatment groups, and requires further evaluation for example, using
cell-lineage specific staining in intestinal tissue samples. This may in turn inspire molecular
hypotheses and further studies can strengthen our understanding of the mechanism of how the
microbes modulate the host function and how the host regulates this homeostatic dialogue.

During the weaning stress period, EF piglets had a better mucosal response (day+3) reflected in
the activation of p38 MAPK, TGF-beta signalling and increased cytokine production (IL-8, TGFB1,
IFNGR1), as well as increased expression (responsiveness) of genes ACTG2, ACTN1, ACTN2, ITGAL,
ITGA5, MMP(s), RHOD, RHOBTB1, VCL that are associated with intestinal barrier function, which
suggests that EF piglets maintain an improved mucosal barrier during weaning-stress (Figure
6) compared to the CON piglets. Although TGF-beta stimulated actin cytoskeleton in EF piglets
necessary for maintaining barrier integrity during external stress, the gene expression level of
tight junction (TJ) proteins (e.g., Claudin, Occludin, JAM3, LAMB3) was not altered (Figure 7).
However, the gene expression does not necessarily reflect the TJ protein levels or their post-
translational modifications and/or functional as well as barrier supporting interactions in the
actual tight junction complex (Karczewski et al., 2010; Lechuga and Ivanov, 2021).
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Taken together, we demonstrate that early feeding in young piglets modulates their microbiota
development as well as intestinal maturation, making the piglet better prepared (more mucosal
responsiveness) for the weaning transition. It is remarkable that we observed these effects in
spite of the fact that the (fibrous) feed intake in suckling piglets (including good eaters) was
very low as compared to the milk intake that constitutes the main nutrient and energy source
of the young piglet. This thesis further underlines the importance of the early-life “window
of opportunity” to accelerate the intestinal development towards a relatively matured state,
thereby better preparing the piglets for the post-weaning adaptation. It remains unclear
whether the effects of early feeding can persist long-term, as the experiments conducted in
this thesis do not go beyond 3 weeks post-weaning where the differences between the two
treatment groups seem to have vanished. However, this does not exclude the possibility that
there are “early-life programming” effects (not evident in the transcriptome profile of the
intestinal mucosa within this timeframe), that may be present in different body-parts of the
piglets (e.g., liver, brain or even intestine), and can be apparent only in challenging situations
(e.g., responsiveness or coping capacity of the piglets). Hence, it can be useful to study the
long-term consequences of early feeding on metabolic, immune and behavioural flexibility
of pigs, especially when employing stressful conditions (e.g., low-hygiene, environmental and
social stress like heat stress, fasting etc.).

(B) Technical considerations

Sampling method: Mucosa-adhered versus Lumen microbes

Prior to investigating the impact of early-life feeding on microbiota, we initially performed a
study to assess the optimal sampling method for (longitudinal) microbiota analysis in young
piglets (Chapter 2). Although faecal sampling is a commonly used sample type for microbiota
analysis, it is not feasible in all situations, especially considering the difficulties in obtaining
fresh faeces from neonatal piglets (< 2 weeks of age; Chapter 2). Rectal swabs were therefore
evaluated, as an alternative to faecal samples, to study the porcine microbiome development
in early-life. Previously, we concluded that regardless of the sample type (swab, faeces), the
biological interpretation with respect to age-related microbiota colonisation was found to be
mostly comparable. Consistent with previous observation (Chapter 2), in later studies (Chapter
4, 5) we also found that rectal swabs tend to capture additional mucosa-adhered microbial
groups (when evaluating treatment differences) that potentially confounded the variability of
the data (explained variation: 5.3% in colon vs. 2.4% in swabs; day29, Experiment 2). To further
investigate the microbiota differences in the sample types and refine our former conclusions,
we analysed colon (representing luminal) and rectal swabs (representing both luminal and
mucosa-adhered) samples collected from the same animals at the same time-point (n =28
per sample type; day29, Experiment 2). Global comparison by principal component analysis
showed clustering based on sample types predominantly, except for a few paired sample types
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that were close to each other (PCA; Figure 8A). This is most probably related to the variable
degree of adhered populations in swab samples due to the spontaneous defecation by some
piglets during swab collection, which also explains the higher variability observed in the swab
samples (reflected by the distance between swab and colon sample). Microbial signatures
associated with each sample type were assessed using redundancy analysis (RDA; Figure 8B).
This enabled the identification of rectal-swab associated microbes such as Escherichia-Shigella,
Enterococcus, Actinomyces, Trueperella, Peptostreptococcus, Anaerococcus, Peptoniphilus as
well as microbes that are more abundant in the colon such as Oscillibacter, Prevotellaceae
UCG-004, Prevotellaceae UCG-003 and Rikenellaceae RC9 gut group. This is in line with our
previous study (Chapter 2) that highlighted some of these typical mucosa-adhered microbes
to be enriched in swabs. However, it is to be noted that except Escherichia-Shigella (Figure
8C), most of these mucosa-adhered microbial genera have very low relative abundance.

To evaluate whether the EF intervention impacted the mucosa-adhered microbial community,
we make two selections of the adhered microbes: (1) unique genera found in swabs (strictly
reflecting the swab sample type) and (2) genera strongly enriched in the swab (not strict but
still strongly associated with the swab), and perform the redundancy analysis to address the
question. Comparative analysis of the identified genera in rectal swabs and colon samples
detected 19 microbial groups unique to rectal swabs, that capture only 2.24% of total
microbial population (Figure 8D). Importantly, the shared bacteria between the two sample
types, encompassed about 96-98% of the total microbial population, thereby indicating the
relatedness of the swab and colon microbiota. We re-evaluated the data in the context of the
“acceleration effect”, by separately analysing the mucosa-adhered and luminal population in
the rectal swabs. Post-hoc segregation of the rectal swab data was performed, followed by re-
normalisation of the relative abundance and redundancy analysis of the treatment variable. The
acceleration effect in EF piglets was recaptured in the luminal population of the rectal swabs,
but not by the mucosa-adhered microbes (unique to rectal swabs; Figure 8D). However, it is
to be noted that microbial groups such as Escherichia-Shigella, Enterococcus, Actinomyces
(enriched but not exclusive to rectal swabs), were not included in the previous analysis with
19 mucosa-adhered microbial groups. Subsequently, the second option of assessing the
mucosa-adhered microbes was employed by selecting the microbes strongly enriched (not
unique) in the swab samples (top 20; identified in Figure 8B). With this set, we observed a near
significant tendency of EF intervention impacting the mucosa-adhered microbial community
(P =0.056; Figure 8E), with an altered abundance of microbial groups like Clostridium sensu
stricto 1, Peptoniphilus, Escherichia-Shigella, Pasteurella. Intriguingly, the microbial group
Escherichia-Shigella, which is often associated with post-weaning diarrhoea, appeared to be
enriched in CON group, potentially suggesting the prevention of their enrichment due to early
feeding. Overall, in this thesis we have employed both rectal swabs (Chapter 3, 5) and colon
(Chapter 4, 5) samples to investigate the impact of early feeding on microbiota development,
and the biological inference of “accelerated maturation” was detected in both sample types.
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Figure 8: Evaluating microbiota composition (genus level) in rectal swabs and colon content, collected from
the same animals at weaning (experiment 2). (A) Principal Component Analysis (PCA) of rectal swab (red) and
colon (black) microbiota, with samples from individual piglets joined by dotted lines. (B) Redundancy analysis (RDA)
of rectal swab and colon samples (P =0.002), displaying discriminating microbial groups (response score > 0.60). (C)
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microbes). The percentages (outside the diagram) indicate the relative abundance captured by the shared genera,
i.e., 203 microbes capture 96.2% and 98.7% of total microbiome in rectal swabs and colon samples respectively. The
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(filtered out and re-normalised) by RDA to evaluate the acceleration effect in early-fed (EF) piglets. Additionally, (E)
the treatment effect was evaluated in the mucosa-adhered population (top 20; identified in RDA of sample types;
figure 7B).
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For future studies in neonatal piglets, we need to keep in mind the variability brought by the
presence of mucosa-adhered populations in rectal swab samples (possibly due to spontaneous
defecation during sample collection). Nevertheless, the rectal swab samples provided the
opportunity to evaluate the impact of EF intervention on the mucosa-adhered populations.
A data filtering method (as depicted above) can be applied to segregate the luminal and
mucosa-adhered microbial populations in the rectal swab samples and assess the biological
response (of an intervention) separately.

Assessing feed intake of individual piglets

Feed consumption in the suckling period as well as post-weaning can vary greatly among
individual piglets (Bruininx et al., 2004). Moreover, microbiota composition and diversity can differ
substantially due to various environmental factors such as diet, age, housing, litter and stress.
Assessing the consequences of early-life feed-intake requires correction for these potentially
confounding factors, although diet is an overruling factor over the above mentioned factors. It
is therefore essential to determine the individual feed intake of piglets in order to evaluate the
microbiota and mucosal consequences of the nutritional intervention. This was also evident
from our previous observation that the eating time (reflecting feed intake) quantitatively
associated with the microbiome adaptation (Chapter 3). In this project (Middelkoop, 2020),
individual feed intake of piglets was determined either by continuous video recordings (12
hours every day for 4 weeks; Chapter 3, 4) or by 1 minute instantaneous scan sampling
(Chapter 5), identifying the (good, moderate, bad) eaters within the EF litters. The video scores
provided an “estimate” for the amount of eating per piglet and were quantitatively related to
the observed microbiota compositional changes during the pre-weaning period (Chapter 3,
4). However, assessing individual feeding of piglets via observations can be quite tedious and
time-consuming, in addition to observer dependent subjectivity that includes for instance
the problem of reliably distinguishing eating behaviour from chewing or playing behaviour.

An alternative method would be using “dietary markers” that are routinely applied in nutritional
studies to assess digestibility of nutrients and its kinetics in animals. The total feed intake can
be calculated from the total faecal marker-output, provided that the relative faecal recovery
of the marker (preferably completely) is known. Dietary markers can be broadly divided into
two types: (a) external markers that are additionally added in the feed, for example chromium
oxide (Cr,0,), titanium dioxide (TiO,) and other indigestible markers (Kim et al., 2010; Jacobs
et al,, 2017), (b) endogenous or internal markers such as acid (HCl)-insoluble ash (Moughan
etal., 1990), lignin (Jagger et al., 1992) and n-alkane (Sandberg et al., 2000) that are naturally
present (and/or can be deliberately increased) in the feed ingredients. In pigs, chromium
oxide has been the most commonly used faecal marker for digestibility studies, however it has
mutagenic and carcinogenic properties (Mamyrbaev et al., 2015) and can influence microbiome
composition and function (Wu et al., 2017). Although metal markers are generally assumed as
“inert”, a clear effect of titanium dioxide (at physiological doses) on microbiota and intestinal
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homeostasis was found (Pinget et al., 2019), with increased abundance of Parabacteroides,
Lactobacillus and Allobaculum in mice. This highlights the importance of thoroughly evaluating
these dietary markers prior to employing them in microbiome-oriented studies. A previous
study in weanling pigs (Tian et al., 2017) showed that faecal samples retained the non-starch
polysaccharides (NSP) of the fibrous diet, with constituent monosaccharides (glucose, xylose,
arabinose, uronic acid and galactose) correlating with produced acetate (SCFA) as well as
microbiota. Keeping that in mind, we tried to estimate the individual feed intake of piglets by
evaluating the monosaccharide composition of their faeces by acid hydrolysis (i.e., conversion
of manure fibre into fermentable reducing sugars) (Wen et al., 2007). We hypothesised that
faecal samples of the piglets that consumed more fibrous feed (good eaters) would display
increased amounts of neutral plant-polysaccharide derived sugars than those of the EF piglets
that consumed a lesser amount (bad eaters) and CON piglets (which had no exposure to fibrous
feed). Surprisingly, against our expectations, similar amounts of all constituent neutral mono-
sugars detected were found in the faeces of good- and bad-eating EF as well as CON piglets
(Figure 9). This is puzzling because the milk-suckling CON piglets had no exposure to fibrous
feed pre-weaning, and their faeces were therefore not expected to contain monosaccharides
derived from typical plant-polysaccharides like arabinose and xylose, which are abundant in
the cereal grains (plant cell wall). A possible explanation may be found in the observed chewing
on the sows faeces (coprophagy) (Aviles-Rosa et al., 2019) by the CON piglets whereby they may
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Figure 9: Constituent monosaccharide composition (in mol%) of the faecal samples obtained from EF (red dots)
and CON (blue dots) piglets in the pre-weaning period (Experiment 1) by acid hydrolysis to cleave the glycosidic
bonds, thereby releasing mono-sugars, which were measured in gas chromatography. Following previous protocol
(Tian, 2016), freeze dried faecal samples were pre-hydrolysed (72% w/w H,SO, at 30 °C for 1 h), followed by hydrolysis
(1M H,SO, at 100 °C for 3 h), and derivatisation of monosaccharides to their alditol acetates with inositol as an
internal standard (Englyst and Cummings, 1984). On the right panel: Pearson correlation plots between mono-
sugars (arabinose and xylose) and the eating behaviour in the last day before sampling (video scores in seconds).

226



General Discussion

be exposed to plant-derived sugars, but the amount of sow faecal matter ingested would be
minimal (mostly rooting behaviour; (Middelkoop, 2020)) compared to the feed consumed by
EF piglets and would (if substantial) have been also reflected in their microbiota composition.
In future studies, closer inspection is needed to eliminate or employ this method based on
monosaccharide composition of faeces for determining the individual feed intake of piglets.

Quantitative immunohistochemistry to evaluate intestinal cells in lamina
propria

Automated image analysis provides an objective, quantitative, and reproducible method
of measurement for evaluating specific cell populations of interest. In Chapter 4 and 5, we
employed a semi-quantitative immunohistochemistry (IHC) method to quantify proliferating
cellsin the intestinal mucosa. The sections were double stained with proliferating cell nuclear
antigen (PCNA stain; proliferating cells) and Hoechst (nuclei), which were subsequently identified
and enumerated using Cell Profiler and FCS Express software. As both were nuclear stains, it
was possible to normalise the PCNA positive cells by the number of nuclei perimage (PCNA:
Hoechst ratio), as this number can considerably vary between images/sections. This method
enabled us to estimate the relative level of epithelial proliferation in mucosal tissue sections
in a consistent and relatively high-throughput manner. However, these analyses revealed
that we were not able to detect age-related increase in proliferating cells corresponding to
the increasing crypt depth, that contrasts with rodent studies (Zhou et al., 2019). In the post-
natal period of piglets, the immune cells infiltrate the lamina propria from 2-4 weeks of age
(Everaert et al., 2017), for instance CD4+ T helper cells start appearing around three weeks
of age (Bianchi et al., 1992). We thus wanted to assess whether early feeding impacted the
number of T cells (CD4+) and mucosal dendritic cells (CD16+) in the lamina propria. Using
previous protocols (Inman et al., 2010), the immune cell populations were visualised in the
jejunal cryo-sections from 4-week old piglets (Figure 10). However we could not establish
a standardised reproducible procedure to quantify these cells. Analogous to our previous
method (in quantifying proliferating cells; Chapter 4), we needed to have a reference stain (or
‘primary object’ in Cell Profiler) that would (a) provide the total number of cells in an image
for normalisation purposes and (b) help in detecting the target immune cells by co-localised
staining (reference for guided detection). To achieve this, we tried co-staining immune cells
with Wheat germ agglutinin (stains lectin in the cell membrane) as well as Phalloidin (stains
F-actin surrounding the cell), however there were inconsistencies in staining and their visual
overlap (co-localisation) with the target cells, rendering the chosen approach unsuitable for
quantitative evaluation. Furthermore, we observed that the CD16 marker was also staining
granulocytes in the mucosa, which is probably because these low affinity Fc receptors are
also expressed at moderate levels in granulocytes and tissue macrophages (Naeim et al,,
2018). Finally, the density of stained cells, in particular when targeting the CD4+ populations,
provided a challenge for the discrimination of individual cells, which is necessary to obtain
accurate relative cell-counts in a tissue.
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CD16+ and Phalloidin

Hoechst

Figure 10: Representative (overlay) images of Hoechst+ cells (grey) along with (A) CD4+(red) (B) CD16+(green) (C)
CD16+(green) and Phalloidin(red) in jejunal cryo-sections of 4-week-old piglets.

In conclusion, further work will be needed to optimise and evaluate the feasibility of this type
of discriminative co-staining method, which may require the use of multiple stains including
membrane stains (to better define the periphery or boundary of individual cells) to asses
accurate co-localisation with immune cell markers on individual cells. Such novel protocols
would also require substantial adjustments to the image analysis pipeline to allow the correct,
semi-automated and objective evaluation of the relative abundance of targeted cell populations.

Several intrinsic technical aspects of IHC make this methodology quite challenging for

quantitative analyses. One of these is the fact that staining intensities can be affected by multiple
factors, making it crucial to standardise each step carefully, from tissue processing, sectioning,
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primary and secondary antibody selection, dilutions, blocking (non-specific staining), auto-
florescence (e.g. eosinophils in intestinal crypts) to bleaching, filter settings forimage acquisition
(gain, intensity) as well as correct cell recognition (by automated software). Needless to say,
it is not easy to standardise all these factors and only a few laboratories have succeeded to
effectively employ IHC for the quantitative assessment of cell-populations in mucosal tissues.
Forinstance, automated counting of specific cells was previously done (Inman et al., 2003, 2005,
2007) by pixel-based counting of digitised images (represented as proportion of total pixels),
although some part of manual input was needed for determining threshold levels (for each
colour orfilter). Immunohistochemistry staining can be helpful for visualising and evaluating
specific cells and their interaction with a few other cell types, however to further elucidate
the complex mucosal interactions, IHC staining combined with transcriptomics and/or matrix
assisted laser desorption ionisation (MALDI) imaging (Bailey et al., 2019) can provide targeted
information and validate our observations at both mRNA and protein level.

(C) Future perspectives

Need to address the technical issues the field is facing

In recent years, the intestinal microbiota has emerged as an important target for evaluating
and modulating health, with alterations in microbial composition associated with imbalance
of homeostasis or disease (Vandeputte et al., 2017). Besides, the extensive application of
next-generation sequencing technologies has revolutionised microbiota research via high-
throughput profiling of the genetic contents of bacterial communities. Over the past decade,
powerful computational pipelines and numerous protocols have been established to enable
efficient analysis of large complex datasets, ranging from raw data processing, annotation
to downstream statistical analysis and functional interpretation. However, deciding on the
optimal method remains challenging as there seems to be a lack of consensus with respect
to the different steps (or methods) employed during sample collection, processing as well
as in silico pipeline analysis and statistics, which can lead to confusion and an inability to
compare results across studies. Variations in microbiota composition can be merely caused
by the technical choice of the sample collection procedure, DNA extraction protocol, 16S
primers, sequencing platform (MiSeq, HiSeq, ), data analysis (amplicon sequence variant
or ASV vs operational taxonomic unit or OTU), reference database (Greengenes, SILVA, RDP
Classifier) and downstream analysis steps (cut-off for taxa inclusion, transformation method
and statistics). The initial steps of sample prepping and processing (for sequencing) especially
limit the possibilities for comparisons across studies, while the aspect of data processing can
be compensated by downloading the original data and re-running the analysis, although
seldom done. Therefore, the field encounters a pressing need for the development of more
standardised working protocols accepted in the microbiome field. However, the constant
changes in the technological possibilities and rapid development of “improved” procedures
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(Bailey et al., 2019), hampers the building of consensus, suggesting that the field needs to
further mature to reach a stage where standardisation becomes more realistic. We can probably
draw inspiration from the field of bacterial genomics, which evolved from “non-standardised
mode” two decades back to a more unanimous and uniform approach in current years. Until
we reach the “decided and accepted” golden standard, it would be advisable to form informed
agreements starting within a group or facility.

Apart from the technical aspects, part of the variation in microbiota composition may
be explained by different host characteristics and environmental factors including age,
gender, breed, litter and housing. Multivariate analysis should be employed to evaluate the
environmental variables in the study and their consequences on the intestinal microbiome,
prior to focussing on the treatment variable (Chapter 2, 3). We observed a strong age effect,
a moderate litter effect (which was confounded with pen in our studies) and no significant
gender effect on microbiota composition, which was consistently observed in all experiments
conducted in this thesis.

Moving from group level analyses to individual-based analyses

Animal individuality is challenging to explain because individual differences are regulated by
multiple selective forces that can lead to unique combinations of characteristics (Goursot et al.,
2019). Feed intake, microbiota and behavioural (personality) characteristics are all individual-
based traits, and have not been explored at all beyond human studies (Davidson et al., 2018).
Thisis not to say that group level analyses are not valid or can be replaced, as they are important
for addressing our research questions initially. However, to further explore interactions (e.g.,
diet-microbiota-behaviour) and better understand the mechanism of action, individual level
evaluation could be vital, even this does bring in more noise in the data (Chapter 4, 6). This is
also illustrated by the varying degree of microbial abundance, in piglets belonging to the same
treatment group at the same time-point (for example, EF piglets at day29; Figure 11). Despite
all that noise [especially in this type of study (outbred lines) where within-treatment individual
variation is already high], we do detect significant developmental signatures that are affected
by EF intervention, indicating the strength of the ‘detected signal’. Anotherimportant aspect to
consider for the individual microbiota analysis is longitudinal sampling, which employs repeated
measures over a period of time and can provide crucial individual microbiota information.
Previously (Chapter 3), we have observed homogenisation of the microbiome within two
weeks post-weaning as well as presence of post-weaning microbes in EF piglets (acceleration;
following 20 piglets for 8 time-points). However, we did not consistently observe that at an
individual level in Chapter 5, because we could not follow the same animals over time as they
had to be sacrificed to obtain intestinal tissue or luminal content. Separate sets of (dissected)
piglets were evaluated per time-point, that were colonised by partially different (Figure 11; red
and green boxes), and partially the same groups of (SCFA producing) “accelerated microbes”.
Some of these microbes that are abundant at day29 (e.g., red box) do not seem to persist at
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Figure 11: Heatmap displaying the relative abundance of pre- and post-weaning microbes in EF and CON piglets
(Experiment 3) at an individual level. Ten EF piglets were sacrificed at each time-point: day29, and day+3, hence
breaking the timeline of following individual animals. Some of the EF-associated microbes that are abundant at
day29 (red box) do not persist at day+3 (green box), which is potentially because we are visualising microbiota
information from different animals.

day+3 (green box), which is potentially because we are visualising microbiota information from
different animals, thereby underlining the importance of longitudinal sampling.

Another approach of interest for repeated tissue sampling from the same animal could be
endoscopy (biopsies) or cannulation method (post-valve T-caecum or PVTC) (Kik et al., 1988;
Kohler, 1992; Jacobson et al., 2001). The PVTC method (implanting a cannula 5-15cm anterior
to theileo-caecal valve) has been standardised in growing pigs for collecting mid-gut samples
(ileal digesta or proximal colon). However, both of these methods have their shortcomings and
can beinvasive, for example, for endoscopy, sedation needs to be applied that can potentially
act as a confounding variable as well as welfare of the animal. Yet, these methods could be
optimised and further modified to be suitable for suckling piglets, keeping in mind the welfare
state of the young animal.

Pig as a model to study diet-microbiota-behaviour interaction

In Chapter 6, we explored the association between the microbiota and behaviour of suckling
piglets irrespective of the treatment and found some intriguing correlations. Obviously, further
in-depth analysis and dedicated study designs will be necessary to understand the biological
relevance of these associations, as well as the role of ‘microbiota-gut-brain axis’ in behavioural
development of young piglets. Pre-weaning personality (backtest), exploratory and anxiety-
related behavioural parameters were assessed in our study. For pig farming, studying the
associations between microbiota and damaging behaviour (tail and ear biting) towards other

231

Chapter7



Chapter 7

pen-mates, which is a major problem, would be of particular relevance. Interestingly, feather
pecking behaviour in chickens (that is analogous to pig tail biting in aetiology) seems to be
related to their microbiota composition, where early-life microbiota transplantation had an
effect on behavioural and physiological characteristics related to feather pecking (Eijk, 2019).

Apart from their resemblance with respect to diet, physiology, and gastrointestinal function,
the post-natal ‘window of brain development’ of pigs coincides with human brain development
(Chapter 1). Moreover, pigs are outbred animals that partially mimic the genetic diversity as
well as behavioural variation in human population, compared to the inbred rodent models.
As a consequence, one can expect a higher intrinsic noise in these (pig) studies, requiring a
substantial signal to detect the effect. Certainly, the noise or variability will hamper the detection
of (behavioural) effects by group based analyses, leading to inconclusive results. Alternatively,
pigs can be utilised as a developmental model to understand the fundamental aspects of gut-
brain interaction (gut-brain axis) as well as spatial learning and memory (Gieling et al., 2011).
This can be done by high resolution measurements in larger groups of individual animals
(without intervention) merely tracking individual relationships in complex multivariate data
(using advanced data-mining and in silico applications in pattern recognition, data modelling
and machine learning), that may give directions for future (more targeted) research. For example,
the designing of personalised glycaemic response algorithm (enabling accurate postprandial
glucose response prediction in humans) (Zeevi et al., 2015) can serve as an inspiration for the
field of animal science to tackle the inter-individual variability. Omics-based technologies such
as proteomics or metabolomics of brain samples (targeting specific brain locations like frontal
cortex, hippocampus, amygdala etc.) could be integrated with microbiota and transcriptomics,
for a holistic approach to understand the microbiota-gut-brain interaction. Furthermore, recent
advances in porcine brain imaging (functional magnetic resonance imaging or fMRI) could also
be implemented in such studies to evaluate this relation non-invasively (Sauleau et al., 2009;
Conrad and Johnson, 2015). This highlights the need to develop data acquisition tools (e.g.,
microsensors, individual recognition, continuous and real-time parameter recording systems)
forindividual animal information necessary to investigate these associations.

Implications in animal husbandry

Creep feedingi.e., provision of solid feed before weaning is increasingly studied and considered
as an option to improve piglet adaptation after weaning. In this thesis, we have employed a
customised (fibrous) feed composition for suckling piglets which is distant from the traditional,
milk-based creep feed composition. It is striking that a relatively lower amount of feed ingested
before weaning which is negligible in terms of nutrient and energy, can influence the microbiota
aswell as the host molecular processes. Furthermore, in our experiments, the piglets seem to
cope well with the pre-weaning fibrous diet, that is often considered to be unsuitable for young
piglets. Since we do not have a “traditional creep feed” treatment group in the experiment, it
will be difficult and speculative to make comparisons with our study. The anticipation will be
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that the non-fibrous, highly digestible traditional creep feed will probably have substantially
lower impact on microbiota (and host processes) compared to the customised feed provided
in our study. This is because diet is one of the major determinant of the microbiome (also
observed in this thesis), which also potentially suggests that the impact of early feeding in
piglets is a combination of nutrition (fibrous composition) and microbiota that is difficult to
separate (i.e., two sides of the same coin).

Combining high-resolution molecular analyses (metagenomics, transcriptomics) and animal
performance parameters can be difficult, as they require very different numbers of animals to
reach the statistical power of analysis. To assess pig performance during the weaning transition,
parameters such as average body weight gain, daily feed intake and diarrhoea scores are routinely
measured, although it is unclear whether the currently used parameters can reliably indicate
the health and performance of the animal in the long-term (up to slaughter age). Besides, it is
important to acknowledge the resilience and adaptive capacity of individual animals, which
can very adequately cope with stressful situations, leading to equally efficient performance
peranimalin the long run. In future follow up studies, the long-term effect of the early feeding
thus needs to be examined, which will show whether such “accelerated maturation” at 4 weeks
of age provides any advantages to the animal in the long run or not. To assess the long-term
effect of early-life nutrition on resilience or coping capacity of the animals, challenge models
(nutritional or environmental) can be utilised, which can potentially be relevant for human
studies as well.

The current pig farming system consists of unnatural settings with a barren environment (lack
of enrichment), too many animals on a small area, a short suckling period, abrupt weaning
transition, lack of possibilities to learn from the mother and often procedures with negative
implications for welfare (ear notching, teeth clipping or grinding and tail docking). Taking
inspiration from nature, the future farming systems can be designed with a view to support the
‘natural’ development of the pigs, such as, creating more natural habitats (closer to nature)
and/or extending lactation period, rearing family groups of multiple sows with their offspring
(loose-housed) in addition to foraging possibilities with the mother. The feeding strategy
explored in this thesis i.e., providing piglets with a stimulus-rich (fibrous feed) environment in
the lactation period, mimics natural conditions and can be easily applied to existing farming
systems. Adopting a more sustainable animal production system and accepting substantially
higher price of animal protein products (milk, eggs, meat) as well as lower meat production
(and consumption) than at present, is something to ponder upon. Of course, to achieve that, a
revolutionary change is needed in the mindset of the society at large. This may sound idealistic
in the present society that is mostly dictated by the minimal production costs needed to sustain
the low margin achieved on the products, but the long-term solutions probably ask for a more
fundamental change in our attitude towards animal husbandry, meat consumption, and the
maintenance of a liveable planet.
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Early-life bacterial colonisation can be of particular importance to the overall growth and
health of an animal, especially influencing intestinal and immune system development with
long-term implications. This is especially relevant in pig production where post-weaning enteric
infection is one of the major concerns related to the gut health of pigs, and is associated with
economic losses and welfare problems. Commercial pig production systems involves early
and abrupt weaning, which contrasts with the gradual transition from mother’s milk to solid
feed in nature. Due to such abrupt weaning, a piglet is challenged with multiple stressors
(including environmental-, nutritional- and psychological-) which is usually associated with
changes in gut microbiota and a high incidence of diarrhoea. Modulating intestinal microbiota
to reduce weaning-associated problems in pigs, is getting increasing scientific and commercial
interest, as microbial dysbiosis (orimbalance) has been identified as a leading cause of post-
weaning intestinal infections. The work described in this thesis focussed on the evaluation
of early-life feeding (pre-weaning provision of fibrous feed) on the intestinal microbiota and
mucosa developmentin neonatal piglets, thereby preparing piglets for weaning transition i.e.,
consuming plant-based solid feed after weaning.

In Chapter 2, we first focussed on assessing a reliable sampling method to study microbiota
colonisation over time, especially suitable for neonatal piglets. We showed that rectal swabs
are a suitable alternative sample type to study the porcine microbiome development in
early-life, when faecal sampling is challenging. Yet, the results were further refined in Chapter
7 (combining later experiments), where we found that rectal swab samples bring a certain
degree of variability in the presence of mucosa-adhered population.

In Chapter 3, we performed a longitudinal study (using rectal swabs) to evaluate the impact
of early feeding (fibrous feed) on the microbiota colonisation at pre- and post-weaning time-
points. The results revealed that the early-fed (EF) piglets had an accelerated maturation
of the microbiota, compared to the control (CON) piglets that consumed milk exclusively.
Accelerated maturation at pre-weaning time-points were characterised by the simultaneous
emergence of typical post-weaning-associated microbial groups (such as Prevotella, Roseburia,
Faecalibacterium, Ruminococcus, Megasphaera, Subdoligranulum) and a more rapid decline
of typical early-life/pre-weaning microbial genera (e.g., Fusobacterium, Finegoldia, Bacteroides,
Eschechichia-Shigella). Moreover, we found a quantitative association between eating behaviour
of EF piglets (video scores) and their microbiota signature, indicating that the piglets who spent
more time at the feeding trough had a higher abundance of ‘accelerated’ microbial groups.
Subsequently, in Chapter 4, we characterised the early feeding effect on the local intestinal
microbiota (using luminal content) and intestinal (macroscopic and microscopic) physiology.
Although the feed intake was relatively low in this experiment, it provided us the opportunity
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to evaluate the relation between the individualised quantification of eating behaviour (with
piglets classified into good, moderate and bad eaters) and the piglet-specific microbiota
composition and intestinal measurements. At weaning, we found that early feeding altered
the colonic microbiota composition, increased microbial fermentation products (SCFA) in the
colon and modulated intestinal development i.e., increased weights and lengths of several
intestinal tract segments, as well as a decreased villus-crypt ratio in jejunal mucosa and an
increased abundance of proliferative cells in colon mucosa.

In Chapter 5, we investigated the mucosa transcriptome response to ingesting pre-weaning
fibrous feed in suckling piglets. In this study, we aimed to explore the molecular effect of early
feeding (pre-weaning fibrous feed) and also its impact during weaning transition. Maximum
impact of early feeding was detected at weaning (day29; compared to other time-points), which
was followed by convergence of the transcriptome three weeks post-weaning (day+21) in EF
and CON piglets. We showed that early feeding not only accelerates the gut microbiota (re-
confirmed in this study), but also the host transcriptome maturation at weaning. The results
revealed that in the EF group, oxidative phosphorylation, cholesterol biosynthesis and oxidative
stress-related pathways were significantly enriched, whereas sirtuin signalling and immune
response pathways were downregulated in the colon mucosa at day29. Remarkably, three
days after weaning, the EF piglets displayed a stronger mucosal responsiveness compared
to the CON piglets, reflected in the increased expression of genes (transcriptomics) related
to immune activation, epithelial migration and “wound-repair” like processes necessary to
maintain gut barrier integrity (during weaning transition) as well as jejunal morphometry.

Chapter 6 explored fundamental aspects of host-microbe interactions, by evaluating the
associations between the intestinal microbiota and behaviour of suckling piglets. We aimed
to tentatively reveal associations between the intestinal microbiota composition and piglet
behaviourin a test for coping style, (i.e. a personality trait), as well as anxiety- and exploration-
related behaviour in a novel environment test. These associations between microbiota
composition and behaviour of suckling piglets in challenging situations have, to the best of
our knowledge, not been investigated before. A multivariate approach was used employing
redundancy analysis (RDA), individual spearman correlation and Multivariate Analysis by Linear
Models (MaAsLin). A number of microbial groups such as Coprococcus, CAG-873, Atopobium
and Prevotella were identified to be associated with anxiety- and/or exploration-related
behaviour, although these results are premature and need further validation for their biological
relevance. However, this study provides insights into the association of early-life behaviour
and microbiota in suckling piglets and can be an inspiration towards future studies that are
more dedicatedly designed to understand the microbiota-gut-brain axis.

Finally, Chapter 7 summarises and discusses the main findings of the research and describes
possible directions for future research. Overall, the findings of this thesis indicate that EF piglets
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show an “alerted system” with an enhanced responsiveness to external stimuli of feed and
microbiome development, compared to the CON group, thus exemplifying the potential of
early-life programming to modulate intestinal development in piglets. Furthermore, the results
of this thesis indicate that early feeding of fibrous feed has considerable potential to better
prepare young piglets for the weaning transition.
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