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ABSTRACT

Suckling is a unique period in porcine development where the early-life environment
affects the composition of the microbiota. Colonic samples were collected from four
suckling 22-day old, pigs each, in three separate trials and the microbiome
composition assessed by 16s rRNA gene sequencing. Common colonic community
indicators were identified from microbiota in each trial. Data could be pooled, where
performance, bacterial diversity and abundance were not significantly different
between repeated trials, except for a significant difference in Jaccard Similarity.
Performance positively correlated with diversity and abundance of protein digesting
and short-chain fatty acid producing taxonomic units, suggesting a nutritional role
for these organisms. Poorly performing piglets receiving commercial milk replacers
in rescue pens do not benefit from naturally occurring prebiotic galacto-
oligosaccharides otherwise found in sow milk. In a study investigating effects of
complete milk replacer supplemented with galacto-oligosaccharides, milk replacer
plus galacto-oligosaccharides improved gut architectural features and villus/crypt
ratio throughout the gastrointestinal tract, increased the number of goblet cells and
revealed a differential abundance of beneficial probiotic bacteria, particularly
Lactobacillus and Bifidobacterium demonstrating that galacto-oligosaccharides may
be a useful addition to animal husbandry. Rotavirus causes significant mortality,
morbidity and reduced performance in neonatal pigs. In a study of late gestational
sows on a commercial farm with natural endemic rotavirus challenge,
supplementation with galacto-oligosaccharides during late gestation significantly
increased rotavirus specific antibodies in sow colostrum, reduced the number of
infected piglets and suppressed piglet faecal pathogens indicating that galacto-
oligosaccharide supplementation during late gestation may have a role in veterinary

health settings.
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1 Chapter 1. Introduction

The introduction to this thesis is structured to give the reader a current understanding of
global meat production, the environmental effects of pig farming, variance in large animal
trials and current use of antimicrobial growth promoters in pigs. Loss of production relating
to both non-infectious and infectious causes of pre- and post-weaning piglet mortality due
to enteric bacteria and rotavirus are introduced, as are implications for human populations
whereby animal production may be a reservoir for human pathogens, notably rotavirus
and/or a source of bacterial antimicrobial resistance. Further to this, the concepts of pro- and
prebiotics are introduced as useful adjuncts to animal husbandry and in particular, naturally
occurring prebiotic milk oligosaccharides and synthesised galacto-oligosaccharides used as
feed additives. The structure of these diverse molecules are described, as are their effects on
adhesion of gut pathogens and capacity for fermentation in vitro and in vivo with inferences
for health benefits to animals, as referenced from published and peer reviewed literature.
The physiological effects of galacto-oligosaccharides on gut architecture and
immunomodulatory function are also presented demonstrating their biological importance.
In these respects, the introduction is constructed to give a global understanding of pig
production, current concerns relating to loss of production and the possible intervention
with pro- and prebiotics, notably galacto-oligosaccharides which are recognised to modulate
the microbiota, immune function, gut architecture and suppress potential pathogens in
animals. Results of the studies contained within this thesis are presented in three separate,
accepted, peer-reviewed and published papers, the journals being FEMS Microbial Ecology

(Chapter 3), Animals (Chapter 4) and Frontiers in Veterinary Science (Chapter 5).
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1.1 Meat production Worldwide, in the EU and UK

World meat production was an estimated 339 million metric tonnes (Mt) in 2021
with pork being one of the most widely consumed meats after poultry. Meat
production continues to be dominated by Brazil, China, the European Union (EU)
and the United States, with total production expected to expand to 377 Mt by 2031
(OECD-FAO, 2021). Pork consumption was an estimated 112.6 Mt in 2021 and is
expected to rise to 127.03 Mt worldwide by 2030 (Statista, 2021), with China being
the largest producer accounting for 40% of global production (Zira ef al., 2021).
However, there is significant disparity in meat consumption per capita across
geographical regions with North America consuming almost 100 kg per capita as
opposed to little more than 10 kg per capita in Africa, Figure 1 (OECD-FAO, 2022).

kglcap u Beef i Sheep Pork u Poultry
120

100

80
60 | I I I
A
20 = . . EX
B il =

2019-21 | 2031 | 201921 | 2031 | 201921 | 2031 | 201921 | 2031 2019—21| 2031 2019—21| 2031 | 201921 | 2031
North America Oceania Europe Latin America and World Asia and Pacific Africa
Caribbean

Figure 1. World meat consumption per capita. Actual and projected figures

(OECD-FAQO, 2022 — direct copy from reference)

Pork is the most consumed meat in the EU, which remains the second and most
important producer worldwide, where consumers are attracted by products
claimingorganic, free-range, fair trade and/or high welfare status (Proorocu et al.,

2021). Although global pork consumption is expected to rise by 2030, the forecast in

16



the EU is different. In the EU, pork consumption is estimated to decrease to 18.5 Mt
by 2030 (Statista, 2021) with per capita consumption reducing from 69.8 kg in 2018
to 67 kg by 2031 (EU Commission, 2021). This projected decline in consumption is
in part, driven by environmental and animal welfare concerns (OECD-FAO, 2021)
with consumers showing attention to the production process and product origin (EU
Commission, 2021). In the UK average meat consumption per capita, per day has
decreased from 103.7 g (SE 2.3) in 2008 to 86.3 g (SE 2.9) in 2019. For pork, this
has decreased by 8.4 g (SE 0.7) in 2008 to 5.8 g in 2019 (SE 0.6) although the trend
was not significant (Stewart ef al., 2021). Nevertheless, pork production and
consumption remains highly popular in the EU (Proorocu et al., 2021). For example,
in England, Scotland and Wales the total number of pig holdings was estimated as
23,722 in 2018/19 ranging from one pig, (organic small-holding pet), to commercial
herds in excess of 8000 animals, with a total count of over 4,753,467 animals in
Great Britain (APHA, 2022), which is greater than the entire human population of
Wales (ONS, 2021). It is interesting to note that UK authorities (APHA, 2022)
record data on pig holdings from one animal to plus several thousand, without
discriminating between environmental impacts, different farming practices
regardless of numbers, or indeed the use of in-feed additives which may enhance
health and production. Given the lag between data collection and publishing from
government agencies such as the APHA, media sources have recently revealed that
there are more than one thousand “USA” style mega-farms in England, Wales and
Northern Ireland. These are defined as those that hold more than 125,00 birds,
82,000 egg-laying hens, 2500 pigs, 700 dairy cattle or 1000 beef cattle and defined as

“concentrated animal feeding operations" (CAFO). In 2020 there were an estimated

944 mega-farms with at least four poultry farms in the UK registered for one million

birds, nineteen dairies holding over a thousand animals and at least three industrial
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farms holding more than 20,000 pigs. Most of these animals are kept in intensive
units and are “zero grazed”, that is they are permanently housed in agricultural
buildings and have no resource to fields and outdoor grazing (The Guardian, 2022;
Lymbery, 2022). In these respects, there is some evidence that animal (bovine) faecal
microbiotas differ between grazed and non-grazed animals with differences between
Firmicutes and Bacteroidetes composition in cattle suggesting that farming practice
between intensively housed and grazed animals may affect the microbiome, animal

performance and meat quality (Zhang et al., 2021).
1.2 Environmental impacts of pig farming

The environmental impacts of pig farming are considerable and different between
producers. For example, the impacts of conventional environmental systems per kg
live weight for climate change, acidification, eutrophication, energy use and land
occupation were assessed as 2.3 kg CO»-equivalents (eq), 44.0 g SO2-eq, 18.5 g PO4-
eq, 16.2 megajoules (MJ) and 4.1 m?, respectively. In contrast, the impacts for
traditional and organic systems were 10% to 60% lower (Dourmad et al., 2014).
Knowledge of the composition of foods is frequently sought in quantitative studies of
human nutrition for the dietary treatment and management of disease. (McCance &
Widdowson, 2015). In this respect, the average “bacon sandwich” comprising three
rashers, contains at least 1,377 kJ energy, 31.2 g of fat, 11.52 g of protein, 630 mg of
sodium, but no carbohydrate (other than the bread) and negligible trace elements
(USDA, 2019). Thus, given the nominal portion size of 84 g, one bacon sandwich

has an environmental impact of 193.2 g CO»-eq, 3.7 g SO»-eq, 1.5 g POs-eq, 1.36

megajoules (MJ) and 0.34 m?, respectively. This simple but crude calculation does
not take account of fossil fuel energy costs related to transportation of pigs, heating

of pens, processing, packaging, delivery of foods, supply of feed to pigs and cooking,
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all of which may add to the total (Tallaksen et a/ 2020; Giraldi-Diaz et al., 2021).
One mole of any gas has a volume of 24 dm? (24,000 cm?) at standard temperature
and pressure, therefore the “average bacon sandwich” contributes at least 105.36 dm?
CO: to the atmosphere based upon data from Dourmad et al., 2014 and the USDA.
For one finished pig weighing approximately 124 kg the results for the selected
impact categories of carbon, water and energy footprints were 538.62 kg CO» eq.,
21.34 m?, and 1773.79 MJ, respectively, where the greatest impact was generated in
the final stages of pig fattening, mainly due to the large quantity of feed supplied
(Giraldi-Diaz et al., 2021). Farm size and reproductive efficiency are important
factors in the environmental burden of heavy pig production. The largest and most
efficient farms (as liveweight produced per sow) have impact potentials per kg
liveweight much lower than those generated in the less efficient farms and similar to
the ones reported on pigs slaughtered at a lower weight. The wide range of impact
values within farms reveals opportunities for environmental improvements in the
production of the traditional heavy pig. However, there is a need for further data and
models on methane enteric emissions and nitrogen excretions above 100 kg live

weight pigs (Bava et al., 2017).
1.3 Variance in animal trials

There is a high degree of technical variation between studies of the pig microbiota.
Use of different DNA extraction methods, 16s rRNA gene hypervariable regions, 16s
rRNA gene library preparation, sequencing platform and protocol introduce study-to-

study variation. A wide range of ages for pigs as well as different diets, breeds and

treatments also introduce variance between studies (Holman et al., 2017). There are
multifactorial influences on microbial diversity and composition, these being

succession of bacterial populations, the age of the animal, the environment it
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inhabits, use of antimicrobial agents, dietary composition, stress and genetics
(Pluske, Turpin and Kim 2018), where use of antimicrobials may confound
comparisons between studies because of the profound effects upon the microbiota
(Holman et al., 2017). Eliminating sources of technical variation within a single
study can be difficult. For example, sequencing of the human faecal microbiomes has
shown high intra-centre reproducibility but significant inter-centre differences of the
reported microbiota composition due to variation caused by polymerase chain
reaction (PCR) primers for 16S rDNA amplification (Hiergeist et al., 2016), thus
demonstrating the importance of sequencing all microbiota DNA samples on the
same platform and machine. The availability of controlled rearing environments with
large animals and the incumbent costs to achieve reproducibility are important study
design considerations, which may dictate that, small-scale animal trials are repeated
to achieve statistical significance. For example, Megahed ef al., 2019, analysed the
microbiota of piglets managed in several batches over a period of four to ten weeks
to achieve study completion. This is in contrast to murine models, which
accommodate much larger study populations through ease of animal size and
housing. Other advantages of the murine model are that mice have a gestation period
of approximately twenty-one days, can be weaned at three to four weeks of age and
reach sexual maturity by five to six weeks of age, allowing large numbers of mice to
be generated (Bryda, 2013). Nonetheless, not all studies can be accomplished by
“murine means” and large animal studies are required that pool data from repeated

trials. However, there has been little discussion of the use of data between separate

trials that have been repeated over time with the prospect of data pooling as in
Thompson, Wang and Holmes 2008; Pajarillo ef al., 2015; Chen et al., 2017. In the
case of Thompson, Wang and Holmes 2008, data was collected from thirty-five

piglets over three animal trials, but there is no reference to variance between trials to
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determine if the data could be truly pooled. In a study of the effects of cohabitation
on the faecal microbiome of pigs, two trials were performed two months apart in an
attempt to acknowledge that environmental effects such as individual variation, pen
and maternal effects might influence experiments (Pajarillo ef al., 2015). There was
no statistical evidence that these trial replicates could be truly compared. Chen ef al.,
2017 extensively studied the maturing—related piglet gut microbiota in two replicated
trials. Most of the data has been pooled for single analysis, but there is little evidence
of a thorough statistical comparison between both replicates except for Shannon
Index and the number of observed OTUs, which are reported as non-significant but
do show large variation. Comparison of variation between study replicates is
fundamental if they are to be compared. Animal studies often pool data from
repeated trials without due consideration of variance between trials and if they can be
truly compared, especially for control data (Frommlet & Heinze, 2021), a situation
which needs to be improved upon. This is not a major criticism, but rather an
observation considering the difficulty in achieving results with large animals as
opposed to high “n” murine models, which although informative cannot adequately

describe the microbiome of other larger species.

1.4 Use of antimicrobial growth promoters in pigs

Despite technical issues regarding the reproducibility of pig trials, other concerns
relate to the use of antibiotics as growth promoters in animal agriculture.

Antimicrobial growth promoters (AGPs) have been used for over fifty years leading

to improved feed conversion, growth, reduced morbidity and mortality due to clinical
and subclinical disease (Gustafson & Bowen, 1997; Butaye ef al., 2003; Dibner &
Richards, 2005). Performance enhancing AGPs such as avoparcin, tylosin,

virginiamycin can increase pig feed conversion by 2.5% to 7.0% and growth by 3.0%
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to 8.8% depending upon the age of the pig (Viaene & Verbeke, 1999). Moreover,
broad spectrum AGPs that promoted growth and feed efficiency at low levels were
also shown to control endemic diseases in large groups of animals and their use was
promoted with the development of mass confinement rearing from the 1950’s
onwards (Dibner & Richards, 2005; Gustafson & Bowen, 1997). Globally, the
majority (73%) of antimicrobials are used in animals raised for food (Van Boeckel et
al., 2017). Whilst antimicrobial consumption in animals is threefold that of humans it
has enabled large-scale animal protein production for human consumption and in
intensive settings. The consequences are development of antimicrobial resistance
(AMR) in animals, which has received less attention than in humans. New hotspots
of AMR are emerging in countries increasing animal protein production and it is
estimated that from 2000 to 2018 the proportion of antimicrobials showing resistance
above 50% increased from 0.15 to 0.41 in chickens and 0.13 to 0.34 in pigs (Van
Boeckel et al., 2019). Based upon the ‘Precautionary Principle’, consumer, political
and scientific concerns over the possibility of animal to human AMR transmission,
bans of growth promoting AGPs have been introduced. A total ban was introduced in
Sweden in 1986, with bans on avoparcin and virginiamycin in Denmark in 1995 and
1998, and the EU banning the use of avoparcin in 1997 and bacitracin, spiramycin,
tylosine and virginiamycin in 1999 (Casewell et al., 2003). The EU implemented a
full ban on all in-feed AGPs in livestock in diets in 2006 (EC, 2003). However,

withdrawal of these AGPs has led to increased morbidity and mortality in pig

production herds experiencing an increase in the frequency of diarrhoea and/or
reduced weight gain (Casewell et al., 2003). Since the withdrawal of AGPs,
increased infection has led to a substantial increase in the use of therapeutic
antibiotics for food animals in Europe. In the UK, usage of veterinary antimicrobials

increased from 383 tonnes in 1999 to 437 tonnes in 2000, post the EU AGP ban.
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Increases were mainly in tetracyclines, trimethoprim/sulphonamides and macrolides,
with at least seven tonnes attributable to pigs (Casewell et al., 2003). Similar trends
in the therapeutic use of antimicrobial compounds have been seen in Denmark, a
major pig producer, from 1994 to 2002, with large increases in penicillin,
cephalosporin and macrolide use (Dibner & Richards, 2005). Thus, the increase in
infection, morbidity and mortality across, commercial and conventionally farmed pig
herds is due to the withdrawal of AGPs whilst retaining practices of mass
confinement rearing for commercial benefit, allowing pathogen transmission that has

required an increase in the use of therapeutic antimicrobials.

1.5 Use of pharmaceutical zinc oxide in pig production as alternatives to

antimicrobial growth promoters

As an alternative to AGPs and the prevention of post-weaning diarrhoea caused by
Escherichia coli F4 (K88) infections, high doses of pharmaceutical zinc oxide
(Zn0), (2500 to 3000 mg ZnO/kg feed) have been included in weaning pig diets
(Vondruskova et al., 2010; Bonetti et al., 2021). Zinc is an integral component of
many metalloenzymes (metal cofactors) involved in transcription, intra- and
intercellular signaling to cell transcription machinery, cellular respiration and
nucleic acid metabolism (Hill & Shannon, 2019). At normal dietary levels,
sometimes referred to as “nutritional levels” approximately 100 mg/kg zinc is

required in weaned pigs to maintain health (NRC, 2012). Pre-ban AGP studies

indicated that there were no negative effects of 2500 ppm dietary ZnO in weaned
pigs and that dietary supplementation for two weeks post-weaning suppressed post-
weaning diarrhoea and improved performance (Jensen-Waern et al., 1998). Other
effects of ZnO have been reported. Supplementation of 2500 ppm dietary ZnO to

weaned pigs was considered to stabilise the intestinal flora and maintain a high
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diversity of coliforms, which may compete for colonising GIT enterocyte receptor
sites of diarrhoeagenic strains (Katouli et al., 1999). There is also some evidence that
3000 mg/kg ZnO per day alters the mucosal morphology of the small intestine of
newly weaned pigs with significant increases in villus height and width (Li ef al.,
2001). ZnO has been shown to reduce enterotoxigenic Escherichia coli (ETEC),
increase villus height, goblet cell numbers in the small intestine and improve growth
and performance in weaned pigs (Slade et al., 2011). However, there has been
concern that use of pharmaceutical ZnO in pig production may select for methicillin-
resistant Staphylococcus aureus (MRSA) due to the co-location of the methicillin
resistance gene (mecA) and zinc resistance gene (czrC) within the staphylococcal
chromosome mec (SCCmec), (Cavaco et al., 2010). This has been confirmed in
randomised controlled pig trials where the prevalence and persistence of MRSA was
significantly higher in animals receiving a therapeutic dose of in-feed ZnO (3000
mg/kg) when compared with those receiving only recommended dietary levels (100
mg/kg) (Slifierz et al., 2014). Major concerns relate to the effects of high
pharmaceutical ZnO administration in pig farming to the environment. Zinc is poorly
absorbed in the gastrointestinal tract (GIT) of animals and manure from intensive pig
production represents a major source of zinc and also copper salts in Danish
agricultural soils and comparable countries, with concentrations of both metals

increasing significantly in recent years (Jensen et al., 2018). Given the environmental

and AMR concerns, in 2017 the European Commission adopted a decision to
withdraw marketing authorisation for veterinary medicines containing high doses of
pharmaceutical ZnO administered orally to food producing species. Member states
were given up to five years from the date of adoption of the decision to withdraw
existing authorisations for these products. Moreover, the use of ZnO in pig

production must be limited to a maximum level of 150 ppm after 2022 (EMA, 2017).
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Thus, growth promoting, microbiome suppressing, AGPs and pharmaceutical ZnOs
have been banned leaving the pig production industry wanting for viable alternatives,
if current production values are to be preserved. One alternative is a return to less
intensive, traditional farming practices and organic farming, but obviously with less
economic return than intensive, conventional methods (Dourmad et al., 2014). Other
alternatives are the inclusion of in-feed prebiotics and/or probiotics to manipulate the
microbiome and GIT health with the prospect of beneficial outcomes on pig
production (Liao & Nyachoti, 2017; Gresse et al., 2017), although the outcomes
remain to be researched. Non-infectious and infectious factors affecting pig
production will be considered before the effects of alternative in-feed additives such

as prebiotics and/or probiotics are introduced here.

1.6 Non-infectious causes of pre-weaning piglet mortality

Non-infectious causes of pre-weaning piglet mortality represent significant economic
losses (Panzardi et al., 2013; Muns et al., 2016) with an average of 50-80% of deaths
occurring in the first week post-partum with the most critical period being the first
72 hours of life (Koketsu ef al., 2006). Mortality was estimated at 12.6% in
commercial pig herds (Nuntapaitoon et al., 2018) with cumulative mortality assessed
as 3.3%, 5.4% and 8.7% at 3, 7 and 21 days respectively (Panzardi et al., 2013) with

most causes being physiological rather than infection. Risk factors

associated with pre-weaning mortality in piglets are (sow) colostrum production,
parity and litter size; (piglet) birth weight, vitality and sex; (environment) season,
herd size and management (Muns ef al., 2016). Colostrum intake is the main
determinant of piglet survival through energy provision and immune protection with
long-term effects on growth and immunity (Devillers et al., 2011). Daily weight gain

and survival until weaning of piglets has been shown to positively correlate with
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birth weight, colostrum intake per kg birth weight and negatively to time between
birth and first suckle (Decaluw¢ et al., 2014). Colostrum intake and birth weight are
important for the growth and survival of piglets with low-birth-weight piglets more
dependent on colostrum intake than high-body-weight piglets to ensure their survival
(Ferrari et al., 2014). Moreover, piglets are born agammaglobulinemic and survival
depends on early acquisition of maternal immunity through colostrum (Salmon,
2002) before gut closure within 24 to 48 hours post-partum and reduced intestinal
enterocyte ability to sequester immunoglobulins from protein rich colostrum
(Westrom et al., 1985). In terms of survival, small piglets have a competitive
disadvantage compared with heavier littermates. This is exacerbated in large litters
and piglets from older sows. Thus, selection for increased litter size resulting in more
low-birth-weight piglets per litter may not be beneficial unless measures are taken to
improve the survival of low-birth weight piglets (Milligan et al., 2002). The focus on
larger litter sizes has increased the number of piglets with decreased viability, lighter
birth weights and a reduced ability to thrive in early life (Tucker et al., 2021),
notwithstanding gut dysbiosis and economic loss due to known bacterial pathogens
and/or scour from rotavirus (Monteagudoo et al., 2022). The reduction in weaning
age may also affect the health of pigs and it is now normal commercial practice that

pigs are weaned at a much earlier age than in the wild (Lalles ez al., 2007). Without

human intervention natural weaning in the pig occurs at approximately 70 days.
However, advances in housing and nutrition have led to a rapid reduction in weaning
age to typically 28 to 35 days in the EU (Whittemore & Green, 2001). Nonetheless,
poor pre-weaning performance and failure to thrive without obvious signs of clinical
disease during lactation is of concern in piglet production. It is industry standard to
remove animals receiving sub-optimal nutrition from the sow from farrowing pens

and feed with a commercial milk-replacer (CMR) in controlled pen environments
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with no access to the sow. In contrast to natural sow colostrum and milk, which
contains naturally occurring prebiotic porcine milk oligosaccharides (PMOs), CMR
have not traditionally contained GOS, although studies have demonstrated that
formulas supplemented with GOS are safe and well tolerated in neonatal piglets

(Kruger et al., 2017).

1.7 Infectious causes of pre- and post-weaning pig mortality

1.7.1  Enteric bacterial infections in pigs

Although non-infectious causes of pre-weaning piglet mortality account for the
majority of deaths, scours (diarrhoea) and infection account for an estimated 8.1% to
12.2% mortality (Vaillancourt ef al., 1990). In litters with pre-weaning diarrhoea
mortality rate was assessed as 19% compared with 13% in non-diarrhoeic litters.
Litters with pre-weaning diarrhoea had reduced weight gain and a significantly
increased risk of post-weaning diarrhoea (Svensmark et al., 1989a). Enteric bacterial
infections are common and cause economically significant diseases affecting pig
production at all stages globally. Clinical signs include reduced growth rate, weight
loss, diarrhoea and death of pre-weaned, weaned, grower-finisher, young and adult
age breeding animals. Common pathogens playing an etiological role in infection are

Escherichia coli, Clostridium perfringens, Lawsonia intracellularis, Salmonella

enterica and Brachyspira (Serpulina) spp. (Moxley & Duhamel 1999). Although the
focus of this work is pre-weaning animals, some introduction of the concept of “post
weaning diarrhoea” (PWD) in weaned pigs is useful. This is mainly because the
prebiotics and probiotics discussed in this work, may have a prophylactic role either
in the prevention and/or treatment of infection throughout the life of the pig and that
pre-weaning health may be a major predictor of post-weaning health in animals (Lu

et al., 2018). In addition, GIT microbiota diversity pre-weaning, may be predictive of
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the susceptibility of animals to enteric disease post-weaning (Dou et al. 2017). In
these respects, it is just not important to consider the early pre-weaning life of the pig
but also the post-weaning life of the pig irrespective of the trial designs and
limitations of this work in young animals. There is a “continuum” whereby the early
life of pre-weaning animals heavily influences the development and composition of
the adult microbiota and intestinal innate immune functions (Bauer et al. 2006;
Mulder et al. 2009; Merrifield et al. 2016) and affords immune and microbiological
protection to the adult. Weaning is a complex process inducing stress in animals.
This is mainly due to change in nutrition from a protein rich liquid colostrum/milk to
carbohydrate rich solid diet; separation from mother and litter mates; introduction to
a new environment and litter mates; low and variable feed intake (Pluske ez al.,
1997). Withdrawal of sow’s milk and the protective immune factors that it contains
coupled with a susceptibility to enteric disease due to an immature mucosal immune
system at early age weaning induce stress and elevate risk of infection (Lallés et al.,
2007; Stokes, 2017). Due to stress, dietary change and reduced feeding a state of gut
dysbiosis may be induced during weaning where disruption of the gut microbiota
composition and intestinal inflammation lead to the expansion and domination of

enteric pathogens and the occurrence of PWD (Gresse et al., 2017). The post

weaning growth check and/or the occurrence of PWD are a major source of
economic loss, which can result in young pigs achieving less than 50% of the
expected performance (Pluske et al., 1997; Pluske et al., 2013; Fairbrother et al.,
2005). ETEC is the main pathotype in PWD in European pig farms post AGP bans
(Luppi et al., 2016) with total losses due to infection amounting to an estimated 17%
in the EU (Lallgs et al., 2007). PWD caused by ETEC is characterised by mild to
severe diarrhoea, typically a few days to one-week post-weaning, dehydration, loss

of condition and increased mortality. Death is usually due to dehydration. ETEC
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attachment to porcine enterocytes is mediated by the presence of bacterial fimbria.

Bacteria colonise the intestine by attachment to glycolipid/glycoprotein receptors on
the epithelium by F4 (K88) and F18 fimbrial adhesins. Porcine ETEC also produce
enterotoxins such as heat-stable toxin a (STa), heat-stable toxin b (STb) and heat-
labile toxin (LT) which induce diarrhoea through accumulation of cellular cAMP
and cGMP leading to increased chloride secretion, reduced sodium absorption in pig
enterocytes and the critical loss of water into the intestinal lumen (Fairbrother et al.,
2005; Fairbrother et al., 2012). The pathogenesis of ETEC is shown in Figure 2.
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Figure 2. Pathogenesis of ETEC in pigs (Kim et al., 2022 — direct copy from reference)

E. coli is also an important cause of pre-weaning diarrhoea in piglets, including
neonatal diarrhoea in the first four to five days of life and scours at two to three
weeks of age (Fairbrother ef al., 2012). Studies have shown that in pre-weaning
piglets with diarrhoea, the occurrence of E. coli fimbrial antigens F4 (K88), F5
(K89) and F were significantly higher than those in piglets without diarrhoea and
may be related to poor nutrition in sows (Hong et al., 2006). In developing
countries with commercial operations of at least one hundred sows each, diarrhoea
affected 71.5% of litters born over six months with 31% of faecal samples collected

testing positive for at least one of eight porcine ETEC virulence genes. ETEC was
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identified as the causative agent of neonatal piglet diarrhoea during the first four
days of life in 43% of cases and 23.9% of remaining cases up until the age of

weaning (Do et al., 2006).

1.7.2 Rotavirus infection in pigs

Other important infectious causative agents of neonatal and pre-weaning diarrhoea
in animals including pigs and mortality are the rotaviruses (RVs) (Kapikian ef al.,
2001). These viruses belong to the Reoviridae family and are classified into at least
ten serogroups (Estes & Kapikian, 2007; Vlasova et al., 2017) of which groups A, B
and C affect humans (Matthijnssens ef al., 2011), whilst groups A to H affect pigs
(Vlasova et al., 2017). Classification is based upon the antigenic and genetic
characteristics of the inner capsid viral protein 6 (VP6) (Matthijnssens et al., 2012).
The most prevalent groups are A, B and C with rotavirus A (RVA) being the most
widespread group causing acute dehydrating diarrhoea in veterinary and public
health settings (Vlasova et al., 2017). RVA reportedly accounts for 53% of pre-
weaning and 44% of post-weaning diarrhoea in pigs (Fitzgerald et al., 1988) the

effects being significant mortality and morbidity in neonates, reduced performance in

surviving growers and significant economic loss (Estes et al., 2007; Vlasova et al.,
2017; Svensmark et al., 1989b). RVA is the most predominant group in suckling pigs
with infections occurring in combination with other pathogens such as E. coli,
Clostridium difficile, Clostridium perfringens and porcine epidemic diarrhea virus
(PEDV) (Ferrari et al., 2022). RVA faecal-oral infection results in destruction of
small intestinal enterocytes, the development of malabsorptive diarrhoea (Estes et al.,
2001) and promotes gut dysbiosis through alteration of the microbiota (Azagra-
Boronat et al., 2018). Viral replication in epithelial cells at the tip of intestinal villi

destroys the enterocytes causing villus atrophy whereby mature columnar epithelial
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villus cells are replaced by immature cuboidal enterocytes lacking digestive and
absorptive capacities thus increasing malabsorptive diarrhoea, dehydration and death
(Shaw et al., 1989; Svensmark et al., 1989b). Infections with RVs increase the
concentration of intracellular calcium, disrupt the cellular cytoskeleton and tight
epithelium cellular junctions increasing enterocyte permeability in a similar fashion
to infection by ETEC thereby leading to water and electrolyte loss, resulting in
mortality through dehydration. Furthermore, RVs produce enterotoxic non-structural
protein 4 (NSP4) that also increases intracellular calcium concentrations further
contributing to electrolyte imbalance and diarrhoea (Vlasova et al., 2017). The
clinical symptoms of RVs last up to three days but result in lower weaning weights
and average daily gain (ADG) in affected animals that survive (Svensmark et al.,
1989b). RV A is endemic in UK pig farms with a wide range of genotypes identified
in UK pigs these being six G types (VP7); G2, G3, G4, G5, G9 and G11 and six P
types (VP4); P6, P7, P8, P13, P23 and P32. The common human genotype P8 can
infect pigs highlighting the need for surveillance of porcine rotavirus genotypes to

safeguard human and porcine health (Chandler-Bostock ef al., 2014). RVA are non-

enveloped viruses (lacking a lipid membrane derived from the host cell) with a
genome composed of eleven double stranded RNA (dsRNA) segments that code for
six structural viral proteins VP1, VP2, VP3, VP4, VP6, VP7 and six non-structural
proteins NSP1 to NSP6 and where genome segment 11 encodes for NSP5 and NSP6.
VP2 forms the inner layer of the virus and encapsulates the genome and two minor
structural proteins, VP1 and VP3. The middle layer consisting of VP6 surrounds the
core, forming a double layered particle, whilst an outer layer consisting of VP7 and
spike-like projections of VP4, enwraps the double layered particle to form the triple-
layered RVA virion, Figure 3 (Ciarlet & Estes, 2003; Estes & Kapikian, 2007;

Matthijnssens et al., 2008).
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Figure 3. Structure of rotavirus triple layered particle (Clarke & Desselberger,

2014 — direct copy from reference)

Vaccination against RV in livestock is an option, but the wide variety of genotypes

complicates effective vaccine production (Vlasova et al., 2017). Most animal

vaccination strategies have focussed on the induction of active/passive immunity by
oral administration of attenuated RV vaccines but these have lacked efficacy in the
field due to RV specific IgG and IgA colostral antibodies neutralising and/or
inhibiting the vaccines (Saif & Fernandez, 1996). Engineered virus-like particles
(VLP) designed as vaccines to boost antibodies in bovine and porcine mammary
secretions have shown promise when administered with live-attenuated vaccines
(Azevedo et al., 2013). However, attenuated replicating porcine RVA vaccines may
contribute to the diversity of porcine RVs, through reassortment of vaccine strains
with wild type strains and the emergence of novel genetic variants that can evade
herd immunity (Vlasova et al., 2017; Chandler-Bostock et al., 2014). Considering
the resilience and longevity of RVA in the environment focus on cleaning with

efficacious detergents that not only limit the spread and infectivity of RV but also
32



other microbial pathogens may be useful (Hancox ef al., 2013; Chandler-Bostock et
al., 2014). Nevertheless, endemic porcine RV infection still needs alternative
strategies to boost lactogenic immunity in sows, thus providing RV antibodies to the

neonate with colostrum and milk (Vlasova et al., 2017).

1.7.3 Implications for rotavirus in human populations

Despite the effects of RVs, particularly RVA in commercial pig herds there are
major implications for infection in human populations. Rotaviruses, particularly
RVA, have a broad host range that include not just humans but other mammalian and
avian species (Ciarlet & Estes, 2003; Estes & Kapikian, 2007; Matthijnssens et al.,
2008). RVs, mainly RVA have been a major cause of morbidity and mortality in
children under five years of age with an estimated 440,000 deaths annually pre-
vaccine introduction in 2006 (Parashar et al., 2003). Two RV vaccines were licenced

in 2006 (RotaTeq, Merck & Company and Rotarix, GSK Biologicals) (Vesikari et

al., 2006; Ruiz-Palacious et al., 2006), but despite major vaccination programmes
RV is still a major causative agent of lethal gastroenteritis in young children globally
(Tate et al., 2012; Tate et al., 2016; Burnett et al., 2017). However, and more
recently, cost effective Rotasiil, Rotavac, and Rotavin-M1 vaccines have been
licenced demonstrating safety and efficacy against RV with promising results in
vulnerable children (Skansberg et al., 2021). Nevertheless, there were an estimated
528,000 RV deaths in children under five years of age in 2000, 453,000 in 2008 and
215,000 deaths attributable to this disease in 2013 post-vaccine introduction (Tate et
al.,2012; Tate et al., 2016). Moreover, the majority of countries implementing
successful RV vaccination were low mortality areas, whereas many countries
including sub-Saharan Africa remained disproportionately affected (Tate et al., 2016;

Burnett ef al., 2020; Damtie et al., 2020). Whilst vaccination programmes have
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undoubtedly been successful, with significant reductions in hospitalisation and
mortality (Burnett ef al., 2017; Burnett et al., 2020; Lai et al., 2020), problems still
relate to health care provision, sanitation, hygiene, nutrition, adequate vaccination
program delivery, cost, health education and national vaccine uptake (Abou-Nader et
al., 2018; Apte et al., 2018; Damtie et al., 2020). It is also noted that where RV is
endemic, other pathogens such as Cryptosporidium in humans are prevalent,
indicating the need for collaborative strategies to combat RV and other enteric
diseases in susceptible communities (Msolo et al., 2020). Furthermore, the successful
spread of RV post-vaccination and genetic drift of RV strains over time may
undermine the effectiveness of human vaccines (Harastani et al., 2020). There is also
some evidence that the close relationship amongst porcine RVA strains and some
unique porcine-like genotypes detected sporadically in human children may share

those with pig farms indicating that pigs might serve as a reservoir for potential RVA

zoonotic transmission to humans and novel genotype evolution in insular
environments. This indicates the continued need for RVA strain surveillance in
animals and vaccine effectiveness in children (Wu et al., 2022). However, the
addition of prebiotics to animal diets appears promising in attempts to improve
lactogenic immunity in sows with benefits conferred to the offspring (Vlasova et al.,

2017; Azagra-Boronat et al., 2018; Azagra-Boronat et al., 2019).

1.8 The concept of probiotics

Probiotics are living microorganisms comprising mainly bacteria, some yeasts and
fungi that are considered, when ingested in sufficient quantity, to have health
benefits upon the host (Angelakis, 2017). As early as the 1860°s Metchnikoff made
the association between human longevity and lactobacilli consumption in edible

fermented milk products. Metchnikoff demonstrated such products could be made
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from pure cultures of Lactobacillus bulgaricus and suggested these organisms were

able to contribute to colonic health by eliminating pathogens (Metchnikoff, 1908).

Further advances were made in the 1920’s and 1930’s with the discovery that

Lactobacillus acidophilus could be used for the successful treatment of chronic

constipation, diarrhoea and eczema (Rettger & Cheplin, 1922; Kopeloff et al., 1932).

The term probiotic is introduced by Lilly & Stillwell in 1965 and is defined as

“substances secreted by one microbe that stimulate the growth of another”. However,

this work was based on protozoa and not beneficial GIT bacteria (Lilly & Stillwell,

1965). More recent definitions include “a live microbial feed supplement which

beneficially affects the host animal by improving its intestinal microbial balance

(Fuller, 1989); “a live microbial feed supplement that is beneficial to health

(Salminen, 1998); “live microorganisms, that when administered in adequate

amounts, confer a health benefit on the host” (UNFAO, 2002). Moreover, Fuller,

1989, considers that probiotic treatments may re-establish natural conditions, which

exist in wild animals, but that which have been disrupted by modern trends in the

conditions used for rearing young animals, and thereby early recognition that
intensive farming affects the establishment of a natural microbiome. In animals,
probiotic microorganisms can be classified into different groups according to various

criteria (Bajagai et al., 2016):

1) Single versus multi strain probiotics composed of a single species or strain to
multi species/strain microorganisms, examples of single species probiotics being
Saccharomyces cerrevisiae (Bro-bio-fair) and Enterococcus faecium (Anta Pro
EF). Multi species probiotics contain microorganisms such as Lactobacillus spp.,

Enterococcus faecium and Bifidobacterium thermophilum (Primalac).

2) Bacterial versus non-bacterial probiotics. Most probiotics are bacterial and

include Lactobacillus, Bifidobacterium, Bacillus and Enterococcus. Fungal and
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3)

4)

yeast probiotics include Aspergillus oryzae, Candida pintolopesii,

Saccharomyces cerevisiae and Saccharomyces boulardii.

Spore forming versus non-spore forming probiotics. Spore forming bacteria
such as Bacillus subtilis and Bacillus amyloliquefaciens are increasing in use
because of their spore longevity and perceived advantages in storage, shelf life

and incorporation into feedstuffs.

Allochthonous versus autochthonous probiotics, where allochthonous
microorganisms describe those not normally present in the GIT of animals, for
example, some yeasts and fungi versus autochthonous microorganisms,
indigenous to the GIT such as Lactobacillus and Bifidobacterium. A diverse
range of microorganisms are used as probiotics in animal production, including
Lactobacillus, Enterococcus, Streptococcus, Leuconostoc, Lactococcus,
Pedicoccus, Bifidobacterium, Bacillus, Saccharomyces and Aspergillus (Anee et
al., 2021; Angelakis, 2017; Liao & Nyachoti, 2017), the first six of those listed
belonging to the lactic acid bacteria (LAB) and that are most frequently used in

animal production (Yang et al., 2015).

In animals the benefits of probiotic consumption mainly relate to increased weight

gain and sometimes improved feed efficiency, modulation of the GIT microbiome,

the immune system and suppression of potential pathogens (Anee et al., 2021;

Angelakis, 2017; Liao & Nyachoti, 2017). There are several proposed and cross-

correlating mechanisms for probiotic modes of action. These include:

36



1) Inhibition of pathogen adhesion by out competing pathogens for adhesion sites

on the GIT surface.

2)  Direct inhibition of pathogens through the secretion of molecular bacteriocins

and/or defensins.

3)  Modulation of host immune responses through enhancement of intestinal
barrier function, for example, increased mucin production by secretory goblet

cells and presentation of GIT luminal antigens to the immune system.

4)  Reduction of luminal pH through fermentative activity producing short chain
fatty acids (SCFAs) which suppress pathogens, but which are beneficial to the

host.

5)  Reduction in diarrhoea and pathogen enterotoxin effects by inhibition of toxin

expression and neutralisation of toxins.

6)  Modulation of the immune system via T and B-cell activation through mucosal
dendritic cells which present probiotics to mesenteric lymph nodes (Anee et al.,

2021).

However, there is controversy surrounding the efficacy of probiotics and their ability
to successfully populate the GIT over the long term, with some studies showing that
viability may only be transient (Zmora et al., 2018). In contrast, the prebiotic concept
states that non-viable dietary components fortify autochthonous probiotic residents
of the GIT flora without the need for survival of a live ingested probiotic

microorganism (Gibson, 1999).

1.9 The concept of prebiotics

The concept of “prebiotics” was introduced by Gibson and Roberfroid in 1995 and
defined as “A prebiotic is a nondigestible food ingredient that beneficially affects the

host by selectively stimulating the growth and/or activity of one or a limited number
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of bacteria in the colon, and thus improves host health.” (Gibson & Roberfroid,
1995). The definition includes how food ingredients can be classified as prebiotics.

“In order for a food to be classified as a prebiotic, it must:

1)  Be neither hydrolysed nor absorbed in the upper part of the gastrointestinal

tract.

2)  Be aselective substrate for one or a limited number of beneficial bacteria.
commensal to the colon, which are stimulated to grow and/or are

metabolically activated.

3)  Consequently be able to alter the colonic flora in favour of a healthier

composition.

4) Induce luminal or systemic effects that are beneficial to the host health.”

(Gibson & Roberfroid, 1995).

In this case, the focus is upon human colonic health and not necessarily animal
monogastric species, although the definition may be generally applied at this time.
Although several non-digestible and low-digestible dietary carbohydrates are
identified as candidate prebiotics only the fructo-oligosaccharides and questionably
the galacto-oligosaccharides are considered prebiotic at this time (Gibson &
Roberfroid, 1995). However, the concept of prebiotics and the criteria to define them
has evolved through time with Gibson ef al., 2004 refining the concept as “A
prebiotic is a selectively fermented ingredient that allows specific changes, both in
the composition and/or activity in the gastrointestinal microflora that confers benefits
upon host wellbeing and health.” Review of the concept was based on potential
prebiotics showing resistance to upper intestinal acid and enzymatic hydrolysis and
absorption, capacity for GIT bacteria fermentation and the selective stimulation of

growth of GIT bacteria associated with health and wellbeing, notably lactobacilli
38



and bifidobacteria. Thus, inulin, transgalacto-oligosaccharides (tGOS) and lactulose
were awarded prebiotic status, with isomalto-oligosaccharides, xylo-
oligosaccharides and lactosucrose showing some promise (Gibson ef al., 2004).
Having recognised the beneficial effects of prebiotic foods, the expansion of foods
considered prebiotic and the increased knowledge of GIT bacterial populations
through metagenomics studies, the UNFAO evaluated the functional and health
properties of prebiotics and defined them as “a nonviable food component that
confers a health benefit on the host associated with modulation of the microbiota”
(Pineiro et al., 2008). Considering prebiotics may modulate other non-GIT mixed
bacterial ecosystems, a niche for “dietary prebiotics” was defined as ““a selectively
fermented ingredient that results in specific changes in the composition and/or
activity of the gastrointestinal microbiota, thus conferring benefit(s) upon host
health’’ (Gibson et al., 2010). Another definition challenged previous definitions as
prebiotic effects were too selective and/or specific and proposed prebiotics as “a non-
digestible compound that, through its metabolism by microorganisms in the gut,
modulates composition and/or activity of the gut microbiota, thus conferring a
beneficial physiological effect on the host” (Bindels ef al., 2015). However, the
definition of the concept of prebiotics was further expanded in 2016 to include non-
carbohydrate molecules such as polyphenols and polyunsaturated fatty acids and
applied for use in animals where “The beneficial effect(s) of a prebiotic on health
must be confirmed in the target animal for its intended use and mediated through the
microbiota” with the updated definition of a prebiotic being ““a substrate that is
selectively utilized by host microorganisms conferring a health benefit.” (Gibson et
al.,2017). The family of prebiotics now extends to inulin, fructo-oligosaccharides

(FOS), lactulose, tGOS, human milk oligosaccharides (HMOs) and GOS with

candidate molecules including lactosucrose, soya oligosaccharides, xylo-

39



oligosaccharides, resistant starches, mannan-oligosaccharides (MOS) and
arabinoxylans (Bedu-Ferrari et al., 2022; Gibson ef al., 2017). The majority of
prebiotics conferring a host health benefit in key human studies are GOS, FOS and
inulin in comparison to animals where short-chain FOS, MOS, GOS, inulin,
lactulose, fructans and galactans have been used (Gibson ef al., 2017). Health
benefits considered targets for prebiotic effects are summarised in Table 1. However,
to satisfy the criterion of conferring a health benefit, a wide variety of controlled
studies establishing direct links between the prebiotic and health are required in the

target host.

Table 1. Summary of the main physiological and patho-physiological targets
for prebiotic effects (Roberfroid ez al., 2010)

1 Improvement and/or stabilisation of gut microbiota composition.

2 Improvement of intestinal functions (stool bulking, stool regularity, stool
consistency).

3 Increase in mineral absorption and improvement of bone health (bone calcium
content, bone mineral density).

4 Modulation of gastro-intestinal peptides production, energy metabolism and
satiety.

5 Initiation (after birth) and regulation/modulation of immune functions.
6 Improvement of intestinal barrier functions, reduction of metabolic endotoxemia.
7 Reduction of risk of intestinal infections.

8 Tentatively: Reduction of risk of obesity, type 2 diabetes, metabolic syndrome,
etc.

9 Tentatively: Reduction of risk and/or improvement in the management of
intestinal inflammation.

10 Tentatively: Reduction of risk of colon cancer

40



With randomised controlled trials being the “gold standard” in humans, the strength
of evidence for prebiotic status must be commensurate with the strength of the health
benefit claim (Gibson ef al., 2010; Gibson et al., 2017). Early relevant studies with
oligosaccharides attempting to confirm a prebiotic effect focussed on human adults
ingesting mainly short-chain FOS, inulin, tGOS and lactulose with studies commonly
reporting an increase in Lactobacillus and Bifidobacterium as reviewed by Gibson,
1999 and Gibson et al., 2010. Thus, the focus of the prebiotic effect was considered
as an increase in the relative abundance of beneficial members of the microbial
community, mainly Lactobacillus and Bifidobacterium, which are considered as
probiotic organisms. However, in contrast to commonly tested prebiotics such as
inulin, FOS and GOS other candidate molecules may be slow to gain prebiotic status
because there are fewer consistent studies confirming health benefits as described

above (Gibson et al., 2017).

1.10 Galacto-oligosaccharides

1.10.1 Human and animal milk oligosaccharides

Prebiotic oligosaccharides are a major constituent of human and animal milk
(Nifonuevo et al., 2006; Albrecht et al., 2014). However, human milk
oligosaccharides (HMOs) have been the focus of research for some time in contrast
to animal milk oligosaccharides which have been more recently investigated
(Urashima et al., 2001; Urashima et al., 2013; Albrecht et al., 2014). Human milk is
rich in oligosaccharides and contains 20 mg/L in colostrum and 12 to 13 mg/L in
mature milk, with over two hundred different oligosaccharide components identified
showing the complexity and diversity of these molecules (Nifionuevo et al., 2006;
Urashima et al., 2007). Although mammalian milk oligosaccharides have no direct

nutritive value to the neonate through limited upper intestinal hydrolysis and
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absorption, their effects relate to stimulating the development of the microbiota in
neonates and conferring a variety of health benefits including innate and adaptive
immune development (Bode, 2012; Donovan & Comstock, 2017). In terms of
shaping the neonatal GIT microbiome, HMOs are digested by Bifidobacterium
longum and Bifidobacterium infantis (Underwood et al., 2015) with evidence of a
strong bifidogenic effect, reduction in faecal pathogens and an improved intestinal
immune response in neonates receiving oligosaccharide supplemented formula milk
compared to non-supplemented milk (Estorninos et al., 2022). HMOs are mainly
fermented by Bifidobacterium longum, Bifidobacterium breve, and Bacteroides spp.
from infant inocula producing beneficial SCFAs such as acetate, propionate and
butyrate as well as lactate and succinate, butyrate and propionate being produced by
Bacteroides spp., not Bifidobacterium spp. (Xu et al., 2022). To be clear,
Bifidobacterium spp., produce acetate and lactate where lactate and succinate are not
SCFAs, but rather important intermediaries in their bacterial metabolism and
formation (Markowiak-Kope¢ & Slizewska, 2020). A major protective effect of
HMGOs is to inhibit bacterial and viral infection by either binding to pathogens in the
GIT lumen and/or inhibiting binding to cell surface glycan receptors, presumably
acting as soluble cell surface decoys (Newburg et al., 2005; Bode, 2012; Li et al.,
2014). As immune modulators, specific HMOs promote maturation of epithelial cells
of the small intestine and enhance barrier function mainly through upregulation of
tight junction proteins, claudin-8 and claudin-5 (Holscher et al., 2014, Suligoj et al.,
2020). Goblet cells (GCs) that line the entirety of the GIT are essential to
maintaining barrier function, intestinal homeostasis, epithelial integrity and physical
lubrication of luminal contents (Forder et al., 2007; McCauley & Guasch 2015). It is
now recognised that GC intrinsic sensing of the GIT microbiota plays a critical role

in regulating the exposure of the immune system to microbial challenges (McDole et
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al.,2012; Knoop et al., 2015; Knoop et al., 2018). There is some evidence that
HMOs enhance mucosal barrier function through direct modulation of GC function
and upregulation of GC secretory product genes (Bhatia et al., 2015; Cheng et al.,

2020).

1.10.2  Structure of galacto-oligosaccharides

Animal mammalian colostrum and milk contains, in addition to lactose, a variety of
neutral and acidic oligosaccharides. These are typically composed of three to ten
monosaccharide units, including glucose (Glc), galactose (Gal) and N-acetyl-
glucosamine (GlcNAc) as well as fucose and sialic acids, HMOs being a good
example, demonstrating how component molecules can be arranged across core
polymerised structures leading to complex and diverse sialylated and fucosylated

structures (Figure 4).
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Figure 4. General composition of human milk oligosaccharides and synthetic

analogues. A) All HMOS consist of five different monosaccharides. B) The
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composition of HMOs follows a distinct structure. Elongation of the core
structure and decoration with fucose and/or sialic acid residues leads to a large
number of structures discovered. C) As examples, six simple oligosaccharide

structures shown (Zuurveld ez al., 2020 — direct copy from reference)

The core moiety present at the reducing end of milk oligosaccharides is either lactose
(Gal(B1-4)Glc) or N-acetyl-lactosamine (Gal(f1-4)GlcNAc) (Urashima et al.,
2001). The dominant saccharide in mammalian milk or colostrum is lactose, which is
synthesised from Glc and uridine diphosphate galactose (UDP-Gal) by
B4galactosyltransferase in vivo in the mammary gland (Urashima et al., 2001). Most
animal milk oligosaccharides are sialylated (sialic acid at glycoprotein terminal
ends), containing N-acetylneuraminic acid (Neu5Ac) and/or N-glycolylneuraminic
acid (Neu5Gc) (Urashima et al., 2001; Urashima et a/ 2013). Sialic acids are nine
carbon atom sugars also present at terminal ends of glycolipids and glycoproteins
involved in cellular communication and survival (or non-survival) of pathogens
(Cavalcante et al., 2021). Compared with other domestic animals, porcine milk
contains the highest percentage of neutral oligosaccharides (20%), the most
abundant variety of mono-sialylated and di-sialylated large oligosaccharides and are
the closest to human milk oligosaccharide composition (Albrecht et al., 2014).
Between twenty- nine and sixty PMOs have been identified by a variety of high-
performance liquid chromatography (HPLC) and mass spectrometry techniques (Tao
et al.,2010; Albrecht et al., 2014; Cheng et al., 2016; Difilippo et al., 2016a; Mudd
et al.,2016; Salcedo et al., 2016; Wei et al., 2018). However, the abundance and
composition of PMOs changes throughout lactation. There is a lactation-stage
related decrease in the total number of PMOs by 36% and 24% in sow and gilt milk
respectively over the course of lactation from colostrum to mature milk (Wei ef al.,

2018). Even in the first week of lactation, the majority of PMOs decrease in
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abundance by 43% with the concentration of acidic PMOs decreasing and that of
neutral-fucosylated and neutral PMOs increasing (Difilippo et al., 2016a; Mudd et
al., 2016). Furthermore, significant decreases in sialylated PMOs correlates with
significant increases in fucosylated PMOs at day fourteen post-partum (Salcedo et
al., 2016) with an estimated decrease in sialylated PMOs from 80% content at
farrowing to 60% in early lactation (days four to seven), to 40% in late lactation (day
24) (Tao et al., 2010) indicating a change in functionality during lactation.
Commercially available GOS are typically composed of galactose units bound by
various B(1-2), B(1-3), B(1-4) and B(1-6) linkages with a terminal glucose, where the
degree of polymerisation, “n” is two to eight molecules (Figure 5). These are
generally synthesised by the transgalactosylation of lactose by Bgalactosidases

(Intanon et al., 2014).
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Figure 5. General structure of commercially available galacto-oligosaccharides
where “n” is two to eight repeating molecules and synthesised by
transgalactosylation of lactose by Pgalactosidases (Intanon et al., 2014 — direct

copy from reference)
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1.11  Effects of galacto-oligosaccharides

1.11.1  Adhesion of pathogens

As introduced, attachment of pathogens, particularly ETEC to GIT epithelial cells by
fimbrial adhesins is important in the development of infection and disease in pigs
(Fairbrother et al., 2005; Fairbrother ef al., 2012). Studies have shown that GOS
strongly inhibits the attachment of enterohepatic E. coli and Salmonella enterica,
serotype Typhimurium to human colon HT29 cells and adhesion of enteropathogenic
E. coli (EPEC) to human GIT epithelial cells Hep-2 and Caco-2 lines by 65% and
75% respectively (Tzortzis ef al., 2005; Shoaf et al., 2006). Moreover, the adherence
inhibition of GOS outperforms that of other probiotics such as lactulose, inulin,
raffinose and FOS (Shoaf et al., 2006) suggesting that expression of complex
mammalian milk oligosaccharides has evolved over time, not just to prime the
microbiome but also to prevent infection through pathogen adherence inhibition
(Bode, 2012). Furthermore, galactosylated oligosaccharides derived from chitin have
been shown to strongly reduce adhesion of enterotoxigenic ETEC K88 to porcine
erythrocytes by 60% (Yan et al., 2017). Recent studies have shown that GOS
significantly reduces adhesion of E. coli to HT-29 cells but also significantly reduced
E. coli growth in vitro demonstrating the capacity for GOS to react directly with
pathogenic cells (Asadpoor et al., 2021). Clinically relevant inhibition of RVA by
GOS has been demonstrated. Up to 50% inhibition of RVA binding to MA104 cells
at concentrations of 4 mg/ml for 3’- sialylated, 2 mg/ml for 6 -sialylated and 12
mg/ml HMOs has been shown, with constant exposure of cells to oligosaccharides
being most effective in reducing RV A infectivity (Hester et al., 2013). When

compared with RV A infections in the absence of GOS, oligosaccharides and GOS
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significantly reduced the infectivity of RVA in MA104 cells, the effect being

considered as one mediated by the virus and not the cells (Laucirica et al., 2017).

1.11.2  In vitro fermentation of galacto-oligosaccharides and porcine milk

oligosaccharides

GOS is readily and completely fermented by pig faecal flora in vitro (Martinez et al.,
2013; Difilippo et al., 2016b). However, there are differences in the extent and
duration of fermentation of GOS depending upon structure of oligosaccharide
molecules be they inherently expressed PMOs or additive GOS. Acidic PMOs and
GOS with degrees of polymerisation between four and seven monomers were rapidly
depleted within twelve hours of in vitro fermentation in contrast to more complicated
molecules being fucosylated and phosphorylated PMOs, which were partially
resistant to fermentation. GOS structures containing $1-2 and B1-3 linkages were
fermented in preference to GOS containing f1-4 and f1-6 linkages. This suggests
that there are different physiological roles for different structures, with some readily
lower molecular weight PMOs and GOS being preferentially fermented to SCFAs
and others being less fermented but retaining sialylated, di-sialylated, fucosylated
and large oligosaccharide structures implicated in preventing pathogen binding to
piglet intestinal cells (Albrecht et al., 2014; Difilippo et al., 2016b). Using an in
vitro model of the large intestine, inoculated with human or pig faeces, GOS
fermentation and degradation was more pronounced with pig faecal inocula rather
than human inocula. GOS significantly stimulated the growth of Lactobacillus and
Bifidobacterium in both human and pig inocula, but with more complex communities
from pig faecal material and higher SCFA production in contrast to human inocula
indicating differences between these species (Martinez et al., 2012). GOS

significantly increases SCFA production in vitro, mainly producing acetate,
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propionate, butyrate, succinate and lactate (Martinez et al., 2013; Tanner et al., 2014;
Difilippo et al., 2016b). These are trophic to GIT epithelial cells, stimulate GIT cell
proliferation, reduce pH of luminal contents, are antineoplastic, particularly butyrate
and favour beneficial bacteria such as LABS (Scheppach et al., 2001; Macfarlane et
al., 2008). There is also evidence that acetate and propionate production from GOS is
responsible for inhibition of Salmonella enterica colonisation in a pig in vitro
fermentation model through reduction of pH and modulation of bacterial

communities (Tanner et al., 2014).

1.11.3  Beneficial effects of galacto-oligosaccharides in vivo

GOS and PMOs are readily fermented in the GIT of pigs (Tzortzis et al., 2005;
Difilippo et al., 2015; Difilippo et al., 2016a; Alizadeh et al., 2016). The majority of
ingested GOS reaches the colon where it is fermented by resident bacteria with very
little absorbed systemically. At three and twenty-six days after feeding GOS to
animals, only trace amounts could be found in faecal samples, indicating almost
complete fermentation of GOS in vivo (Difilippo ef al., 2015). Even in nursing
piglets receiving PMO rich colostrum, no intact PMO structures from faeces could be
found at one to two days of nursing indicating intestinal fermentation of GOS at a
very early age (Difilippo ef al., 2016a). Similarly, no intact original molecular GOS
structures could be found in piglet faeces at day three and day twenty-six following
GOS feeding in milk replacer (Alizadeh et al., 2016). GOS decreases digesta pH in
pigs with pigs fed 4% w/w GOS having a lower proximal colonic pH than pigs fed
control diets (Tzortzis et al., 2005) and significantly lower pH values in caecum
digesta of pigs fed GOS in milk replacer (Alizadeh et al., 2016). The lowering of pH
is indicative of SCFA production in vivo with increases in SCFA in the proximal

colon almost entirely due to acetic acid, which is a major fermentation product of
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Bifidobacterium (Tzortzis et al., 2005). In contrast, GOS was only found to increase
caecal butyrate digesta concentrations in pigs (Alizadeh et al., 2016), whereas the pH
of ileal digesta decreased in GOS fed piglets with significantly increased
concentrations of propionate, butyrate, and valerate compared with controls (Tian et
al.,2019). The effects of GOS on pH and SCFA concentrations are not just limited to
healthy pigs. In suckling piglets challenged with lipopolysaccharide (LPS) endotoxin
derived from E. coli, the pH value of colonic digesta increased and the
concentrations of acetate, butyrate and lactate significantly decreased. In contrast,
animals fed GOS and challenged with lipopolysaccharide showed a significant
decrease in the pH of colonic digesta and a significant increase in acetate, butyrate,
lactate and total SCFA demonstrating the ability of GOS to relieve colonic
inflammation (Gao et al., 2021). In 30 kg pigs receiving 2.5 g/kg GOS in their basal
diet, Lactobacillus spp. were significantly increased in caecal and colonic digest
despite challenge with 1 x 10® cfu Salmonella typhimurium (Bouwhuis et al., 2017)
showing the ability of GOS to modulate the microbiota during infection. GOS also
modulates the GIT microbiota in young pigs with addition of GOS to diets
significantly increasing Lactobacillus and Bifidobacterium in caecal contents and
faeces (Tzortzis et al., 2005; Alizadeh et al., 2016; Xing et al., 2020). After twenty-
six days feeding with GOS, a significant reduction in E. coli and clostridial counts
were observed (Alizadeh et al., 2016). Similar results were obtained by Xing et al.,
2020, who noted a significant decrease in the number of E. coli in a linear and dose
dependent manner from 500 mg/kg up to 2000 mg/kg GOS fed daily. The
modulatory effects of GOS do not extend to the lower GIT or just faeces alone. The
ileal microbiota composition of the upper GIT was significantly enriched with

Lactobacillus and reduced in Clostridium sensu stricto in twenty-one-day old pigs
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following an initial ten-day GOS feeding period demonstrating the ability of GOS to
affect the microbiome over time (Tian et al., 2019). GOS also affects infection in
animals by viruses. In an RV A infection model in rats, GOS significantly reduced the
incidence, duration and severity of diarrhoea, with a second RVA challenge failing to
provoke significant symptomatology in GOS treated groups (Massot-Cladera et al.,
2022). Similar studies have shown that GOS/FOS mixtures prevent infection and gut
dysbiosis caused by RV (Azagra-Boronat et al., 2019). Prebiotic oligosaccharides are
included in human infant formulas and mixtures of short-chain GOS and long-chain
FOS at a 9:1 ratio in infant formulas has significantly reduced the incidence of
numerous infections in infants (Arslanoglu et al., 2007). GOS/FOS mixtures also
have modulatory effects in pigs infected with RV. These oligosaccharides increased
luminal pH, lowered dry matter content of the colon, enhanced numbers of butyrate
producing bacteria and reduced the duration of RV induced diarrhoea in piglets (Li ef

al., 2014).

1.11.4  Galacto-oligosaccharides and gut architecture

A healthy well-differentiated intestinal mucosa has long, regular villi and high villus-
to-crypt ratios (Jeurissen et al., 2002), with the villus epithelium lining consisting
mainly of absorptive enterocytes and specialised secretory GCs (Epple et al., 1977).
Moreover, the healthy maturation of the jejunum is beneficial for maintaining high
growth rates in neonates (Buddington & Sanglid, 2011) and is considered the main
organ for nutrient absorption in pigs (Tian et al., 2018). Although some studies have
shown little effect of GOS on gut architecture (Tian ef al., 2018) some have shown
histomorphological differences, reported as increased villus height after only three
days of GOS feeding (Alizadeh ef al., 2016). At twenty-six days, the jejunal villi

were thicker and larger with a significant increase in villus height, villus breadth top
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and villus breadth base in GOS fed pigs compared with controls (Alizadeh et al.,
2016). In LPS challenged pigs GOS has a protective effect upon the GIT mucosa and

alleviates inflammation. Histomorphological differences were observed in the

jejunum of LPS plus GOS pigs who had significantly higher villus height and VCR
compared with LPS control pigs who were not fed GOS. Higher villus heights were
also seen in the duodenum of LPS GOS fed pigs. (Gao et al., 2021; Tian et al.,
2021). The physiological effect of GOS on GIT architecture and immunomodulatory
GC expression has also been reported in chickens. Villus length and crypt depth were
significantly greater in GOS fed juvenile birds compared with control birds, but these
differences did not result in a difference in the VCR between treatments. However,
greater villus tissue densities of GCs were observed in GOS fed birds throughout
trials (Richards et al., 2020). In early-stage infection, Campylobacter jejuni
challenged broiler chickens, GOS significantly increased villus height and crypt
depth at eight and fifteen days old. The effect was also seen in late-stage
Campylobacter jejuni challenged birds with increased villus height and crypt depth at
twenty-two days and twenty-eight days old respectively, again demonstrating the
capacity of GOS to protect the GIT epithelium when under pathogen challenge
(Lafontaine et al., 2020). It is known that food-chain contaminants such as aflatoxins
disrupt GIT intestinal barrier function by reducing tight junction expression and
promote cellular apoptosis in pigs and mice (Zhang et al., 2022). GOS can mitigate
the intestinal tight junction disruption associated with the mycotoxin treatment of
Caco-2 cells by stimulating tight junction assembly (Akbari et al., 2015). This
demonstrates the immunomodulatory and cellular physiological effects of GOS at
molecular levels despite mycotoxin challenge. This may suggest that GOS is not just
protective against pathogens but may have a role to play in aflatoxin and

deoxynivalenol mycotoxin contamination in populations, particularly pregnant
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mothers exposed to these contaminants in African populations (Piekkola et al.,

2012).

1.11.5 Immunomodulatory effects of galacto-oligosaccharides

The immunomodulatory effects of GOS on the immune responses and expression of
cytokines and chemokines in intestinal tissue has been well studied. GOS directly
upregulates tight junction protein genes (claudin 1, zona occludens 1 and 2, occludin)
which regulate epithelial permeability and tight junction scaffolding proteins linking
claudins and occludins to the cell cytoskeleton (Alizadeh et al., 2016; Akbari et al.,
2015). GOS also directly upregulates secretory product genes linked with high
molecular weight glycoprotein mucins and intestinal factors which stabilise the
integrity of the mucus layer (mucin 2, mucin 4 and trefoil factor 3) as well as
antimicrobial proteins and peptides such as resistin like molecule beta and poricine
beta defensin 2 (Alizadeh et al., 2016; Bhatia et al., 2016). The secretory goblet cell
lineage gene Atonal bHLH transcription factor 1 (ATOHI1) is upregulated by
prebiotics whilst the gene acting as a suppressive ATOH1 transcription factor HES1
is downregulated by probiotics (Zhang et al., 2017). A number of pro-inflammatory
cytokines such as TNFa, IL18, IL6, IL8, IL12A, I117A, IL17F, IL22 and IL33 are
down regulated by GOS as well as immune-regulatory and pro-inflammatory
cytokines IFNy and NF- B (Bouwhuis et al., 2017; McDonnell et al., 2016; Tian et
al., 2018, Richards et al., 2020, Dai et al., 2018; Verheijden et al., 2015). IL10 which
is a cytokine synthesis inhibitory factor, with major anti-inflammatory effects is
upregulated by GOS as is TGFR, an anti-inflammatory cytokine which regulates cell
proliferation and growth (McDonnel ef al., 2016; Tian et al., 2018). Generally,
prebiotics including GOS have both direct and indirect immunomodulatory effects.

Prebiotics can directly act on GIT epithelial cells through toll like receptors, which
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leads to cytokine production through NF- kB activation that eventually leads to IL-2,
IL-4 and IL-10 production. Indirect effects are mediated by GIT bacteria which
ferment GOS to SCFA. These can bind to G-protein- coupled receptors on GIT
epithelial cells and induce production of IL10 and tissue growth factor-f (Pujari &
Banerjee, 2021). In suckling piglets it has been demonstrated that GOS increases
abundance of SCFA producing bacteria such as Prevotella, Barnesiella and
Parabacteroides and increases SCFA concentrations in the colon. Furthermore, the
higher colonic SCFA concentration of GOS piglets altered gene expression of
inflammatory factors through regulation of NF- kB and protein-kinase signalling
pathways demonstrating microbial mediation of immune function (Wang et al.,

2019).
1.12  Summary to the Introduction

Global pork production continues to increase but not without concerns relating to
environmental impacts and use of AGPs in animal agriculture. Despite bans of AGPs in
territories such as the EU, there has been an increase in the therapeutic use of antibiotics in
animals and emergence of AMR in non-EU countries intensifying animal protein
production who still continue to use AGPs as growth promoters. Therefore, there is a need
for viable alternatives to AGPs in animal production. Nevertheless, pigs are large animals
and there is a statutory requirement to study any feed additive in the host of choice in the
EU. There is also a high degree of technical variation between studies of the pig microbiota
with many pooling data from repeated trials. This may be necessary to achieve statistical
significance, but the variance between trials needs to be truly compared. Despite technical
issues in trial design and comparison, increased pig production is not without problems.
Non-infectious causes of pre-weaning piglet mortality represent significant economic losses
with mortality estimated as high as 12% in some commercial pig herds. Risk factors

associated with pre-weaning mortality in piglets are mainly sow colostrum production,
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parity and litter size and piglet birth weight, vitality and sex. However, it is considered that
selection for increased litter size resulting in more low-birth-weight piglets is not beneficial
unless measures are taken to improve their survival. In this respect, removal of poorly
performing piglets who do not receive adequate nutrition from sows to environmentally
controlled pens with CMR feeding is seen as useful, particularly with pro- and prebiotic
intervention. Infectious enteric diseases are also a significant cause of pre- and post-
weaning mortality in pigs with losses approaching 20% in diarrhoeagenic litters. Common
bacterial pathogens are Escherichia coli, Clostridium perfringens, Lawsonia intracellularis,
Salmonella enterica and Brachyspira (Serpulina) spp., with ETEC being the main pathotype
in pre- and post-weaning diarrhoea. Attachment of ETEC to porcine enterocytes is mediated
by fimbrial adhesins with bacteria producing toxins responsible for increased GIT
permeability leading to dehydration, reduced performance and possible mortality.
Notwithstanding pathogenesis due to enteric bacterial infections, other important infectious
causative agents of neonatal and pre-weaning diarrhoea and mortality in pigs are the
rotaviruses. RVA is the most prevalent viral group in suckling pigs, infections often
occurring in tandem with other enteric bacteria as described. RVA faecal-oral infection
results in the destruction of small intestinal enterocytes thus promoting malabsorptive
diarrhoea, dehydration and death. Vaccination of animals is an option, but the wide variety
of RVA genotypes and the ability of colostral antibodies to neutralise vaccines complicates
their effective production. Moreover, RVA is still a major causative agent of lethal
gastroenteritis in young children globally. The effectiveness of human vaccines may be
undermined, post vaccination, by genetic drift of RVA strains over time, as in animals.
There is also evidence that pigs may serve as a reservoir of RVA zoonotic transmission to
humans. Thus, collaborative adjunct strategies, such as use of prebiotics in endemic RVA
infection remains to be investigated. Overall, there is an absolute need for alternative

strategies to improve pre- and post-weaning pig health in relation to non-infectious
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physiological failure to thrive and infectious causes of failure to thrive. In these respects,
feeding with pro- and prebiotics may be useful. Probiotics are living microorganisms,
mainly bacteria, but include some yeasts and fungi, that when ingested are considered to
confer health benefits upon the host. In animals probiotics can be classed as single or multi
strain, bacterial or non-bacterial, spore forming or non-spore forming and allochthonous or
autochthonous. The benefits of probiotic consumption relate to increased weight gain,
improved feed efficiency, modulation of the GIT microbiome, the immune system and
suppression of potential pathogens. There are various mechanisms for these effects, which
include inhibition of pathogen adhesion and toxin expression, enhanced barrier function and
T and B-cell activation. However, the efficacy of probiotics and their ability to successfully
populate the GIT in animals is questioned. Alternatively, the prebiotic concept states that
non-viable dietary components fortify autochthonous probiotic residents of the GIT flora
without the need for survival of a live ingested probiotic microorganism. The original
definition of a prebiotic was “A prebiotic is a nondigestible food ingredient that beneficially
affects the host by selectively stimulating the growth and/or activity of one or a limited
number of bacteria in the colon improving host health.” (Gibson & Roberfroid, 1995) In
order for a food to be classed as a prebiotic, it must not be digested in the upper GIT, be a
selective substrate for beneficial bacteria, alter the colonic flora and induce effects
beneficial to host health. Only FOS and questionably GOS are considered prebiotic at the
first original definition. However, the definition of prebiotics has been revised and updated
several times and is now recognised as “a substrate that is selectively utilized by host
microorganisms conferring a health benefit.” (Gibson ef al., 2017). The family of prebiotics
now includes inulin, FOS, lactulose and GOS. The main prebiotic effects are considered as
improvement of gut microbiota composition, intestinal and barrier function, immune
regulation and pathogen suppression. Prebiotic oligosaccharides that are a major constituent

of human and animal milk have no direct nutritive value to the neonate through limited
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upper intestinal hydrolysis and absorption. Instead, their effects relate to stimulating the
development of the microbiota in neonates and conferring a variety of health benefits
including innate and adaptive immune development. Human milk oligosaccharides are
digested by Bifidobacterium longum and Bifidobacterium infantis with evidence of a strong
bifidogenic effect, reduction in faecal pathogens and an improved intestinal immune
response in neonates. Other species such as Bacteroides produce beneficial SCFAs from
human milk oligosaccharides. Protective effects include inhibition of viral and bacterial
enteric pathogens by inhibiting binding to cell surface glycan receptors, thereby acting as
soluble cell surface decoys and enhanced barrier function through direct modulation of
intestinal goblet cells. Animal milk oligosaccharides are complex, diverse molecules and
are typically composed of three to ten monosaccharide units, including glucose, galactose
and N-acetyl- glucosamine as well as fucose and sialic acids. Commercially available GOS
is typically composed of galactose units bound by various B(1-2), B(1-3), B(1-4) and B(1-6)
linkages with a terminal glucose, where the degree of polymerisation is two to eight
molecules and are generally synthesised by the transgalactosylation of lactose by
Bgalactosidases. In vitro, studies have demonstrated that GOS strongly inhibits the adhesion
of E. coli, salmonella and RV A to human cell lines. GOS is also completely fermented by
pig faecal flora in vitro, producing SCFA and increasing populations of Lactobacillus and
Bifidobacterium. Both GOS and porcine milk oligosaccharides are readily fermented in the
GIT of pigs, lowering pH, producing SCFA, increasing populations of Lactobacillus and
Bifidobacterium and decreasing E. coli demonstrating beneficial health effects. In addition,
GOS and FOS mixtures have been shown to attenuate RV induced diarrhoea in piglets.
Other effects of GOS are increased villus height, goblet cell expression and protection of
the GIT epithelium when under pathogen or toxin challenge. Immunomodulatory effects of
GOS are upregulation of tight junction protein, glycoprotein mucin and goblet cell

expression genes with downregulation of many pro-inflammatory cytokines.
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1.13  Hypotheses

The overall hypothesis for this work is that data from small-scale pig trials can identify
common community indicators allowing data pooling and GOS when fed to pigs, modulates

the microbiome, improves gut architecture and suppresses GIT pathogens.

1.13.1 Hypothesis Chapter 3

The hypothesis for Chapter 3 was that microbiota data from three separate suckling pig
studies could be used to identify common colonic community indicators, the data pooled
and correlated with animal performance. The objectives of this study were to investigate if
common colonic community indicators could be identified from the microbiota of suckling
pigs in repeated small-scale trials and if pooled data in terms of microbial diversity and
abundance of the colonic microbiota related to animal performance in three controlled

reproducible trials.

1.13.2 Hypothesis Chapter 4

The hypothesis for Chapter 4 was that GOS when added to CMR would benefit poorly
performing piglets by increasing the abundance of beneficial probiotic bacteria, improve gut
architecture and immunomodulatopry GC expression. The objectives of this study were to
investigate the effects of GOS on the microbiome, gut architecture and GC expression in
poorly performing (non-thriving) piglets with below average birthweight who may benefit
from milk replacement feeding alone or supplemented with GOS in four separate and

repeated trials.

1.13.3 Hypothesis Chapter 5

The hypothesis for Chapter 5 was that late gestational feeding of GOS to sows could confer
immunity to RVA in neonates and reduce infection. The aims of this study were to

determine if GOS supplementation in late gestational sows conferred immunity, reduced
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infectivity and modulated the microbiome in neonatal piglets in a commercial pig farm
setting where RV challenge was naturally endemic and as confirmed by previous veterinary

reports.
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2 Chapter 2. Methodological approaches

This chapter provides supplementary information for the methods and materials

sections described within three separate studies that are derived from publications 1

to 3 presented in Chapters 3, 4 and 5 respectively. Unless stated, all reagents and

consumables were part of the commercial kits provided. Common consumables,

reagents and apparatus for all studies/trials are referenced in the first case. A full list

of laboratory reagents, consumables, apparatus, animal trial consumables and

reagents are provided as follows.

Table 2. Reagents

Cambridge, UK

Reagent Supplier Catalogue/Part
Number

Agarose, molecular Merck, Gillingham, UK A9539-500G

biology grade

Diethyl pyrocarbonate Merck, Gillingham, UK D5758-25ML

0.1% v/v

DNA polymerase & Thermo, Fisher Scientific, 12344040

dNTPs, Accuprime Pfx Loughborough, UK

Supermix

Ethanol 96% v/v Fisher Scientific, 15518181
Loughborough, UK

Ethidium bromide Merck, Gillingham, UK E1510

Fluorometer reagents, Thermo Fisher Scientific, Q32854

Qubit dsDNA High Loughborough, UK

Sensitivity (HS)

HT1 buffer [Nlumina, San Diego, USA 20015892

Hydrochloric acid 0.5 M | Thermo Fisher Scientific, J/4330/15
Loughborough UK

Isopropanol 99.5% v/v Thermo Fisher Scientific, 184130010
Loughborough UK

Ladder, DNA 100 bp Promega Corporation, G2101
Madison, Wisconsin, USA

Loading dye Promega Corporation, G210A
Madison, Wisconsin, USA

Microbial Community 10 | ZymoBIOMICS, D6300

ng Cambridge Bioscience,
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Reagent Supplier Catalogue/Part
Number

PCR grade water Thermo Fisher Scientific, AM9935
Loughborough, UK

Peroxidase-labelled goat | Thermo Fisher Scientific, PA1-84624

anti-porcine IgA Bonn, Germany

PhiX [llumina, San Diego, USA FC-110-3001

Phosphate buffered Thermo Fisher Scientific, J62036.K2

saline (PBS) pH 7.4 Loughborough UK

Primers A701 — A712

Merck, Gillingham, UK

8816450674-170/0 to
8816450674-280/0

Primers B501 — B508&

Merck, Gillingham, UK

8816450674-90/0 to
8816450674-160/0

Primers B701 — B712

Merck, Gillingham, UK

8816450674-290/0 to
8816450674-400/0

Primers A501 — A508

Merck, Gillingham, UK

8816450674-10/0 to
8816450674-80/0

Primer Read 1 V4

Merck, Gillingham, UK

8816450674-410/0

Primer Read 2 V4 Merck, Gillingham, UK 8816450674-420/0

Primer Index V4 Merck, Gillingham, UK 8816450674-430/0

Reverse osmosis water Milli-Q, Merck, 700QSVCo01
Gillingham, UK

RNase free water Fisher Scientific, BP561-1
Loughborough, UK

RNAse Zap Thermo Fisher Scientific, AM9780
Loughborough, UK

Sodium chloride NaCl Merck, Gillingham, UK S9625-1KG

Sodium hydroxide NaOH | Merck, Gillingham, UK S2770-100ML

1.ON

TapeStation reagents, Agilent Technologies, Inc., | 5067-5583

D1000 Santa Clara, California,
USA

TE buffer (10 mM Thermo Fisher Scientific, 12090015

Tris/Cl; 1 mM EDTA, Loughborough, UK

pH 8)

Tris acetate solution Thermo Fisher Scientific, B49

Loughborough, UK
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Table 3. Consumables

sterile 20 pL

Keynes, Buckinghamshire,
UK

Consumable Supplier Catalogue/Part
Number
Absorbent paper towel, Kimberley-Clark, Reigate, 6668
Rolled Blue Paper UK
Towel, 198 x 200mm,
7200 Sheets
Aluminium foil, Costco Wholesale UK Ltd., | RK611
Kirkland Signature Watford, Hertfordshire, UK
Bijou bottle 7 mL Fisher Scientific, 14803562
Loughborough, UK
Cling film, Clingorap Terinex, Bedford, NA
Bedfordshire, UK
Conical flask 250 mL Schott, Duran, Mainz, 212163605
Germany
Disposable loop 10 pL Sarstedt, Leicester, UK 86.1562.050
sterile
DNA Purification kit, Macherey-Nagel, Diiren, 740952.50.
NucleoSpin Tissue Germany
Genomic
DNA Purification kit, MP Biomedicals, Solon, 657020017
FastDNA SPIN Kit for USA
Feces
DNA purification kit Qiagen, Hilden, Germany 51531
robotic, QIAmp 96
PowerFecal QIA Cube
HT Kit
ELISA kit total IgA, IgA | Abcam plc, Cambridge, UK | ab190536
Pig ELISA Kit
ELISA kit total IgG, IgG | Abcam plc, Cambridge, UK | ab291065
Pig ELISA Kit
ELISA kit RVA, Ingezim | Immunologia Y Genetica 11.RTP.K.1
rotavirus porcine Aplicada S.A. Madrid,
Spain
Ethanol wipes, Azowipes | Synergy Health, Chorley, 81103
Lancashire, UK
Graduated filter tip Starlab (UK) Ltd., Milton S1122-1830
sterile 1000 uL XL Keynes, Buckinghamshire,
UK
Graduated filter tip Starlab (UK) Ltd., Milton S1120-8810
sterile 200 pL Keynes, Buckinghamshire,
UK
Graduated filter tip Starlab (UK) Ltd., Milton S1122-1810
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Consumable Supplier Catalogue/Part
Number
Graduated filter tip Starlab (UK) Ltd., Milton S1121-3810
sterile 10 uL Keynes, Buckinghamshire,
UK
Graduated filter tip 200 Sarstedt, Leicester, UK 70.1189.215
uL extra-long sterile,
Biosphere
Lint free wipes, Kimtech | Kimberley-Clark, Reigate, 05511
UK
Loading tips Agilent Technologies, Inc., | 5067-5153
Santa Clara, California,
USA
Lysing tubes, Matrix E MP Biomedicals, Solon, 116914100
USA
Microtiter plate 96 well | Thermo Fisher Scientific, 612U96
Newport, UK
Micro tube nuclease free | Sarstedt, Leicester, UK 72.695.400
2 mL, SafeSeal
Nano flow cell MiSeq, I[llumina, San Diego, | 15035217
USA
Normalization plate (96) | Invitrogen, Thermo Fisher A1051001
kit, SequalPrep Scientific, Loughborough,
UK
Optical tubes, 8 x strip Agilent Technologies, Inc., | 401428
Santa Clara, California,
USA
Pathogen lysis tube, Qiagen, Hilden, Germany 19092
Type L

PCR microplate, 384
well

Corning Incorporated, Salt
Lake City, USA

PCR-384-LC480-W

PCR plate, 96 well half Sarstedt, Leicester, UK 72.1981.202
skirt

PCR seal adhesive Sarstedt, Leicester, UK 95.1993

PCR seal non-adhesive, Bio-Rad Laboratories Ltd., | MSA5001
Microseal A Watford, UK

PCR strip tubes and caps | Roche Diagnostics GmbH, 11 667 009 001
0.2 mL Mannheim, Germany

PCR tubes 0.2 mL Sarstedt, Leicester, UK 72.737.002
Petri dish Sarstedt, Leicester, UK 82.1472
Pipette 25 mL, Sarstedt, Leicester, UK 86.1685.001
Serological

Plasticware robotic Qiagen, Hilden, Germany 950067
workstation, QIAcube

HT

Reagent cartridge and [Nlumina, San Diego, USA MS-103-1001

PR2bottle. Nano Kit v2,
MiSeq
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Consumable Supplier Catalogue/Part
Number

Reagent reservoir 10 mL | Thermo Fisher Scientific, 95128095
Loughborough, UK

Reagent trough with lid Qiagen, Hilden, Germany 990554

70 mL, QIAcube HT

Reagent trough with lid | Qiagen, Hilden, Germany 990556

170 mL, QIAcube HT

RNase Free DNase Set Qiagen, Hilden, Germany 79254

RNA purification kit Qiagen, Hilden, Germany 57731

robotic. QIAamp 96

Virus QIAcube HT Kit

Rotavirus A detection Cole-Parmer, Stone, TKIT11031M

kit. Techne qPCR Staffordshire UK

rotavirus A kit

Screen tape. D1000 Agilent Technologies, Inc., | 5067-5582
Santa Clara, California,
USA

Universal bottles, glass Fisher Scientific, 14803572

30 mL Loughborough, UK

Wash bottle, Nalgene Thermo Fisher Scientific, 2422-4500

Color-Coded LDPE Loughborough, UK

Table 4. Apparatus
Apparatus Supplier Catalogue/Part
Number
Balance Kern & Sohn, Balingen, EMS 300-3
Germany

Biological safety cabinet Thermo Fisher Scientific, | NA

“Advantage” Loughborough, UK

Centrifuge Mikro 185 Hettich GmbH & Co. KG, | 1203

Tuttlingen, Germany
Centrifuge PCR strip tube | SciQuip Ltd., Newtown, 9011002012

mini, SciSpin Mini

Shropshire, UK

Commercial microwave
oven

Sharp Corporation, Osaka,
Japan

1000W/R21-ATP

UK

Digital pathology system, | Hamamatsu, Welwyn C13220-04

NanoZoomer Garden City, UK

Digital pathology image Hamamatsu, Welwyn U12388-01

program, NDP2.view2 Garden City, UK

Fluorometer, Qubit 3.0 Thermo Fisher Scientific, Q33216
Loughborough, UK

Fluorospectrometer, Thermo Fisher Scientific, ND-1000

NanoDrop 1000 Loughborough, UK

Gel casting tray 96 well ABgene, Epsom, Surrey, AB-0708
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Apparatus Supplier Catalogue/Part
Number

Gel documentation, Gel | Bio-Rad, Watford, 1708195

Doc XR+ gel Hertfordshire, UK

documentation system

Homogeniser/bead MP Biomedicals, Solon, 116004500

beater, FastPrep, 24 5G USA

LightCycler Roche 480, Hoffman La 05015243001
Roche, Basel, Switzerland

Microplate reader Labtech International Ltd., LT-4000
Ringmer, East Sussex, UK

PCR hood Labcaire Systems Ltd., SC8R(UV)
Clevedon, Somerset, UK

Pipette 1000 uL, Gilson UK, Dunstable, F144059M

Pipetman G P1000 Bedfordshire UK

Pipette 200 pL, Pipetman | Gilson UK, Dunstable, F144058M

G P200 Bedfordshire UK

Pipette 100 pL, Pipetman | Gilson UK, Dunstable, F144057M

G P100 Bedfordshire UK

Pipette 20 puL, Pipetman | Gilson UK, Dunstable, F144056M

G P20 Bedfordshire UK

Pipette 10 uL, Pipetman | Gilson UK, Dunstable, F144055M

G P10 Bedfordshire UK

Pipette 2 pL, Pipetman G | Gilson UK, Dunstable, F144054M

P2 Bedfordshire UK

Pipette 0.5 — 10 puL 12 Sartorius Biohit Liquid 725220

channel, mLINE Handling, Helsinki, Finland

Pipette 10 — 50 uL 8 Fisher Scientific, 11807381

channel, Finnpipette F2 Loughborough, UK

Pipette controller Heathrow Scientific, RF 3000
Nottingham,
Nottinghamshire, UK

Plate spinner, Axygen Corning, New York, USA 230UK

Axyspin

Robotic workstation, Qiagen, Hilden, Germany 9001896

QIAcube HT

Sequencer, Illumina [llumina, San Diego, USA SY-410-1003

MiSeq

Rotator Grant Instruments Ltd., PTR-25
Cambridge, UK

Seal applicator 3M, Bracknell, Berkshire, PA-1
UK

Seal roller Elkay Laboratory Products | RRLE303
UK Ltd., Basingstoke, UK

TapeStation, Agilent Agilent Technologies, Inc., | G2964A

2200

Santa Clara, California,
USA

64




prefilled

Ltd., Milton Keynes, UK

Apparatus Supplier Catalogue/Part Number
Thermal cycler, Bio-Rad | Bio-Rad Laboratories 18, UK61096
T-100 Ltd., Watford, UK
Vortexer, IKA IKA England Ltd., 0003208002
Oxford, Oxfordshire, UK
Vortexer, TopMix Fisher Scientific, FB150120
Loughborough, UK
Table 5. Animal studies consumables and reagents
Consumable/reagent Supplier Catalogue/Part Number
Cable ties 140 mm B&Q, Eastleigh, UK 03618660
Coccidiostat, Baycox Bayer, Newbury, UK NA
toltrazuril
Complete milk replacer, Volac International Ltd., | NA
Faramate Royston UK
Disinfectant, animal pens, | MS Schippers, Hapert, 2509899
MS MegaDes Novo Netherlands
Disinfectant, foaming, MS Schippers, Hapert, 2509903
animal pens, Top Foam Netherlands
LC
Disinfectant animal trials, | VWR International Ltd., | DIUKANTO0190
Virkon, Lutterworth, UK
Dry ice Harper Adams NA
University, Newport, UK
E. coli vaccine, Porcilis Intervet International NA
Porcoli Diluvac Forte BV, Boxmeer, The
Netherlands
E. coli/rotavirus vaccine, Bioveta, Ivanovice na NA
Rokovac Neo Hané, Czech Republic
Galacto-oligosaccharide, Saputo Dairy UK, NA
Nutrabiotic Weybridge, Surrey, UK
Iron injection, Gleptosil Alstoe Ltd, York, UK NA
Iron injection, Ferroferon Iron4u, Holte, Denmark | NA
Lactation diet wheat based | BOCM Pauls Itd, NA
diet Wherstead, UK
Lactation diet wheat based | Noble Foods, Stokesley, | 11648
diet, Gold Lactator UK
Pentobarbitone sodium, Vétoquinol, NA
Dolethal Buckingham, UK
Screw top containers 70 Sarstedt, Leicester, UK 75.9922.683
mL plastic
Sire line semen 900 JSR Genetics, Driffield, | NA
UK
Sows, Landrace x Large JSR Genetics, Driffield, | JSR 9T
white UK
Specimen jars 40 mL Leica Microsystems UK | 3800770C

65




Consumable/reagent Supplier Catalogue/Part Number
Straw and hemp bedding, | Datesand Ltd., CS1A07
Aubiose Stockport, UK
Surgical scalpel blade, No. | Swann-Morton, 0508
22A stainless steel sterile Sheffield, UK
Titan semen JSR Genetics, Driffield, | NA
UK
Universal tubes plastic 30 | Thermo Scientific, 10096A
mL Loughborough, UK

2.1 Animal studies

Studies involving work with animals need approval from an institution’s Animal
Welfare and Ethical Review Body (AWERB). The AWERB considers the potential
benefit gained from conducting a study weighed against the cost to the animals
involved. The AWERB provides constructive feedback to the applicant along with
recommendations they feel appropriate regarding the programme of work. Any
comments/recommendations must be addressed by the applicant to the satisfaction of
the AWERB before the application is approved. Application for approval to use
animals in each of the non-licensed studies carried out at the University of
Nottingham and Harper Adams University were made to their respective AWERB.
In completing the AWERB cover form, details of the animal species and number,
study purpose, scientific background, study objectives, housing and care, potential
benefits and what happens to animals at the end of the study were provided. Details
of application of the “3Rs” these being “Replacement”, “Reduction” and
“Refinement” were provided (Section 2.1.2). The applicant confirmed that the
procedures to be conducted will not result in any animal experiencing pain,
suffering, distress or lasting harm and were therefore non-regulated under the
Animals (Scientific Procedures) Act 1986. The AWERB considered the information
given and gave their comments and recommendations. For example, in Chapter 5

one of the comments was “Confirmation is required that the animals will be held
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according to DEFRA guidelines for stocking density.” The applicant then provided
responses to the AWERB with the intention of satisfying their comments and
recommendations. These were considered by the AWERB committee and approved
for each animal trial conducted. For Chapter 3, (paper 1) all three animal trials were
conducted at the University of Nottingham, Sutton Bonington, UK in a dedicated,
non-commercial, pig research unit. Animals were euthanised by a Schedule 1 method
in accordance with the UK animals (Scientific Procedures) Act 1986. For Chapter 4,
(paper 2) all four animal trials were conducted at Harper Adams University,
Newport, UK in a dedicated commercial facility according to the “Guidelines on
Good Clinical Practice for Clinical Trials for Registration of Veterinary Medicinal
Products” (EMEA, 2000). Animals were housed in accordance with Red Tractor
Assurance for Farms - Pigs Scheme Standards (Version 5.0) (Red Tractor, 2021) and
any animals euthanised on farm used the method of captive bolt and pithing before
confirmation of euthanasia by exsanguination in compliance with the Welfare of
Animals at the Time of Killing guidance, (WATOK, 2015) and Schedule 1 of the
Animals (Scientific Procedures) Act 1986. Trials met appropriate current quality
standards “Administrative guidance for the preparation of applications on additives
for use in animal nutrition” (EFSA, 2021). For Chapter 5, (paper 3) a randomised
controlled trial was performed on a commercial farrow-to-finish pig farm at Worsall
Manor Farms, Darlington, UK. The trial was approved by the farm veterinary
consultant. No animals were euthanised or invasive samples taken during trial

procedures for Chapter 5.
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2.1.1 Animals

Preparation of manuscripts was, as far as possible, carried out in accordance with the
“Animal Research: Reporting of /n Vivo Experiments” guidelines ARRIVE (Percie
du Sert et al., 2020). All metadata are available for 16S rRNA gene sequencing of
GIT bacterial communities in the National Center for Biotechnology Information
NCBI sequence read archive database available at https://www.ncbi.nlm.nih.gov/sra.
For Chapter 3 (paper 1) sequence data were deposited in the NCBI database within
the Bioproject PRINA494528 under the SRA study SRP164374. For Chapter 4
(paper 2), sequence data were deposited within the Bioproject PRINA866473. For
Chapter 5 (paper 3), sequence data were deposited within the Bioproject
PRINAS884280. The latter two BioProject accession numbers are now provided
instead of SRP/SRA references and should be used for publications enabling better

searching in NCBI.

2.1.2 The National Centre for the Replacement Refinement and Reduction of

Animals in Research principles

The National Centre for the Replacement Refinement and Reduction of Animals in
Research NC3Rs, principles were applied to studies as far as possible for Chapters 3,
4 and 5 https://www.nc3rs.org.uk/. No adverse effects were envisaged other than
those associated with farming pigs.

2.1.2.1 Replacement: The use of pigs in experiments was unavoidable to meet
obligations under Commission Regulation (EC) No 429/2008 (EC, 2008) that
requires efficacy studies to allow evaluation of feed additives common to farming

practices in the EU. Additionally, other animal species or in silico models would not

adequately represent the growth performance of pigs under the experimental

conditions, as biological data on the interactions of the host/microbiome is not
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sufficiently refined. Furthermore, other species require different dietary levels of
nutrients that would not be appropriate for pig production. These regulations apply to

Chapters, 3, 4 and 5.

2.1.2.2 Reduction: Chapter 3 combined the results of three separate studies where
only four pigs were used in each case, giving a total number of twelve animals
studied. No treatment effects were investigated in these studies. A minimal number
of animals were used allowing data pooling from each study to achieve statistical
significance. In Chapter 4, Harper Adams University maintained a small but high-
status commercial herd, producing good quality animals with low variation in
production parameters. This was achieved, in part, due to the selection of a
commercial hybrid genotype. Nevertheless, during the production process there were
always some poorly performing piglets that were removed from the sow and cared
for in a rescue pen (Figure 6). This is normal commercial practice for Harper Adams
University and gave piglets a better chance of surviving to achieve acceptable
performance, as more individual care and attention was provided. However, given
the commercial nature of production, the number of poorly performing piglets
available for trials and their ability to thrive could never be predicted. Only a certain
number of trials could be replicated, given the availability of dedicated rescue pens,
tissues and intestinal contents from euthanised piglets deemed unsuitable for
introduction into the commercial herd. The hypothesis was that an indeterminate
number of poorly performing piglets may benefit from GOS dietary supplementation
as opposed to any number of piglets failing to thrive and placed in rescue deck pens
for intensive care receiving CMR as opposed to CMR supplemented with GOS. In
Chapter 5, trials were conducted on a large commercial pig farm and trial size was
determined using a power calculation http://clincalc.com/stats/samplesize.aspx

where a = 0.05, p = 0.2 and power = 0.8, the extent of commercial operations
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allowing a statistically number of sows and piglets to be studied.

Figure 6. Rescue pens used in Chapter 4 for care of poorly performing piglets

2.1.2.3 Refinement: Pork is the most consumed meat in the EU and therefore pigs
must be the animal of choice to assess a) Chapter 3, common colonic community
indicators b) Chapter 4, the effects of dietary prebiotics on the microbiota and gut
architecture and c) Chapter 5, effects of dietary prebiotics on RVA infection and the
microbiome. Pigs are social animals and prefer to live in herds rather than in

isolation. Grouping animals into pens rather than separating individuals allowed

animals to express normal social behaviour. Given the nature of trials, it was not
expected that diets or housing conditions would produce any adverse effects.
Balancing this with the stress that individual housing may cause, pens of animals

were the most appropriate method to meet trial objectives. Minor distress (sub-
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threshold) to the animals may be associated with movement and weighing operations
but these tasks were conducted in a familiar environment to reduce the stress
experienced by the animals. Environmental conditions in trials met Red Tractor
standards for commercial practice, which sought to maximise performance by
reducing stress and maintaining healthy stock (Red Tractor, 2021). Metal chain toys
with plastic balls were provided in weaning pens as environmental enrichment.
Poorly performing piglets potentially receiving sub-optimal nutrition from the sow
were selected within the first seven days of life by visual assessment and the
appearance of “non-thriving” by qualified animal technicians. This was based upon
poor weight gain, a high degree of contamination with faecal material, the presence
of watery faeces and overall health. Animals displayed no clinical symptoms of
underlying disease, for example, scour or lameness, but were considered to benefit
from a complete milk replacement feeding program. As introduced earlier, poor
performance may be a function of the focus on larger litter sizes which has increased
the number of piglets with decreased viability, lighter birth weights and a reduced

ability to thrive in early life (Tucker et al., 2021).
2.1.3 Test products

No product was tested in Chapter 3. The product under test in Chapters 4 and 5 was
Nutrabiotic® which is a GOS based feed material with prebiotic properties. GOS is
included in the feed material register (registration number: 03101-EN)
https://www.feedmaterialsregister.eu/register and is approved for use in human infant

formula/foods in the USA and generally regarded as safe (GRAS) (USFDA, 2019).

GOS produced by B-galactosidases is authorised and included in the EU Union list
of novel foods (EU, 2015). In the EU, GOS intake has not raised any safety concerns

and it was concluded that the proposed use of GOS as a novel food is safe under
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proposed conditions of use (EFSA, 2021). The manufacturer was Saputo Dairy UK
(formerly Dairy Crest, Weybridge, Surrey UK). Nutrabiotic was stored in a cool, dry
place, protected from moisture and light in a well-sealed pack until mixed with the
trial diets. An analysis of the product is shown in Table 6. It should be noted that
Nutrabiotic is not 100% pure GOS. The product contains galactose, glucose and
lactose which are hydrolysed and digested in the upper pig GIT. The remainder is
GOS of varying degrees of polymerisation from 3 to 7 as determined by the
producers analysis (Dairy Crest) and would be expected to be fermented in the lower
pig GIT. Given that non-GOS control piglets received only contemporary CMR,
without GOS, it is apparent that test animals are receiving an additional digestible
fraction in the test product that may affect production values. This needs to be
addressed in future studies by perhaps making diets isocalorific. However, given the
low 1% dose of total Nutrabiotic, the effects may be neglible, but nonetheless close
examination of product formulation and possible effects of digestible and non-
digestible fractions obviously need to be more clearly examined in design of future
studies. In Chapter 4, Nutrabiotic was dosed at 1% (w/w) on a dry solids basis into
CMR (Faramate, Volac International Ltd., Royston, UK). For control groups, 150 g
of CMR was dissolved in 500 mL of warm water (30 — 40 °C) and made up to a total
volume of 1 L with warm water. For test groups 150 g of CMR was dissolved in 500
mL of warm water, 3 g GOS Nutrabiotic added and made up to a total volume of 1 L
with warm water. In Chapter 5, sows received 30 g per day GOS Nutrabiotic top-

dressed into lactation diet.
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Table 6. Analysis of Nutrabiotic® % w/w dry solids. (Dairy Crest, 2018).

Galactose 1.61%
Glucose 21.83%
Lactose 31.66%

DP3 GOS 25.18%

DP4 GOS 12.23%

DP5 GOS 5.00%

DP6 GOS 1.77%

DP7 GOS 0.70%

DP = Degree of polymerisation.

2.1.4 Pig gastrointestinal dissection and sampling

After euthanasia, each pig was cut down the ventral line using a sterile surgical
scalpel blade No. 22A (Swann-Morton, Sheffield, UK) and the GIT removed from
the carcass and laid out in sections as in Figure 7. For Chapter 3, only the colonic
contents were sampled. Sampling locations were identified and tied off with 140 mm
cable ties (B&Q, Eastleigh, UK) to prevent flow of luminal contents or cross-
contamination. These were UV irradiated for 30 minutes in a biological safety

cabinet (BSC, Thermo Fisher Scientific, Loughborough, UK) before use. Luminal

contents were sampled from the duodenum, jejunum, ileum, caecum, colon and
rectum for bacterial DNA extraction. Tissue samples were collected from the
jejunum, ileum, caecum and colon for histopathological examination and GC
enumeration. Separate dissection kit tools including surgical blades were used for
each sampling location to prevent cross-contamination and dissection tables
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disinfected with 1% w/v 10 gin 1 L H>O, Virkon (VWR International Ltd,
Lutterworth, UK — see Appendix 4 for composition) between each animal dissection.
The GIT was initially examined to identify sampling regions these being the small
intestine comprising the duodenum, jejunum and ileum; the caeco- colic junction

leading to the caecum and colon; the descending colon and rectum. Sampling sites

were representative for each trial according to methodology below.

Figure 7. Pig GIT dissection showing A) Duodenum B) Jejunum C) Ileum D)

Colon E) Caecum and F) Rectum

2.1.4.1 The duodenum: The stomach was identified, and the descending duodenum
found to where it turned through 180 degrees to become the ascending duodenum.
The pancreas was identified within the “u-bend” thus formed. The mesentery was

dissected away from the duodenum to release a 15-20 cm loop and sampled at the
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turning point.

2.1.4.2 The jejunum: The mesentery was dissected away from the jejunum starting
at the junction with the ileum and continued to the region where the jejunum became
firmly fixed to the root of the mesentery. This was only a short distance from the
duodeno-jejunal junction and there was no need to completely dissect the mesentery
to reach the junction. Grasping the fixed end of the jejunum enabled it to be matched
against the ileo-jejunal junction. The doubled-up jejunum was then pulled (without
squeezing to avoid tissue damage) through one hand to reach the middle of the
jejunum giving an approximate mid-jejunum point for sampling.

2.1.4.3 The ileum: The ileum was identified as the terminal 10-15 cm of the small
intestine before it entered the caeco-colic junction. It was identified by the presence
of two mesenteries, one of which was attached to the caecum. Some of the mesentery
was dissected away, but the junction between the ileum and jejunum was marked
first with cable ties, since apart from the double mesentery there were no visual
differences between these two sections of the small intestine. Sampling was half-way
along the length of the ileum.

2.1.4.4 The caecum: The caecum, attached to the large colon and ileum was
identified as a large blind-ended piece of bowel. Samples were taken from the tip of

the caecum.

2.1.4.5 The colon: The colon was identified as large spiral structure with a smaller
spiral inside and a “turn-around” at the bottom of the spiral (lowest in the abdomen).
Samples were taken from the turning point of the spiral where it formed a U-bend.
2.1.4.6 The rectum: The rectum was identified as from where the large colon
narrowed and headed towards the pelvis forming the rectum from which faecal

samples were taken.
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2.1.4.7 Sampling of gastrointestinal contents and tissues: At least 1 g of luminal
contents from each sampling location were collected into 70 mL plastic, screw-top
containers (Sarstedt, Leicester, UK) and placed on dry ice for subsequent storage at -
80°C. Excised GIT tissue samples were fixed in 10% v/v neutral buffered formalin
(see Appendix 4 for composition) in 40 mL prefilled specimen jars (Leica
Microsystems UK, Ltd., Milton Keynes, UK) and stored at room temperature prior

to histological analyses.

2.2 Nucleic acid extractions from trial samples

For all nucleic acid extractions common reagents, consumables and equipment are
referred to in the first case. All buffers and reagents from nucleic acid extraction kits
are referenced as far possible, but abbreviations for many kit components cannot be

determined since they are not described by the manufacturer for proprietary reasons.

2.2.1 Chapter 3. Manual DNA extraction from gastrointestinal samples

Bacterial DNA from colonic samples of twelve pigs were extracted using the
Macherey-Nagel NucleoSpin Tissue Genomic DNA Purification Kit (Macherey-
Nagel, Diiren, Germany). All consumables were provided in the kit unless otherwise
stated. Prior to DNA extraction, 28 mL 96% v/v ethanol (Fisher Scientific,
Loughborough, UK) was added to each bottle of wash buffer B5 (80% ethanol, 20
mM NaCl, 2 mM Tris-HCI) and 1.35 mL proteinase buffer (30 mM Tris-HCI) added
to 30 mg lyophilised proteinase K. Before DNA elution the elution buffer BE (5§ mM
Tris-HCL) was pre-heated to 70°C. A 2 mL nuclease-free micro tube (Sarstedt,
Leicester, UK) was placed in a sterile 7 mL Bijou bottle (Fisher Scientific,
Loughborough, UK) for support and stood upon a sterile Petri dish (Sarstedt,
Leicester, UK) for weighing GIT samples (Kern & Sohn, Balingen, Germany). Using

aseptic technique, 250 mg of colonic samples were weighed into the tube with a
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sterile 10 pL disposable loop (Sarstedt, Leicester, UK) and 1 mL buffer TE (10 mM
Tris-HCI, 1 mM EDTA) (Thermo Fisher Scientific, Loughborough, UK) added.
Samples were resuspended by vigorous vortexing for 30 seconds (Vortexer TopMix,
Fisher Scientific, Loughborough, UK.) Samples were centrifuged at 21°C using a
Mikro 185 centrifuge (Hettich GmbH & Co. KG, Tuttlingen, Germany) for 15
minutes at 4,000 x g and the supernatant discarded. One mL lysis buffer T1
(composition not available) was added, and the pellet resuspended. Of this, 200 pL
was transferred to a new 2 mL micro tube and 25 pL proteinase K solution added.
Samples were vortexed and then incubated at 56°C for 3 hours with occasional
vortexing. After incubation, samples were briefly vortexed, 200 uL buffer B3 (50%
v/v guanidine hydrochloride, 50% v/v H20) added, vortexed vigorously and
incubated at 70°C for 10 minutes. Ethanol, 210 puL 96% v/v was added and samples
vortexed vigorously. For each sample one NucleoSpin column was placed in a
collection tube. Samples were pipetted into columns, centrifuged at 21°C and 11,000
x g for 1 minute and the flow through discarded. Wash buffer BW (50% v/v
guanidine hydrochloride, 50% v/v isopropanol), 500 uL. was added, samples
centrifuged at 21°C and 11,000 x g for 1 minute and the flow through discarded.
Wash buffer B5 (80% ethanol v/v, 20 mM NaCl, 2 mM Tris-HCl) , 600 uL. was then
added, samples centrifuged at 21°C and 11,000 x g for 1 minute and the flow
through discarded. Samples were then centrifuged in columns for 1 minute at 21°C
and 11,000 x g. Columns were then placed in 2 mL micro tubes, 100 pL pre-warmed
BE buffer added, incubated at room temperature for 1 minute and finally centrifuged
at 21°C and 11,000 x g to elute DNA. A kit control was prepared that did not contain

GIT contents.
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2.2.2 Chapter 4. Manual DNA extraction from gastrointestinal samples

Bacterial DNA was extracted from GIT luminal/pig digesta samples using the MP
Biomedicals FastDNA SPIN Kit for Feces (MP Biomedicals, Solon, USA). All
consumables were provided in the kit unless otherwise stated. The order in which
DNA extractions from GIT samples were randomised using the random number
generator https://www.random.org to control for possible DNA extraction kit effects.
To prepare the wash buffer for DNA extraction, 100 mL of 96% v/v ethanol was
added to wash buffer 2 (Composition not available), and the bottle marked to signify
the addition. A 2 mL lysing matrix E tube (MP Biomedicals, Solon, USA) was
placed in a sterile 7 mL Bijou bottle for support and stood upon a sterile Petri dish
for weighing GIT samples. Using aseptic technique, 250 mg of GIT samples were
weighed into the lysing matrix E tube with a 10 pL sterile disposable loop and 275
pL of pre-lysis solution (PLS - composition not available ) and 825 pL sodium
phosphate buffer added (5% sodium phosphate w/v, 95% H>O v/v). A kit control was
prepared that did not contain GIT contents. Lysing tubes were shaken by hand to mix
and vortexed for 10 to 15 seconds. Contamination around the neck of the tube was
avoided by covering with sterile absorbent tissue during vortexing. Lysing tube caps
were secured, but not over-tightened, to prevent sample leakage. Preparation of GIT
luminal content samples were performed in a sterile, pre-cleaned BSC until caps on
lysing tubes were secured. Lysing tubes were centrifuged at 21°C and 13,300 x g for
5 minutes and the supernatant pipetted out and disposed of. Sodium phosphate buffer
978 pL and 122 pLL MT buffer (1% sodium dodecyl sulphate v/v, 99% v/v H20)
were added and vortexed briefly to mix. Samples were homogenized in the FastPrep
24 5G instrument at setting of 6.0m/s for 40 seconds (MP Biomedicals, Solon, USA).
Care was taken to double label tubes and arrange in order of processing since the

FastPrep 24 5G instrument could easily destroy labelling through gravitational
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acceleration. Homogenized samples were then centrifuged at 21°C and 13,300 x g
for 15 minutes to ensure elimination of excessive cell debris from samples. Using
aseptic technique, the supernatant was transferred to a clean nuclease-free 2.0 mL
micro tube. Protein precipitate solution, 250 pL (PPS - 5% acetic acid v/v, 95% v/v
H>0) was added, shaken vigorously to mix, and incubated at 4°C for 60 minutes.
Samples were then centrifuged at 21°C and 13,300 x g for 2 minutes. Binding matrix
solution, (87.8% silicon dioxide v/v, 12.2% H>0 v/v) 750 pL. was added to a clean 2
mL micro tube. The supernatant was then added to the binding matrix solution in the
2 mL micro tube, shaken gently by hand to mix and placed on a PTR-25 rotator
(Grant Instruments Ltd., Cambridge, UK) for 3-5 minutes. Samples were then
centrifuged at 21°C and 13,300 x g for 2 minutes. The supernatant was pipetted out
down to the pellet and discarded. The binding mixture pellet was then washed by
gently re-suspending with 1 mL wash buffer 1 (Guanidine thiocyanate 30% v/v, 70%
H>0). In a two-step process, 600uL of the binding mixture was transferred to a spin
filter tube and centrifuged at 21°C and 13,300 x g for 1 minute. The catch tube was
emptied, and the remaining binding mixture added to the spin filter tube, pipetted to
re-suspend and centrifuged as before, with the catch tube emptied again. Prepared
wash buffer 2, 500 uL was added to the spin filter tube and gently resuspended using
the force of the liquid from the pipette tip to re- suspend the pellet. Samples were
then centrifuged at 21°C and 13,300 x g for 2 minutes. The flow-through from tubes
was then discarded. Samples were centrifuged again for 2 minutes to extract residual
ethanol from the binding matrix and dry the samples. The spin filter bucket was then
transferred to a clean 1.9 mL catch tube. One-hundred puL Tris-EDTA (TES -
Composition not available) solution was added and pipetted up and down to re-
suspend the pellet. Samples were then centrifuged at 21°C and 13,300 x g for 2

minutes to elute purified DNA into clean catch tubes. The spin filters were then
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discarded leaving purified DNA in catch tubes for PCR and other downstream
applications and stored at -20°C until use. DNA integrity and quality was checked
for each sample using the NanoDrop 1000 Fluorospectrometer (Thermo Fisher
Scientific, Loughborough, UK). Both optical surfaces were cleaned using 2 uL RO
(reverse osmosis) H2O (Milli-Q, Merck, Gillingham, UK) before use and wiped with
Kimtech wipes (Kimberley- Clark, Reigate, UK) between readings. 0.1% v/v HCL
(0.1% v/v HCL, 99.9% H>0) solution was used as a cleaning agent before
measurements (Thermo Fisher Scientific, Loughborough UK). A reference reading
using 2 pL TES elution buffer pipetted onto the lower optical surface of the
NanoDrop was used as a control reading. 2 pL samples were pipetted onto the lower
optical surface of the NanoDrop, avoiding air bubbles, to measure DNA

concentration. Samples were then stored at -20°C for downstream processing.

2.2.3 Chapter 5. Automated purification of bacterial DNA from porcine faecal

samples
2.2.3.1 Initial preparation

All reagents from the QIAmp 96 PowerFecal QIA cube HT Kit (Qiagen, Hilden,
Germany) were equilibrated to room temperature (15 - 25°C) and checked for any
precipitates. Any reagents containing precipitates were incubated at 37°C with gentle
shaking to dissolve precipitates. Vigorous shaking was avoided to prevent foaming.
Buffers were supplied as concentrates that required dilution with solvents before use.
Before using for the first time, 484 ml 96% v/v ethanol was added to buffer AW1
(Guanidine hydrochloride 50%, v/v 50% H>0O) and mixed well to obtain a working
solution. Three-hundred mL 96% v/v ethanol was added to buffer AW2 (70%
ethanol v/v, 30% H2O v/v) and mixed to obtain a working solution. Buffer PW1

(Guanidine thiocyanate 2.5% v/v, 97.5% H>0) was warmed to 60°C for 10 minutes
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before use. Check boxes on buffer bottle labels were ticked to indicated that solvents
had been added. Filter plates, filter tape, elution microtubules, “OnCor C 7” filter tips
and sample S-blocks were provided as part of the QIAcube HT Plasticware kit

(Qiagen, Hilden, Germany).
2.2.3.2 Pre-treatment of faecal samples

Preparation of faecal samples for DNA extraction was carried out in a BSC and all
equipment subjected to 30 minutes UV irradiation before use. Faecal samples were
defrosted over ice and 200 mg weighed into a sterile pathogen lysis tube type L
(Qiagen, Hilden Germany) placed in a 7 mL Bijou bottle for support on a Petri dish
on a balance. PW1 buffer, 650 uL was added and samples homogenized in the
FastPrep 24 5G instrument at setting of 6.0m/s for 40 seconds. Samples were then
centrifuged at 21°C and 13,300 x g for 15 minutes to pellet faccal debris. Of this, 400
pL supernatant was then pipetted into a clean 2 mL micro tube and 150 pL buffer C3
(composition not available) added with thorough mixing by pipetting up and down.
Samples were then incubated for 5 minutes at 4°C and centrifuged at 21°C and
13,300 x g for 1 minute. Of each sample, 300 pL. was added to a sample S-Block and
20 uL proteinase K (20 mg/mL in 30 mM Tris-HCL) added, mixed and incubated for

10 minutes at room temperature.
2.2.3.3 Robot worktable preparation

The QIAcube HT (Qiagen, Hilden, Germany) was switched on and the QIAcube HT
icon chosen to open the QIAcube HT “Prep Manager” software for extraction of
DNA from samples. The “home” tab was chosen on the software followed by the
“QIAmp 96 PowerFecal” protocol from the drop-down menu. The experimental
information was completed by selecting sample type as “stool” and pre-treatment as

“pathogen”. The check box for optional vacuum performance check after the binding
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step was ticked. Samples were defined by entering the sample numbers 1 to 48. The
input positions of samples were selected and assigned according to the graphic of the
96 well plate on screen. The waste bottle was checked for sufficient capacity prior to
the run and the tip chute and tip disposal box loaded. The channeling block holder,

channeling block, transfer carriage and Qiagen QIAmp 96 filter plate were loaded

(Figure 8). Unused wells were covered with filter tape on the 96 well filter plate. The
riser block and elution microtubules were then loaded. A full box of 96 OnCor C
filter tips was loaded in the robot worktable tip rack position C1 and all tips set to
available in the software. A second box of filter tips was loaded onto the C2 tip rack
and selected as available. The instrument calculated the volume of reagents required

for each reagent trough.

96 well plate

Transfer Carriage

Elution
Microtubules
Channeling
Adaptor o -
) (/S >/ Riser Block
- ’ | Channeling
iy Block Holder

Figure 8. Component parts of the QIAcube HT robot
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Worktable positions Al and B1 took 180 mL reagent troughs (Qiagen, Hilden,
Germany) and positions A2, B2 and C1 to C4 70 mL reagent troughs (Qiagen,

Hilden, Germany). Reagents were added to troughs using a 25 mL serological pipette

(Sarstedt, Leicester, UK) using a pipette controller (Heathrow Scientific,
Nottingham, Nottinghamshire, UK). A 27 mL aliquot of solution C4 (50% v/v
guanidine hydrochloride, 50% v/v isopropanol) was added to reagent trough A2.
Ninety-six % v/v ethanol, 27.7 mL was added to reagent trough B2. Buffer AW2, 32
mL was added to reagent trough C1. Buffer AW1, 53.2 mL was added to reagent
trough C2. Top elute fluid, (100% white mineral oil) 2.1 mL was added to reagent
trough C3 and 5.2 mL buffer ATE (composition not available) was added to reagent
trough C4. The robotic DNA extraction protocol was then launched. Once complete,

samples were then stored at -20°C for downstream processing.

2.2.4 Extraction of rotavirus A RNA from porcine faecal samples.

2.2.4.1 Pre-treatment of faecal samples

Eight glass universal bottles (Fisher Scientific, Loughborough, UK) were cleaned
with 0.1% v/v diethyl pyrocarbonate (DEPC) (Merck, Gillingham, UK) in RO water,
shaken vigorously and allowed to stand overnight at 37°C. These were autoclaved on
a liquid cycle at 121°C and 15 psi, for twenty minutes, to eliminate residual DEPC.
Five hundred mL sterile 0.9% w/v NaCl solution was prepared by adding 4.5 g NaCl
(Merck, Gillingham, UK) to 500 mL RNase free water (Fisher Scientific,
Loughborough, UK) and autoclaved. Twenty-five mL of the NaCl solution was then
aliquoted into the eight DEPC cleaned universal bottles giving enough pre-prepared
isotonic diluent for extracting RNA from at least 140 pig and piglet faecal samples.
All further work was carried out in a BSC, wearing double gloves and having

thoroughly sprayed and cleaned work surfaces, racks, bijou bottles, pipettes and any
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other equipment with RNase Zap (Thermo Fisher Scientific, Loughborough, UK)
before commencing work. All equipment was then subjected to 30 minutes UV
irradiation in the BSC before use. Animal faecal samples were defrosted over ice and

100 mg weighed into a sterile, RNase-free 2 mL micro tubes, placed in a Bijou bottle

for support on a Petri dish on the balance. Nine-hundred pL 0.9% w/v NaCl solution
was pipetted into the tube containing 100 mg faecal sample and vortexed for one

minute. The suspension was centrifuged at 21°C and 16,000 g for 5 minutes to pellet
debris and the clear supernatant with at least 200 pL transferred to a clean micro tube

for storage at -80°C.

2.2.4.2 Initial preparation

All reagents from the QIAmp 96 Virus QIA cube HT Kit (Qiagen, Hilden, Germany)
were equilibrated to room temperature (15 - 25°C) and checked for any precipitates.
Those reagents containing precipitates were incubated at 37°C with gentle shaking to
dissolve precipitates. Vigorous shaking was avoided to prevent foaming. Before
using for the first time, 40 mL 99.5% v/v isopropanol (Fisher Scientific,
Loughborough, UK) was added to buffer ACB (Guanidine thiocyanate 50% v/v,
50% H>0) and mixed well to obtain a working solution. Ethanol, 250 mL 96% v/v
was added to buffer AW1 (Guanidine hydrochloride 50% v/v, 50% H>O v/v) and
mixed to obtain a working solution. Ethanol, 300 mL was added to buffer AW2
(70% ethanol v/v, 30% H>O v/v ) and mixed to obtain a working solution. Check

boxes on buffer bottle labels were ticked to indicated that solvents had been added.
2.2.4.3 Preparation of RNA carrier stock solution

Buffer AVE (0.04% v/v sodium azide, 99.96% H>O v/v), 1550 pL was added to the

tube containing 310 pg lyophilized carrier RNA to obtain a stock solution of 0.2
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Mg/uL. Aliquots of 255 pL carrier RNA stock solution were pipetted into six RNase-
free 2 mL micro tubes and frozen at -24°C. Aliquots of carrier RNA were not
subjected to more than three freeze-thaw cycles. For a 48-sample run using the
QIAcube HT robotic workstation for RNA purification, 250 YL prepared carrier

RNA stock solution was required.
2.2.4.4 Preparation of the RNase free DNase set

DNase I stock solution was prepared before using the RNase-free DNase Set
(Qiagen, Hilden, Germany) for the first time. RNase-free water, 550 uL was pipetted
into the vial containing Lyophilized DNase I (1500 Kunitz units) and gently inverted
to mix. For long-term storage of DNase I, stock solution was removed from the glass
vial and divided into single-use aliquots in micro tubes and stored at -24°C.
Reconstituted DNase I was not vortexed because of sensitivity to physical
denaturation, but rather mixing by gentle inversion. To prepare enough DNase-mix
for 48 samples 540 L DNase stock was added to 3.78 mL RDD Buffer (supplied
with kit — composition not available), leaving enough for tip and reagent trough

wastage.
2.2.4.5 Robot worktable preparation

The instrument was prepared as in section 2.2.3.2 except that the “Custom QIAamp
96 Virus CR 1564” protocol was chosen. The volume of reagents required was 49.3
mL of 96% v/v ethanol added to reagent trough A1, 4.5 mL of DNase mix added to
reagent trough A2, 18.5 mL buffer ACB added to reagent trough B2 and 30.5 mL

buffer AW1 added to trough C1. Buffer AW2, 38.9 mL was added to trough C2, 2.1

mL top elute was added to trough C3 and 5.2 mL buffer AVE added to trough C4.
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2.2.4.6 Sample preparation

The Qiagen sample S-Block for RNA extraction required in addition to samples, the
addition of proteinase K, buffer ACL (Guanidine thiocyanate 30% v/v, 70% H>O
v/v), carrier RNA and an RNA internal extraction control from the qPCR test
rotavirus A kit (Cole-Parmer, Stone, UK). Two hundred pL of 48 test samples were
pipetted into the bottom of the S-Block followed by 20 pL Qiagen proteinase K. The
RNA internal extraction control was pulse spun in a centrifuge before opening and
reconstituted by the addition of 600 L RNase/DNase free water from the qPCR kit
and vortexed. To prepare the buffer ACL, 250 puL carrier RNA stock solution and
192 uL RNA internal extraction control was added to 8 mL ACL buffer. Buffer ACL,
160 uL. mixture was pipetted into each sample in the S-Block and mixed well. The
S-Block was covered with adhesive tape and incubated at 56°C for 30 minutes. The
adhesive tape was aseptically removed and the S-Block transferred to the robot
worktable ready for RNA extraction. Once started, the instrument performed the
RNA extraction protocol run and when finished, purified viral RNA was stored at -

80°C for downstream applications.

2.3 16S rRNA gene sequencing with the Illumina MiSeq: Library generation,

quality control and DNA sequencing

The protocol for 16S rRNA gene sequencing was based upon the “Development of a
dual- index sequencing strategy and curation pipeline for analysing amplicon
sequence data on the MiSeq Illumina sequencing platform” (Kozich et al, 2013) and
the “MiSeq Wet Lab SOP” as described by Schloss ef al, 2013. The Illumina MiSeq
Sequencer (Illumina, San Diego, USA) can produce 2 x 250 base pair (bp) paired
end reads and up to 81.5 giga bytes (Gb) of data in a single run. Dual indexing of

library samples allows up to three hundred and eighty-four samples to be run
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simultaneously equivalent to four 96 well plates. The instrument is capable of
producing twenty-five million reads. For low diversity runs approximately twelve
million reads can be expected. A wide range of applications are possible including
16S rRNA gene sequencing, metagenomics, genome sequencing, transcriptomics
and RNA sequencing. 16S rRNA gene sequencing typically sequences the V4 region
of the 16S rRNA gene, its short length of 250 bp allowing for fully overlapping
forward and reverse reads, resulting in low error rates. Steps in preparing samples
for sequencing on the MiSeq included 1) Sample plate map and sample sheet
generation. 2) Reconstitution of primers. 3) PCR of genomic DNA (gDNA) samples
isolated from GIT samples. 4) Gel electrophoresis of all samples from initial PCR of
gDNA samples for quality control. 5) gDNA concentration normalisation and
pooling of samples by SequalPrep. 6) gDNA library quality control and
quantification by the Agilent 2200 TapeStation System to determine the number of
gDNA base pairs and Qubit DNA assay to determine gDNA concentration.

7) Sequencing, run quality assessment and data export.

2.3.1 Sample plate map and sample sheet generation

Using the Illumina Experiment Manager
https://emea.support.illumina.com/sequencing/sequencing_software/experiment man
ager/downloads.html a sample plate map of samples and indexed primers layout for
each 96 well plate was created. “Ian Connerton” was selected from the sample
preparation kit selection menu and a project name entered. The plate tab was clicked
to show the 96 well plate layout and the sample names entered. The appropriate
indexes were selected from the pull-down menu for each plate. Indexes were chosen
that corresponded to one of the two index pair plates below:

A701 — A712 with B501 — B508

B701 — B712 with A501 — A508
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One plate was prepared for each of the four Harper Adams pig trials using A701 — A712 with
B501 — B508 as in Chapter 4. Two plates were prepared for Chapter 5 using A701 — A712 with
B501 — B508 and B701 — B712 with A501 — A508. An example from Chapter 4 for Harper
Adams pig trial 1 and for samples D1A to DSF is shown in Figure 9. The plate included a kit

control KC1, the synthetic bacterial MOCK community and reverse osmosis (RO) water.

Table Plate Plate Graphic

Curmently Displaying | Sample ID b
Index1(17)  1A7OM IAT02 1A703 IA704 I1AT05 I1A706

Index2 (15) 1 2 3 4 5 6 7 | 8 9 10 1 12
IB501 A |D1A D1B Dic DD DiE Di1F KC1
IB502 B |D2A D2e D2c D20 D2E D2F MOCK
I1BS03 C _|D3A DB D3C D3D D3E D3F RO
1B504 D |D4A D4B Dac D4D D4E D4F
IB505 E [D5A (] DsC D50 D5E DSF
IB506 F_|D6A DeE DeC DeD DeE D&F
1B507 G _|D7A D7B DiC D7D D7E D7F
18508 H |DBA DEB D8C D8D D3E D&F

Figure 9. Sample plate map generated by Illumina experiment manager for

Harper Adams pig trial 1.

A sample sheet was then created using the IEM software by selecting the instrument
selection page and selecting MiSeq. “Fastq only” was selected on the MiSeq
application selection page. The barcode from the MiSeq reagent kit to be used for the
sequencing run was entered. “Ian Connerton” was selected as the sample preparation
kit. An experiment name, number and description were entered, and the number of
cycles changed to 251 for both read 1 and read 2. The appropriate sample plate file
was then selected for plate 1 (as created above). “Select All” was chosen, and all the
selected samples added to the sample sheet which, was saved as csv file for

transferal to the MiSeq before sequencing commenced.

2.3.2 Reconstitution of primers

Primers were supplied by Merck, Gillingham, UK. One hundred pL, 10 uM aliquots

of index primers were prepared. Sequencing primers were not diluted. PCR grade
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water (Thermo Fisher Scientific, Loughborough, UK) was added to each primer vial
at x pL to reconstitute to100 uM concentration, where x equals the volume of PCR
grade water specified in the technical data sheet (Merck, Gillingham, UK). Vials
were spun down before reconstitution to ensure the DNA pellet was at the bottom of

the vial. Micro tubes, 2 mL were labelled with the primer set name, A701 to A712,

B501 to B508, B701 to B712 and A501 to A508. A full list of primers is shown in
Appendix 1. Ninety pL of PCR grade water and 10 pL each reconstituted primer was
added to each labelled micro tube. Using a multichannel pipette (Sartorius Biohit
Liquid Handling, Helsinki, Finland), 5 uL of A701 to A712 were pipetted onto a
clear 96 well microtiter plate (Fisher Scientific, Loughborough, UK) followed by 5
puL of B501 to B508 onto the plate to give the correct combination of primers. Primer

plates were stored at -20°C for subsequent sequencing runs.
2.3.3 PCR of genomic DNA samples

Using the isolated DNA as a template, the V4 region of the bacterial 16S rRNA
genes were PCR amplified using primers 515f (5" GTGCCAGCMGCCGCGGTAA
3") and 806r (5" GGACTACHVGGGTWTCTAAT 3") (Caporaso et al., 2011). All
PCR steps were carried out in a PCR hood (Labcaire Systems Ltd., Clevedon,
Somerset, UK) under sterile conditions. The 96 well PCR plate (Sarstedt, Leicester,
UK) was kept on ice when preparing PCR. For ease of working most pipetting steps
were performed using a multichannel pipette (Fisher Scientific, Loughborough, UK).
The 96 well PCR plate, pipette filter tip boxes and any other plastic ware were
sterilised by UV irradiation for 30 minutes. Two pL of each paired set of index
primers were pipetted from the primer plate to the corresponding well on the 96-well
PCR plate according to the Sample Plate Map design. Seventeen uL. of Accuprime

Pfx Supermix (Thermo Fisher Scientific, Loughborough, UK — see Appendix 4 for
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composition) was pipetted into each well of the 96-well PCR plate, from a sterile 10
mL reagent reservoir (Thermo Fisher Scientific, Loughborough, UK) to assist with
multichannel pipetting. One puL of template gDNA, including DNA extraction kit
controls, were pipetted to the corresponding wells on the 96-well PCR plate and
mixed by pipetting up and down. One puL of Milli-Q/molecular biology grade H>O
was added to the negative control well and 1 uL of ZymoBIOMICS Microbial
Community (10 ng) (Cambridge Bioscience, Cambridge, UK) added to the positive
control well on the PCR plate. The plate was sealed using an adhesive PCR seal
(Sarstedt, Leicester, UK), seal roller (Elkay Laboratory Products UK Ltd.,
Basingstoke, UK) and an adhesive seal applicator used (3M, Bracknell, Berkshire,
UK) to finally seal the plate, whilst placed on the PCR block, to prevent tipping or
warping of the plate. A second non- adhesive seal, (Bio-Rad) was applied to help
maintain the seal on the plate and prevent sample loss by evaporation. The plate was
vortexed for three seconds on the IKA Vortexer (IKA England Ltd., Oxford,
Oxfordshire, UK.) and the contents spun down using the Axygen Axyspin (Corning,
New York, USA.), for 20 seconds. The plate was placed in the thermal cycler (Bio-
Rad T-100) and the program “16S MISE” selected with a run time of approximately

3 hours and 55 minutes to completion (Table 7).

Table 7. PCR parameter settings.

Temperature °C Time minutes
95 02:00
30 cycles
95 00:20
55 00:15
72 05:00
1 cycle
72 10:00
4 20:00
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2.3.4 Gel electrophoresis

To check for DNA quality a 1% w/v agarose gel, using a 96-well, 12 ladder wells
casting tray/running tray was prepared. For one gel, 2 g of molecular biology grade
agarose (Merck, Gillingham, UK) was weighed into 200 mL tris acetate solution
(TAE - Tris 11.31% v/v, EDTA disodium salt 0.87% v/v, acetic acid sodium salt
7.66% v/v, HCI 3.74% v/v) (Thermo Fisher Scientific, Loughborough, UK) in a 250
mL conical flask (Schott, Duran, Mainz, Germany). This was microwaved (Sharp
Corporation, Osaka, Japan) for 20 seconds and swirled gently. This step was
repeated until all the agarose dissolved. Cling film (Clingorap, Terinex, Bedford,
Bedfordshire, UK) was placed over the top of the conical flask and pierced before
microwaving. The flask was cooled under running water so as just cool enough to
touch. Ten pL ethidium bromide (Merck, Gillingham, UK - 10 mg/mL in H,O) was
added, swirled gently and the liquid agarose poured into the 96 well casting tray
(ABgene, Epsom, Surrey, UK). For a 96 well plate, 4 uL of loading dye x 96
equalled 384 pL needed, plus 10% equalled 422.4 pL. Six x Promega loading dye
(Promega Corporation, Madison, Wisconsin, USA) was used where 1.5 x was
needed, equating to 1.6/6 x 422 puL = 105.5 pL dye plus 316.9 RO H20. Two pL of
sample and 4 puL of loading dye diluted to 1.5 x were loaded onto the agarose gel and
run at 97V for 30 minutes and 20 mA alongside a 100 bp ladder (Promega
Corporation, Madison, Wisconsin, USA). The gel was photographed and
documented under UV light using the Gel Doc XR+ system (Bio- Rad, Watford,

Hertfordshire, UK).
2.3.5 Normalization and pooling

The following steps were performed using the SequalPrep Normalization Plate (96)

Kit. (Thermo Fisher Scientific, Loughborough, UK) Reagents were provided by the
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kit unless otherwise stated. Depending upon the product volume from PCR, between
10 and 18 pL of PCR product from the 96-well PCR plate were pipetted into the
corresponding wells on the normalization plate. An equivalent volume of binding
buffer (HCI 10% v/v, 90% H>0 v/v) was added to each well, mixed by pipetting up
and down and the plate sealed with adhesive PCR seal, vortexed on the IKA
Vortexer for 3 seconds and spun down briefly using the Axygen Axyspin. The plate
was incubated at room temperature for 60 minutes. Fifty uL of wash buffer
(composition not available) was added to each well, pipetted up and down twice and
aspirated immediately. The plate was inverted and gently tapped onto clean
absorbent blue paper towel (Kimberley-Clark, Reigate, UK) to ensure there was no
residual wash buffer remaining in any well. Twenty uL of elution buffer (10 mM
Tris-HCI) was added to each well and mixed by pipetting up and down five times.
The plate was sealed, vortexed and spun as previously and incubated at room
temperature for 5 minutes. A pool (the DNA library) was created from the entire
contents of the plate by pipetting 5 uLL of each well into a 2 mL micro tube using an

empty 96 well plate and multichannel pipette to aid pooling.

2.3.6 DNA Library quality control and quantification

The number of bp’s from the pooled DNA library preparations were determined
using the Agilent 2200 TapeStation System Trace using D1000 ScreenTape, Agilent
D1000 reagents and Agilent plastic ware (Agilent Technologies, Inc., Santa Clara,
California, USA). The Agilent sample buffer (20mM KCIl, 60mM POj4 buffer,
60mM guanidine-HCI, 240mM NaCl, 60mM NaOAc) was allowed to equilibrate at
room temperature for 30 minutes and vortexed before use. The Agilent ladder was
prepared by mixing 2 uL. D1000 sample buffer with 2 pL D1000 ladder. Two pL
D1000 sample buffer was mixed with 2 pLL DNA library samples in Agilent optical

tubes, spun down in a PCR strip tube mini-centrifuge (SciSpin Mini, SciQuip Ltd.,
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Newtown, Shropshire, UK) and vortexed using the IKA Vortexer and adaptor at
2000 rpm for 1 minute to position samples at the bottom of tubes. Samples were
prepared in triplicate. The Agilent 2200 TapeStation controller software was
launched on the HP laptop attached to the Agilent 2200 TapeStation and the D1000
ScreenTape device and loading tips loaded into the instrument. The samples and
ladder in the optical tubes were loaded into the instrument and the required number

of samples selected with the controller software. The instrument was started, and the

results saved as a pdf file to disk. The average number of bp’s was taken from three

readings.

2.3.7 Qubit DNA assay

DNA concentration was assayed using the Qubit 3.0 Fluorometer, reagents and assay
tubes (Thermo Fisher Scientific, Loughborough, UK). The Qubit working solution
was prepared by diluting Qubit dsDNA High Sensitivity (HS) Reagent (composition
not available) 1:200 dilution in Qubit dsDNA HS Buffer (1 puL reagent in 199 pL
buffer — composition not available) in a clean nuclease free Qubit assay tube. For
preparation of two DNA standards and one DNA library sample in triplicate, 5 Qubit
assay tubes and 5 pL reagent in 995 puL buffer were required. One hundred and
ninety uL of Qubit working solution was added to each tube to be used for DNA
standards. Ten pL of each Qubit standard was added to the appropriate tube and
vortexed for 3 seconds giving a final volume of 200 pL. One hundred and ninety-
eight uLL of Qubit working solution was added to each of the assay tubes used for
samples and vortexed for 3 seconds. Two pL of pooled DNA sample was added to
each assay tube giving a final volume of 200 pL. All tubes were incubated at room
temperature for 2 minutes. On the home screen of the Qubit 3.0 Fluorometer,

“dsDNA High Sensitivity” was selected as the assay type. DNA standard 1 was
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inserted in the instrument and read, followed by DNA standard 2. “Run Samples”
was then selected on the instrument screen and the “+” or “—*“ buttons used to adjust
the sample volume added to the assay tube (2 puL). Units for the output sample
concentration were selected from the drop-down menu as ng/uL. Sample tubes were
inserted in the instrument one-by-one and the DNA concentration in ng/uL read. An
average for three readings was taken. The following formula was used to convert

DNA library concentration from ng/uL to nM.

DNA concentration nM = (DNA concentration ng/ML) / (660 g/mol x average

library size bp) x 1 x 106

2.3.8 Sequencing

2.3.8.1 Preparing and diluting the DNA library

The 500 cycle MiSeq Reagent Nano Kit v2 cartridge (Illumina, San Diego, USA)
was removed from the -20°C freezer and placed in a water bath at room temperature
for one hour. The HT1 buffer tube (Illumina, San Diego, USA - 10 mM Tris-HCI,
0.1% v/v Tween 20) was removed from the cartridge packing and placed in a fridge
at 4°C. Fresh 0.2N NaOH was prepared by adding 200 uL. IN NaOH (Merck,
Gillingham, UK) to 800 uL. PCR grade water. To a 2 mL micro tube, 10 uL. of DNA
library and 10 pL of 0.2N NaOH were added (library tube). To a separate tube 2 pL.
PhiX (Illumina, San Diego, USA), 3 uL. PCR grade water and 5 uL of 0.2N NaOH
were added (PhiX tube). Tubes were pipetted up and down to mix and allowed to
incubate at room temperature for 5 minutes. Ice cold HT1 buffer, 980 uL was then
added to the library tube, and 990 pL HT1 buffer to the PhiX tube. For a DNA
library starting concentration of 5 nm this gave a DNA concentration of 50 pM once

diluted. The resultant 20 pM PhiX solution was frozen and used for subsequent runs
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once used. HT1 buffer was then used to further dilute the library and PhiX
preparations to 5 pM. Nine hundred pL HT1 buffer was added to 100 uL 50 pM
library giving a concentration of 5 pM DNA containing 0.0002 N NaOH. PhiX, 250
uL, 20 pM was added to 750 uL HT1 buffer giving a concentration of 5 pM PhiX
containing 0.00025 N NaOH. Library, 850 pL was then added to 150 uL PhiX
solution in a separate micro tube and vortexed for 3 seconds. This gave an overall
concentration of 5 pM with a 4.25 pM library concentration, 0.75 pM PhiX and
0.0002075 N NaOH concentration. The NaOH concentration on the Illumina MiSeq
flow cell must remain under 0.001N. Adjusting the concentration of the NaOH used
to denature the DNA to 0.1N may be necessary if library concentration is 1 nM or

below.

2.3.8.2 Preparing the reagent cartridge for sequencing

Once thawed, the reagent cartridge was gently dried with absorbent towel. The
cartridge was gently inverted ten times to mix the reagents and ensure each well was
thawed. Using a clean 1000 pL pipette tip, the foil covering wells 12, 13, 14, and 17
of the reagent cartridge were broken. Final Library/PhiX solution 600 uL, was loaded
into well 17 of the reagent cartridge. Using a Biosphere extra-long tip (Sarstedt,
Leicester, UK) on a P200 Gilson pipette, 10 uL of the cartridge reagent was removed
from well 12 and placed into a sterile PCR tube. Three puL of the 100 uM Read 1
sequencing primer for the V4 region
(TATGGTAATTGTGTGCCAGCMGCCGCGGTAA) (Merck, Gillingham, UK)
was pipetted into the PCR tube containing reagents from well 12 and pipetted up and
down to mix. Reagent and primers, (13 pL) were then pipetted into well 12, pipetting
up and down to mix. Some of the liquid from the cartridge well was withdrawn to
double check the pipette tip had reached the liquid in the cartridge and was then

replaced. This process was repeated for well 13 and the index primer for the V4
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region (ATTAGAWACCCBDGTAGTCCGGCTGACTGACT) (Merck, Gillingham,
UK), well 14 and the read 2 sequencing primer for the V4 region

(AGTCAGTCAGCCGGACTACHVGGGTWTCTAAT) (Merck, Gillingham, UK)

to ensure that all primers and the reagents in wells were properly mixed. The
cartridge was then gently tapped on the bench to remove air bubbles that might have
accumulated in the bottom of reagent wells. This prevented the “sippers” on the
[llumina MiSeq instrument sucking air rather than reagent into the instrument. The
reagent cartridge was set aside on ice and the MiSeq flow cell (Illumina, San Diego,
USA) unboxed from storage at 4°C. The flow cell was thoroughly rinsed with Milli-
Q water and carefully dried with absorbent free wipes (Kimberley-Clark, Reigate,
UK) giving special attention to the edges and points of intersections between the
glass and plastic. Using ethanol wipes (Synergy Health, Chorley, Lancashire, UK),
the glass of the flow cell was gently cleaned to remove any blemishes, particles
and/or fibres and salts residual from the storage buffer, whilst avoiding the rubber
intake ports. This cleaning process was repeated until the flow cell was judged
finally clean and suitable for sequencing. The flow cell, reagent cartridge and PR2
bottle were then transferred to the Illumina MiSeq ensuring that the waste bottle on
the instrument was empty. The Sample Plate Map csv file was then transferred to the
MiSeq operating system via a virus protected USB. On screen instructions on the
Illumina MiSeq were followed to load each component, these being the Sample Plate
Map csv file, reagent cartridge, flow cell and PR2 bottle. It was ensured that the
Illumina MiSeq recognised the correct Sample Plate Map csv file and that all pre-run
checks were correct before pressing start. Run monitoring was examined by the
Illumina Sequence Analysis Viewer (on screen on instrument) and the cluster density
and quality scores for clusters passing >85% filters monitored. At the end of

sequencing, generated fastq files were then transferred by a virus free and password
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protected USB for downstream bioinformatics processing by Mothur (Schloss et al.,

2009) and R programming, examples of which are shown in Appendices 2 and 3.

2.4 Quantification of rotavirus A from porcine faecal samples using the Techne

qPCR kit for rotavirus A.
2.4.1 Reagent reconstitution protocol

To minimise risk of contamination all procedures were carried out in a BSC. All

consumables and equipment were irradiated with UV for 30 minutes and treated with

RNase Zap. The qPCR kit was stored at -20°C. The kit contained components shown
in Table 8. Tubes 1 and 3 were pulse-spun to ensure that lyophilised primers and
probe mixes were in the base of each tube. These were reconstituted in 165 pL
RNase/DNase free water as supplied. Each tube was vortexed thoroughly to ensure
complete resuspension. Tube 4, the RNA internal extraction control had been
previously reconstituted and added to samples for RNA extraction. Tube 2, the
positive control RVA template was pulse-spun, reconstituted with 500 pL template
preparation buffer (composition not available) and vortexed. This was performed in
a separate PCR hood away from other equipment and components of the qPCR test
to avoid contamination. The Lyophilised OneStep 2X RT-qPCR Master Mix
(composition not available) was re-suspended in 525 pL resuspension buffer. Once

re-suspended the OneStep 2X RT-qPCR Master Mix was stored at -20°C if needed.

2.4.2 One-step reverse transcription-PCR detection protocol

A one-step approach combining RNA reverse transcription and amplification in a
single closed tube was used. All pipetting steps and the PCR plate set-up were
performed on ice. For 50 viral RNA samples, the RNA extraction kit control and a
negative control of RNAse/DNAse free water, a reaction mix was prepared

according to Table 9.
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Table 8. Techne qPCR Kkit for rotavirus A components

1) Rotavirus A specific primer/probe mix (150 reactions BROWN)

2) Rotavirus A positive control template (for Standard curve RED).

3) Internal extraction control primer/probe mix (150 reactions BROWN).

4) Internal extraction control RNA (150 reactions BLUE).

5) Template preparation buffer (YELLOW) for resuspension of positive control
template and standard curve preparation.

6) Lyophilised OneStep 2x qRT-PCR MasterMix Containing complete one step
gRT-PCR MasterMix and resuspension buffer

7) RNAse/DNAse free water (WHITE) for resuspension of primer/probe mixes

and internal extraction control RNA

For 50 samples plus 10% tip wastage a total of 825 uLL PCR reaction mix was
needed. This was prepared by pipetting each component into a I mL micro tube.
This was divided into eight aliquots of 103.1 pL by pipetting into each of eight PCR
strip tubes (Roche Diagnostics GmbH, Mannheim, Germany) and 15 pL pipetted
using a multichannel pipette into the sample and control wells on the 384 well PCR
plate (Corning Incorporated, Salt Lake City, USA). Samples and controls 5 pL, were

pipetted onto the PCR plate giving a total volume of 20 uL for each well.

Table 9. PCR reaction mix preparation for viral RNA samples
C ¢ 1 50 50 Samples
omponen Sample Samples plus 10%

OneStep 2x gqRT-PCR MasterMix (6) 10 uL 500 pL 550 pL
Rotavirus A primer/probe mix (1) 1 pL 50 uL 55 uL
Internal extraction control primer/probe 1 pL 50 uL 55 uL
mix (3)

RNAse/DNAse free water (7) 3ulL 150 pL 165 puL
Final volume 15 pL 750 pL 825 L
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2.4.3 Preparation of the standard curve

In a separate PCR hood, 90 pL of template preparation buffer 5) was pipetted into

five 2 mL micro tubes and labelled 2 to 6. Positive control template 10 pL, 2) was
pipetted into tube 2 and vortexed thoroughly. The pipette tip was changed and 10 pL
from tube 2 pipetted into tube 3 and vortexed thoroughly. This was repeated for tubes
4, 5 and 6 to complete the dilution series from 2 x 10° to 2 per uL copy number. A
PCR reaction mix for 6 samples plus 10% tip wastage was prepared by pipetting 66
puL OneStep 2x gqRT-PCR MasterMix 6), 6.6 uL rotavirus A primer/probe mix 1) and
26.4 nL RNAse/DNAse free water 7) into a 2 mL micro tube. PCR reaction mix, 15
puL was added to each of the six standard curve wells on the PCR plate followed by 5
pL of the standard template dilution series to give a final volume of 20 uL. The plate
was sealed with adhesive tape. Plates were wrapped in aluminium foil (Kirkland
Signature, Costco Wholesale UK Ltd., Watford, Hertfordshire UK) to avoid daylight

interference with fluorescent qPCR chemistry.
2.4.4 Real-time quantitative PCR

Real-time quantitative PCR data were collected using the Roche LightCycler 480 (Hoffman
La Roche, Basel, Switzerland). The amplification protocol was reverse transcription for 10
minutes at 42°C, enzyme activation for 2 minutes at 95°C, then 50 cycles of denaturation
for 10 seconds at 95°C and fluorogenic data collection for 60 seconds at 60°C followed by
one cycle of cooling. The detection format was dual colour hydrolysis/Universal Probe
Library (UPL), with dynamic integration time mode and a filter combination of duplexing
TagMan probes, FAM (6- carboxyfluorescein) and VIC (2'-chloro-7'phenyl-1,4-dichloro-6-
carboxy- fluorescein). Amplification curves were initially analysed using the LightCycler
480 Software release 1.5.0.39. as obtained from

https://pim-eservices.roche.com/eLLD/web/ accessed 20-02-20.
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2.5 Enzyme linked immunosorbent assays for rotavirus IgG and IgA in sow colostrum

2.5.1 Determination of rotavirus specific IgG and IgA in sow colostrum

The Ingezim rotavirus porcine ELISA kit (Immunologia Y Genetica Aplicada S.A.
Madrid, Spain) was used to determine specific anti-RVA IgG and anti-RVA IgA
activity in colostrum samples. For the detection of anti-RVA IgA antibodies, ELISA
was performed as with IgG, but the secondary antibody was substituted with
peroxidase-labelled goat anti-porcine IgA (Thermo Fisher Scientific, Bonn,
Germany) at a dilution of 1/10,000 as according to Kreuzer et al., 2012. To
determine the optimum dilution for IgG determinations in the colostrum samples,
seven test samples were diluted in dilution buffer (composition not available), from 1
in 1000, to 1 in 15,000 and assayed using the kit according to methodology below.
Samples were chosen at random using https://www.random.org/ . Four samples were
from control (non-GOS) sows and three samples were from GOS fed sows. The
optimum dilution that ensured the maximum number of samples would be in range
for optical density (OD) determination, was determined to be 1 in 10,000. Similarly,
the optimum from IgA was determined to be 1 in 1000. The remaining samples were
assayed in duplicate, using these dilutions, with OD measured at 450 nm and the
blanks subtracted. The positive control serum supplied with the kit, was assayed on
each occasion and the mean value from these measurements was used to obtain a
normalised absorbance ratio to reduce assay-to-assay variation as in Ramanakumar et

al., 2010.

2.5.1.1 Preparation of samples and reagents

Procedures were carried out in a BSC and reagents supplied in the kit unless

otherwise stated. Sow colostrum samples were defrosted, and 1 mL aliquots

centrifuged at 21°C and 13,000 g for 15 minutes to separate the fat from the
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colostrum. Aqueous phase colostrum was pipetted from underneath the fat layer and
into sterile 2 mL micro tubes for analysis. These samples were serially diluted to 1 in
10,000 for IgG and 1 in 1000 for IgA by consecutive 1 in 10 dilutions of 50 pLb
sample plus 450 pL diluent (composition not available) in 2 mL micro tubes. A 1 in
200 dilution of negative and positive control sera were made by diluting 5 puL of
serum with 1 mL diluent and stored at -20°C. Conjugates were made immediately
before use. IgG conjugate was diluted to 1 in 100 with diluent. IgA conjugate was

diluted to 1 in 10,000 with diluent.

2.5.1.2 Assay procedure

One hundred pL of the diluted samples, negative and positive controls were pipetted
onto the ELISA plate in duplicate. One hundred pL of diluent was added to two
wells as blanks. The plate was sealed and incubated at 37°C for 30 minutes. The
contents of the plate were “brusquely” thrown out to avoid mixing one plate well
with another. The plates were washed by adding 300 puL diluted washing solution
(composition not available) into each well using a wash bottle (Thermo Fisher
Scientific, Loughborough UK), the plate shaken gently and then emptied as before.
This was repeated three times and the plate inverted on absorbent paper. One
hundred pL of diluted conjugate was added to each well and incubated at 37°C for
30 minutes. The plate was washed four times and inverted on absorbent paper. One
hundred pL of 3,3',5,5'- Tetramethylbenzidine (TMB — composition not available)
solution was added to each well and the plate incubated in the dark at room
temperature for ten minutes. One hundred pL of stop solution (composition not
available) was added to each well and the plate transferred to the ELISA LT-4000
microplate reader for determination of absorbance at 450 nm (Labtech International

Ltd., Ringmer, East Sussex, UK).
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2.5.2 Determination of rotavirus total non-specific IgG and IgA in

sow colostrum
2.5.2.1 Preparation of samples and reagents

Total non-specific IgG and IgA in colostrum were assayed using the IgG and IgA Pig
ELISA Kits (Abcam plc, Cambridge, UK). An aliquot of 50 mL IgG or IgA pig
diluent was diluted to 1 in 5 with 200 mL RO H>O and stored at 4°C for use. The
wash buffer 50 mL, (composition not available) was diluted to 1 in 20 with 950 mL
RO H20 and stored at 4°C. IgG and IgA pig HRP conjugate was prepared by adding
10 pL to 990 pL diluent (composition not available) for each 96 well plate. IgG
standards ranging from 0.0 ng/mL to 1000 ng/mL and IgA standards ranging from
0.0 ng/mL to 200 ng/mL were used to prepare standard curves against which samples
could be compared and the concentration of IgG and IgA calculated. A blank diluent
control containing no IgG or IgA was also prepared. Samples were diluted to 1 in
10,000 by consecutive 1 in 10 dilutions of 50 pL sample plus 450 pL diluent in 2 mL

micro tubes for IgG and 1 in 100,000 for IgA.

2.5.2.2 Assay procedure

All standards, controls and samples were assayed in duplicate. One hundred pL of each IgG

and IgA standard, zero controls and samples were pipetted into 96 well microtiter plates and

incubated at room temperature for 45 minutes. The contents were discarded, and wells

completely filled with wash buffer and aspirated after shaking four times. Plates were

sharply struck on absorbent paper to remove residual buffer. One hundred pL of diluted IgG

or IgA pig HRP conjugate was added to each well and incubated at room temperature for

fifteen minutes in the dark. Plates were then washed and blotted as before four times. One

hundred uL TMB (composition not available) was pipetted into each plate well and

incubated at room temperature for ten minutes in the dark. One hundred pL of stop solution
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was added to each well and the absorbance determined at 450 nm using the ELISA LT-4000

microplate reader.
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STUDY RESULTS
Study results for Chapters 3, 4 and 5 are presented as three published papers.

Contributions were as follows:

Chapter 3. Common colonic community indicators of the suckling pig
microbiota: All microbiota diversity, bioinformatics and statistical analyses. All

programming, data analyses and validation. Writing the manuscript.

Chapter 4. Effects of prebiotic galacto-oligosaccharides in poorly performing
pre-weaning piglets: Conceptualisation, sample collection and DNA extraction.
PCR amplification of 16S rRNA gene sequences, sequencing and microbiota
diversity analysis. Histological, bioinformatics and statistical analyses. All

programming, data analyses and validation. Writing the manuscript.

Chapter 5. Effects of prebiotic galacto-oligosaccharides on RVA antibodies in
sow colostrum, reduced infectivity and microbiome modulation in neonatal
piglets: Conceptualisation and study design. ELISA for specific anti-RVA IgG and
anti-RVA IgA in colostrum. All nucleic acid extractions and qPCR detection of
RVA. PCR Amplification of 16S rRNA Gene Sequences, sequencing and microbiota
diversity analyses. All bioinformatics and statistical analyses. All programming, data

analyses and validation. Writing the manuscript.

I confirm this information to be true, accurate and complete.

104



27™ February 2023

Dear
Sir/Madam

Ref: Adam Lee

r TheUniyersitgof
#_ | Nottingham

School of Biosciences

Division of Food

Sciences Sutton

Bonington Campus

Loughborough

LE12 5RD

Tel +44 (0)115 951 6172

Fax +44 (0)115 951 6162
http://www.nottingham.ac.uk/bioscie
nces

Dr Kenneth Mellits

Associate Professor in Virology and
Cellular Microbiology

e-mail:
ken.mellits@nottingham.ac.uk

| am the primary supervisor of Adam Lee and this letter is to confirm his contribution to

the three manuscripts in his thesis submitted March 2023.

Adam has been the primary driver in ALL aspects of the manuscripts presented including
writing of the manuscripts. | have no reservations in stating that the work generated was
developed during the course of his research and represents an original portfolio as

defined by the University of Nottingham.

Kindest Regards,

MLt

Dr KH Mellits

Associate Professor in Virology and Cellular Microbiology

University of Nottingham

105


http://www.nottingham.ac.uk/biosciences
http://www.nottingham.ac.uk/biosciences
mailto:ken.mellits@nottingham.ac.uk

3 Chapter 3. Common colonic community indicators

of the suckling pig microbiota

The primary objective of this study was to compare variation in the microbiota of
suckling pigs from three separate trials conducted at different times of year and to
determine if common colonic community indicators could be identified. Pig weights,
ADG, bacterial diversity and abundance were not significantly different between
repeated trials, except for a significant difference in Jaccard Similarity. Relative
abundance of common colonic community indicators were the Porphyromonadaceae
unclassified (15.81%), Ruminococcaceae unclassified, (12.78%), Prevotella (7.26%),
Clostridiales unclassified (6.99%), Lactobacillus (6.58%), Phascolarctobacterium
(6.52%), and Firmicutes unclassified (5.69%). Pig weight at day 22 and ADG
positively correlated with a-diversity. Abundance of operational taxonomic units
ascribed to Terrisporobacter, Ruminococcaceae unclassified, Intestinimonas, and
Dorea correlated with weight and ADG. Apart from demonstrating that small-scale
studies can be pooled, this study is one of the first to correlate animal performance
with alpha diversity and the abundance of short-chain fatty acid producers.

The paper was peer reviewed and accepted for publication by “FEMS Microbiology
Ecology”, an official journal of the Federation of European Microbiological Societies
and is accessible at:

in portable document format.
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One sentence summary: Common colonic community indicators can be identified from suckling pigs in repeated trials without major significant differences in
diversity, abundance, or microbiota composition.

Editor: Leluo Guan

Abstract

The primary objective of this study was to investigate if common colonic community indicators could be identified from the micro-
biota of 22-day-old suckling pigs in repeated small-scale trials. A total of three separate trials were conducted at different times in the same
year and facility with genetically similar animals. Colonic samples were collected from four pigs in each trial and the micro- biome
composition assessed by 16s rRNA gene sequencing. Pig weight, average daily gain (ADG), bacterial diversity, and abundance were not
significantly different between repeated trials, except for a significant difference in Jaccard Similarity. At genus level, the most
abundant taxa identified were Porphyromonadaceae unclassified (15.81%), Ruminococcaceae unclassified, (12.78%), Prevotella (7.26%),
Clostridiales unclassified (6.99%), Lactobacillus (6.58%), Phascolarctobacterium (6.52%), and Firmicutes unclassified (5.69%). The secondary
objective was to establish if pooled data in terms of microbial diversity and abundance of the colonic microbiota related to weight and
ADG. Pig weight at day 22 and ADG positively correlated with a-diversity. Abundance of potential protein digesting and short-chain
fatty acid producing operational taxonomic units ascribed to Terrisporobacter, Ruminococcaceae unclassified, Intestinimonas, and Dorea
correlated with weight and ADG, suggesting a nutritional role for these common colonic community microbiota members in suckling pigs.

Keywords: microbiota, pigs, suckling, colonic, diversity, performance

Introduction

Suckling is a unique period in Porcine development, where the
early-life environment significantly affects the development and
composition of the adult microbiota. The gastrointestinal tract
(GIT) microbiota, contribute to the developmental and metabolic
needs of animals through vitamin synthesis, short-chain fatty
acid (SCFA) production, complex carbohydrate digestion, and im-
mune system regulation (Brestoff and Artis 2013; Kim and Isaac-
son 2015). In neonatal pigs, development of the intestinal mi-
crobiota is a gradual and sequential process (Inoue et al. 2015)
in which the GIT is colonized by bacteria from maternal, and
environmental sources (Katouli et al. 1997; Konstantinov ef al.
2006; Thompson et al. 2008). During suckling, the formation of an
increasingly differential, milk-oriented and protective Lactobacil-
laceae rich microbiota is favoured (Mulder et al. 2009; Petri et al.
2010; Frese et al. 2015; Bian et al. 2016). This is a unique period
in porcine development, where acquisition of maternal immunity
(Salmon et al. 2009) and the early-life environment heavily influ-
ences the development and composition of the adult microbiota
and intestinal innate immune functions (Bauer et al. 2006; Mul-
der et al. 2009; Merrifield et al. 2016). In addition, GIT microbiota
diversity may be predictive of the susceptibility of the animals to

enteric disease postweaning (Dou ef al. 2017). Indeed, diversity at
weaning might not be an accurate predictor of diversity in later
life, but earlier measures preweaning, may be more predictive (Lu
et al. 2018). The abundance and diversity of the pig GIT micro-
biota increases with age (Niu ef al. 2015; Chen et al. 2017), with
operational taxonomic units (OTUs) ascribed to Lachnospiraceae,
Ruminococcaceae, Prevotella, Treponema, and Bacteroides showing as-
sociation with fatness in older pigs (He et al. 2016). It has also
been shown that piglets with above average daily gain (ADG) had
significantly higher abundances of Lactobacillus, unclassified Ru-
minococcaceae, and unclassified Prevotella (Gaukroger et al. 2020),
and that microbial richness positively correlated with weight gain
in preweaning pigs (Ding et al. 2019), thus indicating the link be-
tween microbiota composition and performance. Considering the
profound influence of weaning weight on the lifetime growth and
health performance (Collins et al. 2017), there is a lack of infor-
mation on performance and the association between microbial
diversity and abundance in the suckling pig. There are multifac-
torial influences on microbial diversity and composition, these be-
ing succession of bacterial populations, the age of the animal, the
environment it inhabits, use of antimicrobial agents, dietary com-
position, stress, and genetics, to name but a few (Pluske et al. 2018).
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Given these influences and large variations between studies (Hol-
man et al. 2017), there has been little discussion of the use of data
between separate trials that have been repeated over time with
the prospect of data pooling (Thompson et al. 2008; Pajarillo et al.
2015; Chen etal. 2017). The availability of controlled rearing envi-
ronments with large animals and the incumbent costs to achieve
reproducibility are important design considerations, which may
dictate that small-scale trials are repeated to achieve statistical
significance, in contrast to Murine models, which accommodate
much larger study populations through ease of animal size and
housing. Moreover, animal studies often pool data from repeated
trials without due consideration of variance between trials and if
they can be truly compared, especially for control data (Fromm-
let and Heinze 2021). In this study, we have attempted to repro-
duce three suckling pig trials in which multifactorial influences,
as described above, on the microbiota were controlled for as far
as possible. Not all variables can be controlled, e.g. succession of
bacterial populations. However, examining animals of the same
age, similar genetic traits, reproducing environmental and hous-
ing conditions, diets, and reducing physical contact between an-
imals may allow studies to be compared. Indeed, long-term co-
housing increases the similarity of pig faecal microbiota (Pajar-
illo et al. 2015) and there is a significant correlation between the
intestinal microbiota of cohoused pigs particularly at 3—-4 weeks
postpartum (Thompson et al. 2008). We have attempted to reduce
these pen effects in this study since samples relate to indepen-

«,
n

dently housed suckling pigs (n = 12 litters where is the pen)
rather than cohoused animals who might influence each other’s
microbiota as in other studies (Chen et al. 2017). In these respects,
the objectives of this study were to investigate if common colonic
community indicators could be identified from the microbiota of
suckling pigs in repeated small-scale trials and if pooled data in
terms of microbial diversity and abundance of the colonic mi-
crobiota related to animal performance in three controlled repro-
ducible trials.

Materials and methods
Animals and trial design

This study was carried out under license and in accordance with
UK Animals, (Scientific Procedures) Act 1986. All procedures were
approved by the Local Ethics Committee of the University of Not-
tingham.

For all trials, A, B, and C, Landrace x Large white sows of parity
seven were artificially inseminated with the same batch of Titan
semen (JSR Genetics, Driffield, UK). Titan semen was pooled from
three sibling boars bred from the same Piétran line and selected
for similar breeding traits, as per industry standard by the sup-
plier. On day 113 of gestation, sows were moved to individual 3.8
X 2.4 m farrowing pens with a 2.1 X 0.62 m farrowing crate (Figure
S1, Supporting Information). Animals were housed in a single fa-
cility in separate pens. Pens were of solid concrete block construc-
tion with 1.5 m high walls. There were no apertures through which
animals could physically contact one another through pens. Each
pen was provided with its own colour coded tools for cleaning so
as not to cross-contaminate pens. Pens had two secure lockable
metal gates at opposite ends. One for allowing feeding of sows
without technicians standing on bedding and one for removing
contaminated bedding into a concrete corridor for disposal. This
area was 60 cm lower than the base of the pen so that any “run
off” could not contaminate other pens. The solid concrete con-
struction of pens allowed no egress of contaminated bedding or

fluid “run off” between pens. Technicians wore disposable gloves,
facemasks, overshoes, and suits when cleaning pens and attend-
ing to animals. These were changed when attending to different
pens. Trials were conducted during A; January-February, B; April-
May, and C; October—-November 2010 with four litters per trial
kept under identical housing and environmental conditions. Pens
were deep cleaned with Virkon between trials (VWR International
Ltd, Lutterworth, UK). Pens were not used for any other experi-
ments in between trials. Farrowing pens contained a 1 X 1 m piglet
box heated with an industry standard heat lamp. Animals were
bedded on a mixture of dust extracted straw and hemp bedding
(Aubiose, Datesand Ltd., Stockport, UK) on concrete in farrowing
pens and on straw, on plastic slats, and in weaning pens. Bedding
was obtained from the same source for all three trials. Metal chain
toys with plastic balls were provided in weaning pens as environ-
mental enrichment. Temperature was kept at range 18-20°C for
sows and 23-24°C for piglets with light periods from 7:30 a.m. to
7:00 p.m. Sows received a wheat-based lactation diet (BOCM Pauls
Itd, Wherstead, UK) containing 16% protein, 4.5% oil, 5.5% crude
fibre, 5.5% ash, 0.75% lysine, 1000 iu.kg! vitamin A, 2000 ju.kg!
vitamin D3, 100 iu.kg! vitamin E, 0.40 mg.kg! selenium, and 25
mg.kg ! copper, plus water ad libitum. For prevention of iron defi-
ciency and coccidiosis, new-born pigs received a 1-ml intramus-
cular iron injection (Gleptosil, Alstoe Ltd, York, UK) 24 hours af-
ter birth, 0.7 ml of Baycox toltrazuril coccidiostat (Bayer, Newbury,
UK) orally 3 days after birth and were ear tagged at day S for iden-
tification. Pigs did not receive any creep feed supplementation or
any other prophylactic antibiotic treatment during the trials. Pigs
were cross-fostered within 24 hours of birth to achieve homoge-
nous litter size for welfare purposes and as per standard indus-
try practice. However, cross-fostered pigs were excluded from eu-
thanasia for collection of colonic samples. Not all pens had cross-
fostered piglets. In Trial A, pen 2 had two cross-fostered pigs. Pens
1-4 contained 12, 13, 12, and 13 pigs, respectively. In Trial B, pen 4
had two cross-fostered pigs. Pens 1-4 contained 11, 12, 11, and 12
pigs, respectively. In Trial C, pen 1 had two cross-fostered pigs and
pen 2, one cross-fostered pig. Pens 1-4 contained 10, 10, 10, and
12 pigs, respectively. From 24 hours of birth (post cross-fostering),
to day 22 of sampling, there was no contact between litters and
sows of different pens. Pigs were individually weighed at days 5,
12, 19, and 22 to determine ADG, with one pig per litter randomly
selected at day 22 for euthanasia by intraperitoneal injection of
Dolethal (1 ml kg body weight; 20% w/v Pentobarbitone Sodium,
Vétoquinol, Buckingham, UK).

Sample collection and DNA extraction

Samples of digesta from euthanized pigs were aseptically col-
lected from the colonic lumen and held on ice for 5 minutes prior
to transfer to the laboratory and storage at —80°C until bacte-
rial DNA isolation. Bacterial DNA was isolated from ~0.2 g colonic
contents using the NucleoSpin Tissue Kit (Macherey-Nagel GmbH
& Co. KG., GER) according to the manufacturer’s instructions.

PCR amplification of 16S rRNA gene sequences

Using the isolated DNA as a template, the V4 region of the bac-
terial 16S rRNA genes were PCR amplified using primers 515f

(5t GTGCCAGCMGCCGCGGTAA 3Y) and 806r (5*t GGACTACHVGG
GTWTCTAAT 3%; Caporaso et al. 2011). Amplicons were sequenced

on the Illumina MiSeq platform ([llumina, Inc., USA) using 2 X 250
bp cycles by LGC Genomics GmbH (GER). Sequence data were de-
posited in the NCBI database within the Bioproject PRINA494528
under the SRA study SRP164374.



Microbiota diversity analysis

The 16S rRNA sequence analysis was performed using Mothur v.
1.39, using default settings (Schloss ef al. 2009). Analysis was per-
formed according to the MiSeq SOP (accessed online 09/11/2017;
Kozich et al. 2013). The 16S rRNA gene sequences were aligned
against a reference alignment based on the SILVA rRNA database
(Pruesse et al. 2007) for use in Mothur (release 128; available at:
https://www.mothur.org/wiki/Silva_reference files) and clustered
into OTUs using the “opticlust” clustering algorithm (Westcott and
Schloss 2017). The similarity cut off for OTUs was 0.03. The
consensus taxonomy of the OTUs was generated using the “clas-
sify.otu” command in Mothur with reference data from the Ribo-
somal Database Project (version 14; Wang et al. 2007; Cole et al.
2014) adapted for use in Mothur (available at: https://www.moth
ur.org/wiki/RDP_reference_files).

Statistical analyses

Coverage and a-diversity expressed as Inverse Simpson diversity
(Magurran 2004) and Chao Richness (Chao 1984) were calculated
using the “summary.single” command in Mothur (Schloss et al.
2009). Quantile plots and Shapiro-Wilk tests (Shapiro and Wilk
1965) were used to determine normality for pig weights at days
5, 12, 19, and 22, ADG and a-diversity metrics. Significant differ-
ences were tested using ANOVA in R Studio (v4.1.1) with repeated
measures for weight (R Core Team 2021). Estimates of f-diversity
were calculated in Mothur as Yue and Clayton Dissimilarity (€ yc;
Yue and Clayton 2005), Bray—Curtis Dissimilarity (Bray and Curtis
1957) and Jaccard Similarity (Jaccard 1901). Homogeneity of vari-
ance for all three g-diversity metrics were analyzed by the Levene
test (Levene 1960) using the “Car” package (v3.0-11) in R Studio.
Analysis of molecular variance executed in Mothur (AMOVA) was
used to test for differences in f-diversity between samples (Ex-
coffier et al. 1992; Anderson 2001). Similarity Percentage (SIMPER)
analysis was used to identify OTUs that most contributed to Bray-
Curtis f-diversity measures (Clarke 1993) as performed in the “Ve-
gan” Community Ecology Package (v2.4-3) in R Studio (Oksanen et
al. 2017). Linear discriminant analysis effect size (LEfSe) was used
to examine differential OTU abundances in Mothur (Segata et al.
2011). The abundance of phyla and OTUs at the genus level were
analyzed by Kruskal-Wallis rank sum tests (Kruskal and Wallis
1952) to determine differences between trials. Correlations be-
tween pig weights, ADG, abundance of phyla, and OTUs at the
genus level were analyzed by Kendall rank sum correlations with
regression analysis performed using linear modelling in R as pre-
viously reported (Dill-McFarland et al. 2017). Pig weights at day 22,
ADG, and a-diversity were correlated using Pearson’s Product-
Moment Correlation, with regression analysis performed using
linear modelling in R Studio. Where appropriate, multiple com-
parisons (ANOVA and AMOVA) were adjusted for false discovery
rates (FDR) by the Benjamini and Hochberg procedure (Benjamini
and Hochberg 1995).

Results

Weight and ADG distribution
Pig weights at days 5, 12, 19, and 22 and ADG were normally dis-
tributed according to quantile plots, R? = 0.96, 0.96, 0.95, 0.91, and

0.94, respectively and Shapiro-Wilk normality tests, P = .64, .78,
.51, .27, and 0.42, respectively. A total of four pigs each from sepa-
rate litters in their own pens were analyzed for each trial, A, B, and

C. Weights at days 5, 12, 19, and 22 and ADG were not significantly

different between trials A, B, and C; P = .92, .92, .78, .84, and .79,
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respectively (ANOVA; Table 1). Weight significantly increased with

time where D5-D12 P = .002, D12-D19 P<.001, and D19-D22 P <
.001 (adjusted).

Colonic microbiota diversity

A total of 357 133 high quality V4 16S rRNA sequence reads
were obtained from twelve suckling pig colonic microbiota sam-
ples, from which 8718 sequences per sample were subsampled
to achieve a coverage of 97%-99%. Inverse Simpson diversity and
Chao Richness were normally distributed according to quantile
plots, R2 = 0.90 and 0.97, respectively and Shapiro-Wilk normality
tests, P = .21 and P = .88, respectively. Inverse Simpson diversity
and Chao Richness were not significantly different between tri-
als A,B,and C, P = .70 and P = .10, respectively (ANOVA; Table 1).
Calculated p-diversity 6 vc and Bray-Curtis distances between tri-
als A, B, and C were not significantly different, as determined by
AMOVA, P = .586 and P = .109, respectively. Jaccard distances were
significantly different for the overall comparison of trials A, B, and
C, P = .008, but not for pairwise comparisons A-B, P = .07, A-C, P
= .09, or B-C, P = .09 (Fig. 1). There were no significant differences
in homogeneity of variance between trials for all three f-diversity
metrics when analyzed by the Levene test, P > .05 in each case.

Colonic microbiota composition

Sequences were clustered into 4520 OTUs and classified into 18
phyla, 35 classes, 54 orders, 108 families, and 214 genera. Of
these, 4132 OTUs occurred in colonic samples from all trials at
the genus level. The remaining OTUs were exclusive to colonic
samples from pigs in trials A (112), B (104), and C (64; Fig. 2).
Relative abundances of bacterial taxa at the phylum and genus
level for colonic samples from the three separate trials are shown
in Fig. 3. The predominant phyla were Firmicutes (55.68%), Bac-
teroidetes (33.68%), Proteobacteria (1.64%), and Spirochaetes (1.37%).
Unclassified bacteria accounted for 6.22% of the total sequences.
There were no significant differences in phyla abundance between
trials when analyzed by Kruskal-Wallis rank sum tests, P > .05. At
the genus level, the most abundant taxa identified were Porphy-
romonadaceae unclassified (15.81%), Ruminococcaceae unclassified,
(12.78%), Prevotella (7.26%), Clostridiales unclassified (6.99%), Lac-
tobacillus (6.58%), Phascolarctobacterium (6.52%), and Firmicutes un-
classified (5.69%). The top 30 OTUs accounted for 95.69% of to-
tal relative abundance, in contrast to the remaining 4490 OTUs,
which accounted for the remaining 4.31% total relative abun-
dance indicating the nonparametric and skewed distribution of
OTUs identified.

OTUs contributing to variation in the Bray-Curtis dissimilar- ity
indices were identified by analysis of similarity percentages
(SIMPER). For trial comparison A-B, 49 OTUs contributed up to
70.08% of the variation, for comparison A-C, 46 OTUs contributed
up to 70.27% of the variation, and for comparison B-C, 47 OTUs
contributed up to 70.10% of the variation. Overall, 65 different
OTUs representing 26 genera contributed up to 70% variation
across all three trials (Figure S2, Supporting Information). In or-
der of rank, the top 10 OTUs contributing the most variance be-
tween trials A, B, and C were the Porphyromonadaceae unclassified
(12.27%-15.91%), Prevotella (0.84%-9.18%), Ruminococcaceae unclas-
sified (4.15%-9.16%), Lactobacillus (4.71%—-8.38%), Phascolarctobac-
terium (3.15%—-4.68%), Clostridiales unclassified (2.65%-5.16%), Os-
cillibacter (0.75%—2.37%), Bacteroidetes unclassified (1.12%-2.29%),
Firmicutes unclassified (2.15%-5.16%), and Faecalibacterium (0.00%—
2.11%). In addition, relative abundance of OTUs grouped into gen-
era positively correlated with variance for each trial comparison
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Table 1. Pig weights, ADG, and a-diversity of colonic samples.

2ADG 2Inverse

2Weight at 2Weight at 2Weight at 2Weight at (d5-d22) Simpson
1Trial day 5 (kg) day 12 (kg) day 19 (kg) day 22 (kg) kg/day Diversity 2Chao Richness
A 2.48 (0.27) 4.58 (0.42) 6.97 (0.60) 7.75 (0.43) 0.31 (0.02) 14.29 (2.20) 1241.08 (171.68)
B 2.34 (0.52) 4.38 (0.87) 6.40 (1.36) 7.38 (1.63) 0.30 (0.07) 17.97 (12.00) 1794.48 (250.51)
C 2.45 (0.46) 4.43 (0.50) 6.57 (0.86) 7.25 (0.75) 0.28 (0.04) 20.20 (7.94) 1679.88 (395.45)

Trial A conducted January-February, B April-May, and C October-November 2010.

2Values are means (SD). Means are not significantly different between trials (ANOVA, P = .92, P = .92, P = .78, P = .84, P = .79, P = .70, and P = .10, respectively). Mean
weight significantly increased with time (ANOVA, D5-D12 P = .002, D12-19 P <.001, and D19-D22 P <.001).
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Figure 1. -diversity of colonic samples from 22-day-old suckling pigs in three separate trials conducted at different times of year. Purple circles Trial

A, pink Trial B, and green Trial C.

rial C

Figure 2. Venn diagram depicting unique and shared OTUs at the genus
level in colonic samples from pigs in three separate trials, A, B, and C.

A-B, A-C, and B-C, P <.001 in each case. That is, the greater the
relative abundance of named genera, the greater the variance lent
to Bray-Curtis diversity measures (Figure S3, Supporting Informa-
tion). Unclassified bacteria accounted for 2.57%-5.27% of the vari-
ation between trials. A total of 20 OTUs were identified by SIMPER
as contributing variation to each trial comparison A-B, A-C, and
B-C. However, their abundance across all three trials, A, B, and C
was not significantly different following Kruskal-Wallis rank sum
tests, P > .05 in each case. LEfSe did not identify differentially
abundant OTUs occurring at = 1% between trials with the excep-

tion of a greater abundance of one unclassified OTU at the genus
level from trial A, P = .01.

Performance and diversity

Suckling pig weight at day 22 and Inverse Simpson Diversity cor-
related, where r = 0.62 (Pearson Correlation Coefficient), R?2 = 0.38
and P = .032 (linear modelling). Similarly, ADG and Inverse Simp-
son Diversity correlated, where » = 0.59, R2 = 0.35, and P = .042
(Fig. 2). However, there was no correlation between weight at day
22 and Chao Richness where r = 0.16, R?2 = 0.03, and P = .62 or
correlation between ADG and Chao Richness where r = 0.10, R?2 =
0.01, and P = .75 (Fig. 4).

Performance and abundance

Suckling pig weights at day 22 and ADG were correlated with
abundance of phyla and OTUs at the genus level using Kendall
rank correlations and assessed by subsequent linear modelling.
The abundance of phyla did not correlate with weight or ADG where
P > .05 in each case. However, the abundance of four OTUs at the
genus level showed positive correlations with weight: Ter-
risporobacter, (Kendal Tau ¢ = 0.67, R? = 0.40, and P = .046), Ru-
minococcaceae unclassified, (- = 0.44, R2 = 0.34, and P = .046), Intes-
tinimonas, (r = 0.44, R2 = 0.54, and P = .02), and Dorea, (r = 0.41,
R2 = 0.58, and P = .017). A total of two OTUs at the genus level
showed positive correlations with ADG: Intestinimonas, (t = 0.27,
R2 = 0.53, and P = .024) and Dorea, (r = 0.36, R2 = 0.51,and P =
.024; Fig. 5).

Discussion

The primary objective of this study was to compare variation in
the microbiota of suckling pigs from three separate trials con-
ducted at different times of year and to determine if common
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colonic community indicators could be identified. Previous stud-
ies have analyzed pooled data from separate trials to establish
community trends (Thompson et al. 2008; Kim et al. 2011; Pajarillo
etal. 2015; Chen et al. 2017). This study has verified this approach
with suckling pigs and demonstrated that whilst intertrial vari-
ation including significant differences in Jaccard Similarity exist,
data may still be analyzed and compared to establish community
relationships with attendant gains in statistical power. Whilst it
is generally accepted that pig microbiota from different groups
converge to a similar state over time (Kim ef al. 2011; Bian et al.
2016) the variation needs to be more closely examined. In this
study, each colonic sample was taken from suckling pigs in sep-
arate pens born from different sows. Cross-fostering for welfare
issues may have introduced microbiota from other pens within
the first 24 hours, but was limited to only one pen in trials A and B
and two pens in Trial C. After this time, there was no physical con-
tact between pigs in different pens. That is, neither sow nor piglet
could influence one another across samples except for the direct
effect of the nursing sow on the suckling piglet. This was probably
the most influential factor for the development of neonatal bacte-

ria during suckling (Bian et al. 2016). Other factors include the im-
mediate early-life environment and the genetic background of the
animals (Mulder et al. 2009; Merrifield et al. 2016), which were repli-
cated, as far as possible, in these trials through use of the same
facility, breed of sows, and batch of semen for artificial insemi-
nation. Long-term cohousing increases the similarity of pig faecal
microbiota (Pajarillo et al. 2015), and there is a significant corre-
lation between the intestinal microbiota of cohoused pigs partic-
ularly at 3-4 weeks postpartum (Thompson et al. 2008). These ef-
fects have been reduced in this study since samples relate to inde-

@,
n

pendently housed suckling pigs (1 = 12 litters where is the pen)
rather than cohoused animals who might influence each other’s
microbiota as in other studies (Chen et al. 2017).

Results show that suckling pig weights at days 5-22 and ADG
were normally distributed and not significantly different between
trials indicating that animals could be compared. Furthermore,
Inverse Simpson diversity and Chao Richness were normally dis-
tributed with no significant differences between trials (Table 1).
In a meta-analysis of 91 pig colonic samples mean (SD), Inverse
Simpson Diversity was reported to be 33.2 (22.6; Holman et al.
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Figure 4. Correlations between performance and a-diversity of colonic samples from 22-day-old suckling pigs in three separate trials A, B, and C
conducted at different times of year. Purple circles Trial A, pink Trial B, and green Trial C.

2017). However, these samples included older pigs, where the
abundance and a-diversity of gut microbiota are known to signif-
icantly increase with age (Kim et al. 2011; Niu et al. 2015; Chen et
al. 2017). Chao Richness results of other comparable studies with
21-day-old pigs are more variable, presumably due to differences
in environmental conditions and/or breeds (Thompson et al. 2008;
Bian et al. 2016). At suckling, Chao Richness was determined as
290.0 (Voetal. 2017) and 1240.3 (Holman and Chénier 2014) for fae-
cal samples and 1757 for colonic samples (Hoeflinger ef al. 2015),
the latter two in agreement with the present findings (Table 1).
However, a-diversity metrics are highly dependent on the region
sequenced, sequencing technology, depth, quality control postse-
quencing, and the reference database used. Thus, comparisons
between studies may be confounded and difficult to compare.
p-diversity was modelled as Yue and Clayton Dissimilarity (6 vc;
Yue and Clayton 2005), Bray—Curtis Dissimilarity (Bray and Curtis
1957), and Jaccard Similarity (Jaccard 1901), with the model of best
fit being #yc which explained 39% of the variance between trials in
two dimensions. AMOVA of the #vc and Bray—Curtis metrics indi-
cated no significant differences between trials, both metrics tak-
ing account of presence and abundance of OTUs. In contrast, there
were significant differences between trials when using Jaccard
Similarity as one of three metrics for analysis by AMOVA where

P = .008 for overall comparisons. This metric compares samples
based on the presence or absence of species and has revealed
differences in colonic microbial community structure mainly be-
tween Trial A and Trials B and C. That is, Trial A was less simi-
lar to trials B and C, which had a greater similarity to each other
(Fig. 1) in terms of species richness. This may be due to the greater
abundance of Proteobacteria in colonic samples from trials B and
C in contrast with Trial A as seen in Fig. 3. Nevertheless, commu-
nity membership of the faecal microbiota, as measured by Jaccard
Similarity and community structure as measured by 0 vc, signifi-
cantly differ with pig age, underlying the importance of repeat-
ing studies with pigs of the same age if trials are to be compared
(Slifierz et al. 2015). Likewise, interindividual Bray—Curtis distances
between different pigs increased significantly during the suckling
period and reduced postweaning, with no significant differences
noted between two replicated trials (Chen et al. 2017).

In this study, a total of 4132 OTUs (91.4%) occurred in pigs in
all trials A, B, and C, with Firmicutes and Bacteroidetes the domi-
nant phyla, a result in keeping with previous studies of similarly
aged suckling pigs for colonic (Jacobi et al. 2016; Zhang et al. 2016;
Leblois et al. 2017) and faecal samples alike (Kim and Isaacson
2015; Chen etal. 2017; Vo etal. 2017). The fourth most abundant
phylum were the Proteobacteria (1.64%), which are known to in-
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Figure 5. Correlations between performance and abundance of OTUs at the genus level of colonic samples from 22-day-old suckling pigs in three
separate trials conducted at different times of year. Purple circles Trial A, pink Trial B, and green Trial C.

clude a wide variety of opportunistic, potentially pathogenic or-
ganisms such as Campylobacter, Escherichia, Salmonella, and Heli-
cobacter (Madigan 2018). Although these OTUs occurred at very low
relative abundances and may be commensal, their presence high-
lights the potential for the development of gut dysbiosis and the
importance of a diverse microbiota at this stage of life.

Overall, there were no significant differences in the abundance
of phyla between separate trials, further indicating the similarity
of microbiota between trials. At the genus level, the most abun-
dant taxa annotated to OTUs were the Porphyromonadaceae unclas-
sified, Ruminococcaceae unclassified, Prevotella, Clostridiales unclas-
sified, Lactobacillus, Phascolarctobacterium, and Firmicutes unclassi-

fied, which have been identified as predominant taxa in colonic
(Hoeflinger efal. 2015; Zhang et al. 2016; Leblois et al. 2017) and fae-
cal samples (Jacobi et al. 2016; Vo et al. 2017; Gaukroger et al. 2020)
from preweaning pigs of a similar age to this study. Notably, these
taxa were responsible for contributing the most variation between
trials as analyzed by SIMPER (Figures S2 and S3, Supporting In-
formation), but there were no significant differences in the abun-
dance of the OTUs identified as contributing variation to each
trial comparison. Neither did LEfSe identify differentially abun-
dant OTUs occurring at = 1% in each trial, except for a greater
abundance of one unclassified OTU at the genus level in trial A,
P=.01.
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The secondary objective of this study was to determine if there
were any associations between performance, microbial diversity,
and abundance using pooled data from each trial. High diversity
of GIT microbiota is considered beneficial for pig health (Gresse
et al. 2017) and a-diversity expressed as Inverse Simpson Diver-
sity correlated with weight at day 22 and ADG (P = .032 and P
= .042, respectively). There were no correlations between perfor-
mance and Chao Richness. This is probably explained by the dif-
ference in the two metrics used. Chao Richness estimates the total
number of species, whereas Inverse Simpson Diversity estimates
both richness and abundance of species (Morris et al. 2014). Thus,
richness and abundance are possibly both factors relating to per-
formance of suckling pigs of 22-days of age in this study. In con-
trast, a-diversity expressed as richness, evenness, and Shannon
index were found not to be significantly different in colonic sam-
ples taken from low and high weight gain suckling piglets (Moris-
sette et al. 2018). However, Shannon index was strongly correlated
with back fat thickness and ADG in 15-week-old pigs (Lu et al.
2018), whereas abundance-based coverage and Chao richness es-
timators were significantly higher for weaned heavy pigs (~19 kg)
compared with light pigs (~10 kg), but not Shannon and Simpson
diversity indices (Han et al. 2017). These variations probably reflect
the different ages of animals, environments, breeds, and evolution
of the microbiota over time (Thompson ef al. 2008; Kim et al. 2011;
Bian et al. 2016).

This study identified four taxa from colonic samples, corre-
sponding to OTUs at the genus level, which positively correlated
with pig weight at day 22 and ADG. These were the Ruminococ-
caceae unclassified, Terrisporobacter, Dorea, and Intestinimonas, all of
the order Clostridiales (Fig. 5). Ruminococcaceae are found in abun-
dance in faecal samples from suckling pigs (Dou et al. 2017; Vo et
al 2017) with their relative abundance positively linked to milk
fat content of the nursing sow (Bian ef al. 2016), better growth
rates (Mach et al. 2015), and higher weight gain during the lac-
tation period (Morissette et al. 2018). In adult pigs, OTUs anno-
tated to Ruminococcacene showed positive associations with fatness
traits (He etal. 2016). Ruminococcaceae produce butyrate (Onrust et
al. 2015), which is trophic to the colonic epithelium (Scheppach
et al. 2001), their abundance in suckling pigs providing higher en-
ergy harvesting, prevention against pathogen infection and higher
weight gain (Dou et al. 2017). Terrisporobacter is found in the ileum
of adult pigs (Quan ef al. 2018) and is a member of the family
Peptostreptococcaceae, which are abundant in the GIT of suckling
and weaning pigs (Li et al. 2017). These bacteria produce SCFAs
from protein (Zhou et al. 2016) and their abundance in the GIT
has been positively correlated with adult pig weight gain (Kim et
al. 2016). Dorea belongs to the Lachnospiraceae family and fer-
ments dietary carbohydrates to SCFAs (Vacca et al. 2020). Intestin-
imonas is a recently described bacterial genus with representative
strains present in the GIT of humans and animals that produces
SCFAs (Bui et al. 2016). Given that sows colostrum contains approx-
imately 16% protein during the first 12 hours after parturition and
milk 6%-7% 36 hours thereafter (Krogh etal. 2015), Intestinimonas
and other protein fermenting, SCFA producers may have a nutri-
tional role in the early, preweaning, suckling pig GIT that affects
weight gain and development of the microbiota in later life and,
in this respect, further research is required in the suckling pig.
Notwithstanding the findings of this study, there are limitations.
A larger sample size would have been preferable, but as discussed,
this may be hard to achieve with large animals. Furthermore, only
control samples and for one time-point have been analyzed. Fu-
ture work may seek to address this by examining samples from
test animals, e.g. those fed prebiotics and sampling postweaning

to verify if common indicators can be identified across repeated
trials in these conditions.

Conclusions

Reproducible small-scale suckling pig trials can be conducted in
controlled environmental conditions, at different times of year
without major differences in diversity, colonic microbiota com-
position, or OTU variation, except for a significant difference in
Jaccard Similarity indicating species difference between trials. Re-
gardless of intertrial variation, common colonic community indi-
cators can be identified across repeated trials where pooling data
supports the identification of performance related colonic micro-
biota. Correlations between a-diversity and performance show
the abundance of common OTUs across trials are factors in the
development of the suckling pig microbiota and weight gain. Cor-
relation of the abundance of OTUs that relate to bacteria capable
of protein digestion and SCFA production with performance, sug-
gests a nutritional role for these community microbiota members
in suckling pigs, which merits further investigation.
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4 Chapter 4. Effects of prebiotic galacto-oligosaccharides in

poorly performing pre-weaning piglets
The objectives of Chapter 4 were to investigate the effects of CMR supplemented
with GOS on the microbiome, gut architecture and immunomodulatory goblet cell
expression of poorly performing piglets that could benefit from milk replacement
feeding when separated from sows and fit siblings in environmentally controlled
pens. The most abundant taxa identified at genus level were Lactobacillus,
Streptococcus, Prevotella, Lactococcus and Leuconostoc. This is one of the first
studies to demonstrate the effects of prebiotic GOS in CMR when fed to poorly
performing piglets. CMR plus GOS significantly improved gut architectural features
and villus crypt ratio throughout the gastrointestinal tract, increased the number of
goblet cells and differential abundance of beneficial probiotic bacteria, particularly
Lactobacillus and Bifidobacterium. The paper was peer reviewed and accepted for
publication by “Animals”, an official journal of the publisher MDPI
(Multidisciplinary Digital Publishing Institute) and is accessible at:

https://www.mdpi.com/2076-2615/13/2/230 in portable document format.
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Simple Summary: New-born piglets often fail to thrive during suckling without any obvious signs
of clinical disease, which causes significant economic loss and suffering. This is, in part, caused
by enhanced production values, with too many piglets produced for the sow to provide adequate
nutrition to its offspring. These piglets may not be receiving enough milk from the sow and may be
removed to controlled environment pens and fed a complete commercial milk replacer to provide
adequate nutrition and enhanced care. However, milk replacers do not traditionally contain the
milk sugars found in sow milk that stimulate the development of a healthy immune system and gut
microbiota. In this study, the effects of supplementing milk replacer with simple milk sugars on gut
health, the microbiome and immune-protective goblet cells were investigated. Commercial milk
replacer supplemented with milk sugars significantly increased the abundance of beneficial gut
bacteria, improved gut health and the numbers of protective immune goblet cells. Results indicate
that milk sugars given in milk replacer may be a useful addition in the husbandry of non-thriving,
poorly performing piglets when moved to environmentally controlled pens away from sows and fit
siblings by modulating their microbiome and gut health performance.

Abstract: Poorly performing piglets receiving commercial milk replacers do not benefit from the
naturally occurring probiotic galacto-oligosaccharides otherwise found in sow milk. Study objectives
were to investigate the effects of complete milk replacer supplemented with galacto-oligosaccharides
on the microbiome, gut architecture and immunomodulatory goblet cell expression of poorly per-
forming piglets that could benefit from milk replacement feeding when separated from sows and
housed with fit siblings in environmentally controlled pens. The study is novel in that it is one of the
first to investigate the effects of supplementing complete milk replacer with galacto-oligosaccharides
in poorly performing piglets. Gastrointestinal tract samples were collected from piglets, and the
microbiome composition was assessed by 16s ribosomal ribonucleic acid gene sequencing. Gut
architectural features, villus/crypt ratio and enumeration of goblet cells in tissues were assessed by
histopathological techniques. The most abundant taxa identified at the genus level were Lactobacillus,
Streptococcus, Prevotella, Lactococcus and Leuconostoc. Milk replacer plus galacto-oligosaccharides signif-
icantly improved gut architectural features and villus/ crypt ratio throughout the gastrointestinal tract,
increased the number of goblet cells and revealed a differential abundance of beneficial probiotic
bacteria, particularly Lactobacillus and Bifidobacterium. In these respects, galacto-oligosaccharide-
supplemented milk replacer may be a useful addition to animal husbandry in poorly performing,
non-thriving animals when moved to environmentally controlled pens away from sows and fit
siblings, thereby modulating the microbiome and gastrointestinal tract performance.

Keywords: pigs; microbiota; suckling; galacto-oligosaccharides; probiotics; histology; goblet cells;
milk replacer; lactic acid bacteria
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1. Introduction

The establishment and maintenance of beneficial gastrointestinal tract (GIT) microbiota
during suckling is essential for the future performance, growth, health and welfare of
animals [1]. Moreover, the GIT microbiota contributes to the developmental and metabolic
needs of animals through short-chain fatty acid (SCFA) production, vitamin synthesis,
complex carbohydrate digestion and immune system regulation [2,3]. However, poor
pre-weaning performance and failure to thrive without obvious signs of clinical disease
during lactation are of concern in piglet production, with estimated mortality rates of
at least 12.6% representing significant economic loss [4], and this is notwithstanding gut
dysbiosis due to known bacterial pathogens and/or scour from rotavirus [5]. Neonatal
piglet viability has decreased in relation to selection for greater numbers of piglets born per
sow. The focus on larger litter sizes has increased the number of piglets with decreased
viability, lighter birth weights and a reduced ability to thrive in early life [6]. It is also
recognised that weaning weight has a significant and profound effect on lifetime growth
and performance, with lower birth-weight piglets achieving sub-optimal performance [7].
Microbiome manipulation through the addition of pre- and/ or probiotic feeds, without
pharmaceutical zinc oxide, particularly in healthy post-weaning pigs, is established, with
an emphasis on beneficial lactic acid fermenting taxa, notably Lactobacillus, Lactococcus,
Leuconostoc, Bifidobacterium and Streptococcus [8]. However, these approaches require further
investigation in pre-weaning piglets with below-expected performance and economic
return. Commercially available prebiotic galacto-oligosaccharides (GOS) comprising two
to eight polymerised galactose units with terminal glucose moieties are functionally similar
to those of mammalian milk and modulate gut architecture and intestinal microbiota in
healthy pigs [9]. GOS is a major component of mammalian milk [10,11], which stimulates
the development of the microbiota in neonates whilst conferring a variety of health benefits,
including innate and adaptive immune development [12,13]. Naturally occurring milk
GOS are typically composed of three to ten monosaccharide units, including galactose (Gal),
glucose (Glc) and N-acetyl-glucosamine (GlcNAc), with some fucose and sialic acids. The
core moiety present at the reducing end of milk oligosaccharides is either lactose (Gal(B1-
4)Glc) or N-acetyl-lactosamine (Gal(B1-4)GlcNAc). Most animal milk oligosaccharides are
sialylated (sialic acid at glycoprotein terminal ends), containing N-acetylneuraminic acid
(Neub5Ac) and/ or N-glycolylneuraminic acid (Neu5Gc) [14,15].

Porcine milk oligosaccharides (PMOs) contain the highest percentage of neutral
oligosaccharides (20 %) in comparison with other domestic farm animals, the most abun-
dant variety of mono and di-sialylated large oligosaccharides, and are most similar to the
composition of human milk oligosaccharides [11]. However, PMOs decrease in abundance

by approximately 43% during the first week of lactation, with the relative concentration
of acidic PMOs decreasing and neutral PMOs increasing [16], suggesting a change in
functionality during lactation and possibly the need for GOS early rather than later in life.
In pigs, GOS is fermented by GIT bacteria, increasing beneficial probiotic populations
and SCFA concentrations [9,17,18]. Studies have also shown that GOS inhibits pathogen ad-
hesion and colonisation and reduces the expression of pro-inflammatory cytokines [9,18,19].
A healthy, well-differentiated intestinal mucosa has long, regular villi and high villus-to-
crypt ratios [20], with the villus epithelium lining consisting mainly of absorptive ente-
rocytes and specialised secretory goblet cells (GCs) [21]. GCs throughout the entirety of
the GIT secrete mucins, forming a protective mucus layer against enteric pathogens. That
is, they are critical to barrier function, maintenance of intestinal homeostasis, integrity of
the GIT epithelium and physical lubrication of luminal contents [21,22]. GCs also form
GC-associated antigen passages (GAPs) that deliver soluble luminal antigens to lamina
propria dendritic cells [23]. GC intrinsic sensing of the GIT microbiota is now consid- ered
to play a critical role in regulating the exposure of the immune system to microbial
challenges [24,25].
However, the modulatory effects of probiotics and prebiotics on GCs in suckling pigs
remain largely uninvestigated. It is suggested that Bacillus probiotics can modulate and
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enhance GC function in E. coli-challenged pigs [26]. In vitro, GOS is considered to enhance
mucosal barrier function through direct modulation of GC function and upregulation of
GC secretory product genes [27,28]. In vivo, daily GOS dosing in piglets improves barrier
function and relieves colonic inflammation via modulation of the mucosal microbiota [29].
Nevertheless, more in vivo studies are required to investigate the effects of GOS on the
piglet microbiome, gut architecture and GC expression throughout the GIT, particularly in
poorly performing pigs.

For animals receiving sub-optimal nutrition from the sow, it is industry practice to
remove them from farrowing pens and feed with a commercial milk replacer in controlled
pen environments with no access to the sow. In contrast to natural sow colostrum and milk,
commercial milk replacers have not traditionally contained GOS, although studies have
demonstrated that formulas supplemented with GOS are safe and well tolerated in neonatal
piglets [30]. Therefore, the objectives of this study were to investigate the effects of GOS on
the microbiome, gut architecture and GC expression in poorly performing (non-thriving)
piglets with below average birthweight who may benefit from milk replacement feeding
alone or supplemented with GOS in four separate and repeated trials.

2. Materials and Methods
2.1. Ethics Approval Statement

All methods were carried out in accordance with the relevant guidelines and regula-
tions of the Harper Adams University Research Ethics Committee and approved by them.
The study is reported in accordance with ARRIVE guidelines. All animals were sacrificed
using a schedule 1 method, the UK Animals (Scientific Procedures) Act 1986.

2.2. Animals and Trial Design

For all trials, piglets were derived from five to seven Landrace x Large white sows (JSR
9T; JSR Genetics, Driffield, UK) of similar parity (1-4), which were artificially inseminated
with JSR 900 sire line semen (JSR Genetics, Driffield, UK). On day 100 (%3 d) of gestation,
sows were moved to individual 1.81 X 2.61 m farrowing pens with a 2.2 X 0.63 m farrowing
crate. Sows were housed in a single facility in separate pens. Trial 1 was conducted during
March 2018, Trial 2 August 2018, Trial 3 October 2018 and Trial 4 March 2019 under identical
housing and environmental conditions. Farrowing pens contained a 1.2 X 0.47 m piglet
box heated with an industry standard heat lamp. Sows received a wheat-based lactation
diet (BOCM Pauls Ltd., Wherstead, UK) containing 20.1% protein, 5.5 % oil, 3.5% crude
fibre, 5.3% ash, 1.15% lysine, 3.1% methionine, 7.0% calcium, 1.6% phosphorous and 1.9%
sodium plus water ad libitum. For prevention of iron deficiency, new-born piglets received
a 1 mL intramuscular iron injection of 200 mg/mL (Ferroferon, Iron4u, Holte, Denmark)
24 h after birth. Sows were vaccinated with Porcilis® Porcoli Diluvac Forte suspension for
injection (Intervet International BV; Vm:EU/2/96/001/003-008) 3-weeks prior to farrowing
for the passive immunisation of piglets by active immunisation of sows/gilts to reduce
mortality and the clinical signs of neonatal enterotoxicosis. No vaccinations were given to
the experimental animals directly. Piglets were ear-tagged on day 1 for identification.
Poorly performing piglets potentially receiving sub-optimal nutrition from the sow were
selected within the first seven days of life by visual assessment and the appearance of “non-
thriving” by qualified animal technicians. This was based upon poor weight gain, a high
degree of contamination with faecal material, the presence of watery faeces and overall
health. Animals displayed no clinical symptoms of underlying disease, for example, scour or
lameness, but were considered to benefit from a complete milk replacement feeding
program. Piglets were group housed in 2.3 X 0.89 m slatted plastic isolation pens heated
by industry standard lamps, with water ad libitum through a nipple drinker and twice
daily feeding to appetite with either complete porcine milk replacer (CMR) (Faramate,
Volac International Ltd., Royston, UK) alone (Table S1) or supplemented with 1% (w/w)
DP2 + GOS (Nutrabiotic®, Saputo Dairy UK, Weybridge, UK) with no access to a sow.
Diets were designed to meet or exceed the nutrient requirements recommended
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for piglets. An acidifier (benzoic acid) was not included as a preservative in CMR due
to possible interferences with the microbiome. Metal chain toys with plastic balls were
provided in orphan pens as environmental enrichment. Piglets did not receive any creep
feed supplementation, growth promoter or any other prophylactic antibiotic treatment
during the studies. The temperature was kept within the range of 18-20 °C for sows and
23-24 °C for piglets, with light periods from 8:00 am to 16:30 pm. Piglets were weighed
within 24 h of birth, on the day of recruitment to the trial (within 3-7 days of life) and then
at weekly intervals terminating at the time of euthanasia when they were not considered
suitable for economic production (week 4 of life). Each pen had a dedicated weight bucket
to avoid microbiome contamination. Pens were deep cleaned by spraying with TopFoam,
pressure washing and disinfection with MegaDes Novo (both from MS Schippers, Hapert,
Netherlands) and left to dry. Pens were not used for any other experiments in between
trials. Milk input and output, on a pen basis, were recorded daily and daily feed intake
(DFI) was calculated.

2.3. Sample Collection and DNA Extraction

For trials 1 to 4, samples of digesta were aseptically collected post-mortem from piglets
at anatomical sites throughout the GIT. Duodenal, jejunal, ileal, colonic, caecal and rectal
lumen samples were held on dry ice prior to transfer to the laboratory and storage at —80 °C
until bacterial DNA isolation. Bacterial DNA was isolated from 200 mg of luminal contents
for each sample using the MP Biomedicals Fast DNA Kit for Feces (MP Biomedicals, Solon,
OH, USA) according to the manufacturer’s instructions.

2.4. PCR Amplification of 16S rRNA Gene Sequences

Using the isolated DNA as a template, the V4 region of the bacterial 165 rRNA genes
was PCR amplified using primers 515f (5! GTGCCAGCMGCCGCGGTAA 3!) and 806r (5
GGACTACHVGGGTWTCTAAT 3% [31]. Amplicons were sequenced on the Illumina
MiSeq platform (Illumina, Inc., San Diego, CA, USA) using 2 X 250 bp cycles according to
the MiSeq Wet Lab SOP [32] separately for trials 1 to 4. Sequence data were deposited in
the NCBI database within the Bioproject PRINA866473, with SRA records available at:
(https:/ /www.ncbi.nlm.nih.gov/sra/PRJNA866473, accessed online 5 August 2022).

2.5. Microbiota Diversity Analysis

For each trial, the 16S rRNA gene sequence analysis was performed using mothur
v.1.46.1, using default settings [33]. Analysis was performed according to the MiSeq SOP
(https:/ /www.mothur.org/wiki/MiSeq_SOP, accessed online 9 February 2022) [32]. The
165 rRNA gene sequences were aligned against a reference alignment based on the SILVA
rRNA database [34] for use in mothur (release 132), available at: (https://www.mothur.
org/wiki/Silva_reference files, accessed online 9 February 2022). The similarity cutoff for
OTUs was 0.03. The consensus taxonomy of the OTUs was generated using the “clas-
sify.otu” command in mothur with reference data from the Ribosomal Database Project
(version 14) [35,36] adapted for use in mothur available at: (https://www.mothur.org/
wiki/RDP_reference_files, accessed online 9 February 2022). The relative abundance of
OTUs annotated to taxa at the phylum and genus level were analysed from mothur output
files using bespoke code written in R v4.1.1 using R Studio (2021.09.0) [37] and deposited at:
(https:/ / github.com/AdamLeeNottinghamUniversity / Piglets, accessed online 12 Septem-
ber 2022)

2.6. Histology

For all trials, immediately after excision, jejunal, ileal, colonic and caecal tissue samples
from each piglet were fixed in 10% neutral buffered formalin in 40 mL prefilled specimen
jars (Leica Microsystems UK, Ltd., Milton Keynes, UK). These were dehydrated through
a series of alcohol solutions, cleared in xylene and embedded in paraffin wax. Sections

3 to 5 pm thick were prepared and stained with either haematoxylin and eosin (HE) to
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elucidate villus crypt architecture or periodic acid-Schiff (PAS) staining to enumerate mucin-
producing GCs (VPG Histology, Bristol, UK). After staining, all HE and PAS slides were
scanned using the NanoZoomer digital pathology system (Hamamatsu, Welwyn Garden
City, UK). For the jejunum and ileum, measurements of villus height, crypt depth and villus
and crypt area were made using the NanoZoomer digital pathology image programme
(Hamamatsu). Ten well-oriented villi and crypts per tissue section of each piglet GIT
sample from each trial were scanned at 40X resolution. Villus height was measured from
the tip of the villus to the crypt opening, with the associated crypt depth measured from
the base of the crypt to the level of the crypt opening. The villus/crypt ratio (VCR) was
calculated by dividing the villus height by the crypt depth. The GCs were enumerated
from ten well-oriented villi and crypts of jejunal, ileal, colonic and caecal sections stained
with PAS, and the area of each was measured with individual GCs counted and pinned
on each slide. For all tissue samples, both HE and PAS, well oriented villi and crypts were
chosen using a random number generator at: (https://www.random.org/, accessed online
7 October 2019) from 1 to 10.

2.7. Statistical Analyses

Good'’s coverage [38] and x-diversity expressed as Inverse Simpson diversity [39], and
Chao richness [40] were calculated using the “summary.single” command in mothur [33].
Shapiro-Wilk tests [41] were used to determine normality for piglet weights at 24 h post-
partum, day of trial 1, 7, 14 and 21, total weight gain, ADG and «-diversity metrics.
Significant differences were tested using ANOVA with repeated measures for weight.
Kruskal-Wallis tests were used to test for differences in &-diversity metrics. Estimates
of B-diversity were calculated in mothur as Yue and Clayton dissimilarity (8yc) [42], Bray-
Curtis dissimilarity [43], and Jaccard similarity [44]. Analysis of molecular variance
executed in mothur (AMOVA) was used to test for differences in B-diversity between
samples [45,46]. Linear discriminant analysis effect size (LEfSe) was used to examine
differential OTU abundances in mothur [47]. Where appropriate, multiple comparisons
(ANOVA and AMOVA) were adjusted for false discovery rates using the Benjamini and
Hochberg procedure [48]. All post-mothur statistical analyses were performed in R Studio
(2021.09.0) unless otherwise stated [37]. For histological sections, ileal and villus height,
crypt depth, VCR and number of GCs per mm? tissues were analysed by Wilcoxon rank
sum exact tests.

3. Results
3.1. Production Criteria: Weight, ADG and DFI

This study was performed in a commercial facility with pigs destined to go through
the full production process. There were a limited number of farrowing pens (28) and only
two isolation pens for poorly performing piglets. The number of poorly performing pre-
weaning piglets differed between trials and could not be predicted in advance. Differences
in “n” across trials one to four arose from those piglets that were visually assessed as poorly
performing and subsequently randomly allocated to either receive milk replacer without
GOS or milk replacer plus GOS in milk-replacer pens. Four non-GOS-fed piglets and four
GOS-fed piglets were included in trial 1. Five non-GOS-fed piglets and four GOS-fed
piglets were included in trial 2. Four non-GOS-fed piglets and four GOS-fed piglets were
included in trial 3. Five non-GOS-fed piglets and five GOS-fed piglets were included
in trial 4. In total, eighteen “poorly performing” non-GOS-fed piglets were included in
analyses as opposed to seventeen “poorly performing” GOS-fed piglets across trials 1 to
4. A further eight pigs were physically removed during the study period (and excluded
from analysis) after meeting the set humane endpoint threshold or requiring antibiotic
treatment. Piglet weights at 24 h after birth; trial days 1, 7, 14 and 21; total weight gain and
ADG were normally distributed according to Shapiro-Wilk tests (p > 0.05 in each case) for
non-GOS and GOS-fed piglets alike in all four trials. These metrics were not significantly
different across trials one to four or between non-GOS and GOS-fed piglets (p > 0.05 in each
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case, ANOVA, Table 1). Weight significantly increased with time for all trials and treatment
groups (ANOVA, Day 1 to 21, p < 0.05 in each case). Piglet weights at 24 h post-partum
significantly correlated with final weight at day 21 with no significant differences between
treatment groups (linear modelling, RZ =05, p < 0.001 for non-GOS piglets, R2 =048,
p < 0.001 for GOS-fed piglets, Figure S1). DFI was not significantly different between trials
one to four for non-GOS-fed piglets and GOS-fed piglets alike (ANOVA, p = 0.709 and
p = 0.343, respectively). The mean DFI (SD) for non-GOS-fed piglets increased from 0.311
(0.135) kg/piglet on day 1 of trials to 1.17 (0.476) kg/ piglet on day 21 of trials. For GOS-fed
piglets, the mean DFI (SD) at day one of trials was 0.493 (0.444), increasing to 1.547 (0.447)
kg/piglet on day 21 of trials (Figure S2). Mean DFI and feed conversion ratio (FCR) across
all four trials were not significantly different between treatments (t-test, p = 0.802 and
p = 0.783, respectively).

Table 1. Pig weights at 24 h post-partum, days 1 to 21 of trials, total weight gain, ADG and FCR.

Trial 1 Trial 2 Trial 3 Trial 4

Weight kg Non-GOS GOS Non-GOS GOS Non-GOS GOS Non-GOS GOS
24h 1.34 (0.19) 1.30 (0.20) 1.09 (0.37) 1.11 (0.28) 1.16 (0.25) 1.21 (0.24) 0.97 (0.15) 0.90 (0.19)
Day 1 1.48 (0.23) 1.43 (0.27) 1.15 (0.37) 1.22 (0.28) 1.41 (0.45) 1.36 (0.38) 1.12 (0.18) 1.16 (0.11)
Day 7 2.17 (0.43) 2.32(0.26) 2.17 (0.72) 2.17 (0.52) 2.31 (0.66) 2.10 (0.48) 1.77 (0.37) 1.92 (0.53)
Day 14 2.93 (0.45) 3.23 (0.24) 3.44 (1.33) 3.26 (0.94) 3.25 (0.52) 2.74 (0.54) 2.35 (0.76) 3.13 (0.81)
Day 21 4.41 (0.85) 4.53 (0.20) 4.30 (1.73) 3.91 (1.44) 4.58 (0.44) 3.71 (0.75) 3.11 (0.99) 3.93 (0.92)
Total gain 2.93 (0.81) 3.10 (0.28) 3.15 (1.49) 2.69 (1.18) 3.17 (0.43) 2.35 (0.50) 1.99 (0.95) 2.77 (0.85)
ADGkg/d 0.15 (0.04) 0.15 (0.01) 0.14 0.07) 0.12 (0.05) 0.16 (0.02) 0.12 (0.02) 0.10 (0.04) 0.14 (0.04)
DFIl kg 0.84 (0.40) 1.03 (0.44) 1.04 (0.38) 0.98 (0.30) 1.23 (0.41) 1.00 (0.25) 0.83 (0.17) 0.91 (0.29)

FCR 5.60 6.87 743 8.17 7.69 833 8.30 6.50

Values are means (SD). The means are not significantly different across trials or between non-GOS and GOS-fed
piglets (ANOVA, p > 0.05, in each case). The mean weight significantly increased with time for all trials and
treatment groups (ANOVA, Day 1 to 21, p < 0.01 in each case).

3.2. GIT Microbiota Diversity

A total of 2,380,409 high-quality V4 16s rRNA sequence reads were obtained from 210
piglet GIT samples, with a Good’s coverage of 97.1 to 99.8 % (minimum to maximum across
all samples and four separate trials). The number of high-quality sequences obtained from
each trial 1 to 4 and each section of the GIT, from the duodenum to the rectum, is shown
in Table S2. Inverse Simpson diversity and Chao richness were normally distributed for the
majority of samples except for rectal samples from GOS-fed pigs in trial 1 (p =0.042 and p =
0.006, respectively, Shapiro-Wilk tests); inverse Simpson diversity for ileal samples in non-
GOS-fed piglets in trial 2 (p = 0.01); Chao richness for ileal samples from non-GOS- fed
piglets in trial 3 (p = 0.04); inverse Simpson diversity for ileal samples from GOS-fed piglets
in trial 4 (p = 0.01) and Chao richness for jejunal samples from GOS-fed piglets in trial 4 (p
=0.05). Inverse Simpson diversity and Chao richness (Table 2) were significantly different
between trials one to four in some but not all comparisons (Kruskal-Wallis tests). Chao
richness for duodenal samples from non-GOS piglets was significantly different across
trials one to four (p = 0.015) as was the inverse.
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Table 2. Alpha diversity. Mean (SD).

Trial 1 Trial 2 Trial 3 Trial 4
Non-GOS % GOs 34 Non-GOS Gos? Non-GOS % GOs34 Non-GOS 34 GOs?
Inverse Simpson Diversity

Duodenum '? 5.11 (2.31) 2.93 (1.27) 21.16 (16.21) 6.52 (0.50) 6.28 (1.36) 5.13 (1.79) 747 (2.28) 14.08 (5.83)

Jejunum 8.12 (2.85) 6.36 (4.50) 17.39 (10.20) 7.60 (2.13) 5.76 (1.13) 4.99 (1.45) 8.49 (2.73) 9.61 (0.80)

Ileum 15.42 (10.12) 6.17 (3.18) 12.04 (9.18) 14.51 (10.88) 5.04 (2.28) 8.48 (3.67) 10.52 (3.53) 15.22 (7.29)

Caecum 2 17.56 (6.04) 20.63 (4.65) 29.31 (15.82) 22.64 (4.81) 18.96 (4.24) 17.22 (3.55) 21.49 (13.62) 20.44 (3.31)

Colon 18.89 (4.41) 12.65 (2.81) 38.27 (12.78) 27.41 (8.09) 21.56 (2.70) 14.03 (8.11) 21.36 (10.81) 25.32 (3.38)

Rectum 21.00 (9.77) 22.08 (12.31) 26.14 (7.96) 25.14 (5.94) 23.11 (5.76) 17.86 (3.53) 23.91 (11.07) 26.05 (1.46)

Chao Richness

Duodenum?® 11337 (43.90) 9553 (11.59)  301.92(99.28) 21378 (43.28)  192.39 (61.81)  161.19 (64.40) 13245 (2548) 178.14 (59.61)
Jejunum ! 87.97 (10.65) 11159 (34.05) 278.74 (76.24)  169.04 (38.75) 12298 (37.74) 122.26(63.35)  110.23(8.81)  123.39 (36.81)
Ileum 207.53 (96.48)  104.44 (24.26)  256.66 (79.15) (12;13?217) 116.42 (25.74) 14611 (87.06)  184.46 (82.81)  177.95 (45.65)
Caecum 23749 (70.67)  213.63 (32.34)  257.02(64.16)  226.92 (62.83) 279.81 (52.19) 237.44 (23.60)  260.98 (66.12)  220.23 (55.32)
Colon 19752 (49.21) 179.42 (43.35) 310.12(49.66)  259.70 (60.27)  295.06 (49.14)  258.41 (20.57)  315.40 (95.66)  243.22 (47.65)
Rectum 2 égiii) 261.21(29.00) 324.84 (30.92) 286.94 (76.27)  307.68 (71.12)  314.12 (46.32) 243.34 (63.14) 156.87 (34.07)

1 Significant differences between trials 1 to 4 for non-GOS piglets (p < 0.05 in each case, Kruskal-Wallis tests).
2 Significant differences between trials 1 to 4 for GOS piglets (p < 0.05 in each case, Kruskal-Wallis tests).
3 Significant differences across GIT for inverse Simpson diversity (p < 0.05 in each case, Kruskal-Wallis tests).
4 Significant differences across GIT for Chao richness (p < 0.05 in each case, Kruskal-Wallis tests).

Simpson diversity for GOS-fed piglets (p = 0.03); for jejunal samples from non-GOS
piglets, Chao richness (p = 0.008); for colonic samples from GOS-fed piglets, inverse
Simpson diversity (p = 0.02); for rectal samples, Chao richness for GOS-fed piglets (p = 0.03).
Alpha diversity significantly increased from duodenal to rectal samples throughout the
GIT in trials 1 to 4 (p < 0.05 in each case, Kruskal-Wallis tests) and in non-GOS piglets and
GOS-fed piglets. There were exceptions for the trial 2 inverse Simpson diversity and Chao
richness tests in non-GOS-fed pigs and Chao richness in GOS-fed piglets and the trial 4 Chao
richness test for GOS-fed piglets. There were no significant differences in alpha diversity
between non-GOS-fed piglets and GOS-fed piglets in trials 1 to 4. Table 3 shows the results

of AMOVA used to test for significant differences in calculated B-diversity measures
between trials one to four for non-GOS and GOS-fed piglets. All trials showed at least one

significant difference in AMOVA for one or more B-diversity measures between non-GOS
and GOS-fed piglets (p < 0.05 in each case). Complementary PCA plots for B-diversity
are shown in Figure S3A-D.

Table 3. B-diversity showing significant differences in AMOVA between non-GOS and GOS-fed
piglets in four separate trials.

Trial Duodenum Jejunum Ileum Caecum Colon Rectum

Yue & Clayton Dissimilarity (Byc)

1 0.246 0.293 0.373 0.517 0.173 0.031
2 0.012 0.015 0.284 0.011 0.047 0.313
3 0.486 0.513 0.085 0.494 0.392 0.034
4 0.062 0.209 0.185 0.005 0.05 0.121
Bray-Curtis Dissimilarity
1 0.186 0.217 0.173 0427 0.254 0.062
2 0.01 0.012 0.155 0.006 0.087 0.197
3 0.456 0.327 0.069 0.131 0.241 0.034
4 0.001 0.252 0.257 0.004 0.01 0.061
Jaccard Similarity
1 0.062 0.660 0.09 0.106 0.106 0.241
2 0.031 0.025 0.126 0.016 0.140 0.006
3 0.456 0.017 0.145 0.034 0.034 0.034
4 0.018 0.006 0.173 0.005 0.005 0.012
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3.3. GIT Microbiota Composition

The number of unique, high-quality sequences clustered into OTUs obtained from
each trial and each section of the GIT, from the duodenum to the rectum, is shown in Table
S3 without discriminating between non-GOS-fed and GOS-fed piglets. Analyses were
based on all sequences so that OTU numbers were consistent across all trials. In total, 3274
unique OTUs were identified from 210 piglet GIT samples across trials 1 to 4 and all GIT
sections. 1279 OTUs were identified in trial 1, 1726 in trial 2, 1273 in trial 3 and 1216 in trial
4. 1062 OTUs were identified from the duodenum, 1000 from the jejunum, 1182 from the
ileum, 1339 from the caecum, 1474 from the colon and 1503 from the rectum across trials 1
to 4. Figure 1 shows the number of OTUs shared by each trial and for each section of the
piglet GIT. Only 176 OTUs were shared between trials 1 to 4 in the duodenum (16.6%), 118
in the jejunum (11.8%), 155 in the ileum (13.1%), 245 in the caecum (18.3%), 272 in the colon
(18.5%) and 296 in the rectum (19.7%). However, these OTUs accounted for atleast 97.9% of
the total relative abundance of bacteria taxa at the genus level in each case. When analysed,
on a trial-by-trial basis, predominant phyla in trial 1 across all samples were Firmicutes
(77.08%), Bacteroidetes (16.07%), Proteobacteria (3.34%) and Actinobacteria (3.03%).
Unclassified bacteria accounted for 0.25% of sequences. In trial 2, predominant phyla were
Firmicutes (69.98 %), Proteobacteria (13.59%), Bacteroidetes (9.69%), Actinobacteria (3.97 %) and
Fusobacteria (1.22%). Unclassified bacteria accounted for 0.73% of sequences. In trial 3, the
predominant phyla were Firmicutes (77.15%), Bacteroidetes (14.67%), Actinobacteria (4.077 %)
and Proteobacteria (3.32%). Unclassified bacteria accounted for 0.44% of sequences. In trial 4,
the predominant phyla were Firmicutes (78.70%), Proteobacteria (10.00%), Bac- teroidetes
(5.98%), Actinobacteria (2.69%) and Deferribacteres (1.34%). Unclassified bacteria accounted
for 0.44% of sequences. At the genus level for trial 1, the most abundant taxa identified
were Lactobacillus (22.94%), Streptococcus (19.85%), Prevotella (8.83%), Leuconostoc
(7.72%), Megasphaera (3.11%), Veillonella (2.74%), Bacteroides (2.53%), Phascolarctobacterium
(2.51%), Alloprevotella (1.83%) and Ruminococcaceae unclassified (1.53%). For trial 2, the most
abundant taxa identified at the genus level were Veillonella (14.84%), Lactobacillus (11.68 %),
Pasteurellaceae unclassified (11.32%), Streptococcus (9.27 %), Leuconostoc (6.50%), Lactococcus
(3-20%), Bacteroides (2.98%), Prevotella (2.53%), Phascolarctobacterium (2.37 %) and Megasphaera
(2.31%). For trial 3, the most abundant taxa identified at the genus level were Lactobacillus
(27.25%), Streptococcus (13.55%), Prevotella (5.91%), Phascolarctobacterium (4.59%), Blautia
(3.48%), Veillonella (3.38%), Subdoligranulum (3.25%), Alloprevotella (3.03%), Ruminococcaceae
unclassified (2.95%) and Collinsella (2.67%). For trial 4, the most abundant taxa identified
at the genus level were Lactobacillus (25.50%), Streptococcus (8.57%), Veillonella (7.70%),
Leuconostoc (7.39%), Lactococcus (6.84%), Enterobacteriaceae unclassified (6.52%), Megasphaera
(3.57%), Blautia (3.24%), Prevotella (2.43%) and Phascolarctobacterium (1.97 %). Relative abun-
dances of the top ten bacterial taxa at the phylum and genus levels for GIT samples from
trials 1 to 4 for non-GOS and GOS-fed piglets are shown in Figures 2 and 3, respectively.
Significant differences in the differential abundance of OTUs ascribed to bacterial taxa at
the genus level were calculated using LEfSe for each trial. Table 4 shows a summary of
results for LEfSe for those OTUs ascribed to lactic acid fermenting bacteria throughout the
GIT for non-GOS and GOS-fed piglets, trials 1 to 4, these being Lactobacillus, Lactococcus,
Leuconostoc, Bifidobacterium and Streptococcus and the relative abundance of each OTU in
parentheses, with a cut-off of 0.1% relative abundance. In total, across all GIT sections and
trials 1 to 4, twenty-five linear discriminant features for all lactic acid fermenting bacteria
occurred with non-GOS-fed piglets as opposed to forty-seven for GOS-fed piglets. In total,
thirteen linear discriminant features for Lactobacillus occurred in non-GOS-fed piglets as
opposed to twenty-eight for GOS-fed piglets. For Leuconostoc, this was two in non-GOS-fed
piglets and three in GOS-fed piglets. For Lactococcus, this was one in non-GOS-fed piglets
and two in GOS-fed piglets. For Streptococcus, this was eight in non-GOS-fed piglets and
six in GOS-fed piglets. Only one linear discriminant feature ascribed to Bifidobacterium oc-
curred in non-GOS-fed piglets, in contrast to eight in GOS-fed piglets. There was variation
between trials. In trial 1, nine linear discriminant features ascribed to lactic acid fermenting
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bacteria were identified for non-GOS-fed piglets compared with eight for GOS-fed piglets.
In trial 2, this was four for non-GOS-fed piglets and eighteen for GOS-fed piglets. In trial 3,
three for non-GOS piglets and three for GOS-fed piglets. In trial 4, nine for non-GOS-fed
piglets and eighteen for GOS-fed piglets. However, these results need to be interpreted in
consideration of the relative abundance of each OTU. A full description of all differentially
abundant OTUs and linear discriminant effect size (LEfSe) ascribed to all bacterial taxa at
the genus level for all GIT sections and each trial one to four are shown in Figure S4A-D,
with a cut-off of either the top ten taxa or relative abundance by 0.1%, whichever occurred
first, and showing unique OTUs for each trial.

Duodenum Jejunum lleum

T2 T3

Caecum Colon Rectum

Figure 1. Venn diagram depicting unique and shared OTUs at the genus level in GIT samples from
pigs in trials 1 to 4. T1 = trial 1; T2 = trial 2; T3 = trial 3; T4 = trial 4.
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Figure 2. Relative abundance of bacterial taxa annotated to OTUs at the phylum level as iden- tified

from GIT samples of piglets fed milk replacer alone or milk replacer with GOS in trials 1 to 4. *
UC = unclassified at the phylum level. NGD = Non-GOS Duodenum; GD = GOS Duo- denum; NGJ
= Non-GOS Jejunum; GJ = GOS Jejunum; NGI = Non-GOS Ileum; GI = GOS Ileum; NGC = Non-
GOS Colon; GC = GOS Colon; NGCA = Non-GOS Caecum; GCA = GOS Caecum; NGR = Non-GOS
Rectum; GR = GOS Rectum.
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Figure 3. Relative abundance of bacterial taxa annotated to OTUs at the genus level as identi-

fied from GIT samples of piglets fed milk replacer alone or milk replacer with GOS in trials 1
to 4. * UC = unclassified at the genus level. NGD = Non-GOS Duodenum; GD = GOS Duode- num;
NGJ = Non-GOS Jejunum; GJ = GOS Jejunum; NGI = Non-GOS Ileum; GI = GOS Ileum; NGC =
Non-GOS Colon; GC = GOS Colon; NGCA = Non-GOS Caecum; GCA = GOS Caecum; NGR = Non-

GOS Rectum; GR = GOS Rectum.
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Table 4. Significant differences in differential abundance of lactic acid fermenting bacteria throughout the GIT for non-GOS and GOS-fed piglets, trials 1 to 4.

Trial 1 Trial 2 Trial 3 Trial 4
Non-GOS GOS Non-GOS GOS Non-GOS GOS Non-GOS GOS
. Otu002 LN (29.5) *
8;‘;822 Eg Eggég . Otu004 LC (16.3) * Or002LC (159)+ OIS LB (1.9) *
Duodenum %) Otu005SC (84)*  Otu024LB (1.1)*  Otu017 LB (2.6) ** NS Otu074 SC (0.11) * : Otu025 LB (1.1) **
Otu017 LB (0.70) Otu038 BB (0.8) ** O003SC 106)™ 5,067 LB (0.11) *
Otu024 LB (0.30) * v 08) u 011)
Otu074 LB (0.22) **
Otu003 LB (14.6)* Otu003 LN (18.2) * Otu024 BB (0.56) *  Otu032 SC (0.36) *
. Otu004 LC (9.4) * Otu025 LB (0.48) *  Otu035 LB (0.36) **
* * *
Jejunum 8:“82; ig gi)) © Otul315C(026) NS Otu023 BB (1.5) =  Otu017LB (0.9) NS Otu028 LB (0.39) *  Otu036 LB (0.36) **
v ' Otu024 LB (1.6) ** Otu042SC (0.21)*  Otu054 LB (0.12) **
Otu007 LB (5.1) **
Otu008 LB (4.9) Otu018 SC (2.5) *
Otu011 SC (3.3) * *
lleum NS Otu091 SC ((g 13)) . Otu060 SC (0.15) ** Otu016 LB (2.3) * Otu038 SC (0.17) * Otu027 BB (0.3) * Otu045SC (0.33) ** 821186085]}];’3(82(%)**
' Otu030 BB (0.92) * Otu062 LB (0.18) * '
Otu054 LB 0.30) **
Otu002 LB (9.7) *
Otu003 LB (7.2) **
o v Otu008 LB (4.1) *
Caecum Otu016 LN (33)*  Otu020 BB (2.6)*  ~ruWess- (U627 QUUOLE (39 ™ 5111718 (0.13)*  Otu031LN (1.2)* NS Otu019 LB (2.25) *
Otu020 LB (2.48) *
Otu135SC (0.10)*  Otul34 BB (0.12) * Otu059 LB (0.48) *
Otu076 LB (0.36) **
Otu009 BB (4.1) ** Otu003 LB (4.7) * Otu003 LB (6.2) **
Colon NS Otu033 LB (1.1) * NS Otu038 BB (0.54) * NS NS NS Otu020 LB (2.1) *
Rectum Otu021 LN (1.7)*  Otu022 LB (1.6)* NS NS NS NS NS NS

LB = Lactobacillus; LC = Lactococcus; LN = Leuconostoc; BB = Bifidobacterium; SC = Streptococcus. * p < 0.05, ** p < 0.01, NS = no significant difference in differential abundance between
non-GOS and GOS-fed piglets (LEfSe). Figures in brackets are the relative abundance of named Otu for each GIT section and trial.
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3.4. Histology and Gut Architecture

Measurement of gut architecture parameters was determined using HE-stained slides
and the enumeration of GCs was performed using PAS-stained slides, examples of which
are shown in Figure 4. Upper intestinal villus height, crypt depth VCR and the number of
GCs per mm? GIT tissues were not normally distributed in most cases in trials 1 to 4 accord-
ing to Shapiro-Wilk tests (p < 0.05) and therefore analysed non-parametrically on a trial-by-
trial basis. Results for gut architecture are shown in Figure 5. The jejunal villus height was
significantly greater for GOS-fed piglets in trials 1,3 and 4 (p = 0.005, emphp = 6.4 x 10716,
p =53 x 1078 Wilcoxon rank sum exact tests). Jejunal villus height was significantly
greater for non-GOS-fed piglets in trial 2 (p = 0.005). Ileal villus height was significantly
greater for GOS-fed piglets in trials 3 and 4 (p = 61.6 X 107% and p = 1.1 x 10~19, Wilcoxon
rank sum exact tests). There were no significant differences in jejunal or ileal crypt depth
between treatments. Jejunal VCR was significantly greater for GOS-fed piglets in trials 1, 3
and 4 (p = 0.034, p =5.1 x 10715, p = 1.1 x 1078, Wilcoxon rank sum exact tests). Jejunal
VCR was significantly greater for non-GOS-fed piglets in trial 2 (p = 0.004). Ileal VCR was
significantly greater for GOS-fed piglets in trials 3 and 4 (p = 0.0007 and p = 1.2 X 1077,
Wilcoxon rank sum exact tests). The number of GCs per mm? GIT tissue per trial was
determined from PAS-stained slides as shown in Figure 6. The number of GCs per mm? in
the jejunal villus was significantly greater in GOS-fed piglets in trials 1, 3 and 4 (p = 0.004,
p=18 x 1072 and p = 1.1 x 1077, respectively; in the jejunal crypt of GOS-fed piglets in
trials 1 and 3 (p =3.3 x 1072 and p = 3.2 X 10712, respectively); in the ileal villus in trials 2,
3and 4 (p = 0.035, p = 1.8 X 1072 and p = 1.2 x 10~ respectively); in the ileal crypt in
trials 3 and 4 (p = 0.0008 and p = 1.9 X 1075, respectively); in the colonic crypt in trial 2
(p = 7.5 x 107%; and in the caecal crypt in trial 3 (p = 0.0008, Wilcoxon rank sum exact
tests). Regardless of inter-trial variation, it was possible to pool data and plot the area of the
jejunal and ileal villi versus height and the area of the jejunal, ileal, colonic and caecal crypts
versus depth (Figure S5). There was a significant correlation between the jejunal and ileal
villus area and height and jejunal, ileal, colonic and caecal crypt area and depth (p < 0.001
in each case using linear modelling). For pooled data, jejunal villus height was significantly
greater for GOS-fed piglets as opposed to non-GOS-fed piglets (p = 1.7 X 10~11) as was ileal
villus height (p = 2.1 X 1078), caecal crypt depth (p = 1.8 x 10™%) and colonic crypt depth
(p = 0.008, Wilcoxon rank sum exact tests). There were no significant differences in jejunal
and ileal crypt depth between non-GOS-fed and GOS-fed piglets. Similarly, there was a
significant correlation between the jejunal and ileal villus areas and the jejunal, ileal, caecal
and colonic crypt areas with GC density expressed as number of GCs per mm? sectioned
GIT tissues (p < 0.001 in each case, linear modelling, (Figure S6). Moreover, the number of
GCs per mm? GIT tissue was significantly higher in GOS-fed piglets than non-GOS-fed
piglets for the jejunal villus (p = 7.4 x 107°), the jejunal crypt (p = 1.4 x 1074, the ileal
villus (p = 2.8 x 1079, the ileal crypt (p = 3.8 X 10~7), the colonic crypt (p =5.3 X 1073) and
the caecal crypt (p = 0.003, Wilcoxon rank sum exact tests).
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Figure 4. Example of gut architecture and GC enumeration in GIT sections taken with the
NanoZoomer digital pathology system. (A) = HE-stained jejunal villus and crypt used for de-
termination of villus height, crypt depth and VCR. (B) = PAS-stained jejunal villus and crypt used for
GC enumeration. (C) = PAS-stained caecal crypt used for GC enumeration.
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Figure 5. Upper intestinal gut architecture of non-GOS and GOS-fed piglets for trials 1 to 4 showing
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villus height, crypt depth and villus crypt ratio. (* p < 0.05, ** p < 0.01, *** p < 0.001, Wilcoxon rank
sum exact tests). Dots show outliers above maximum interquartile range.
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Figure 6. Number of goblet cells per mm? GIT tissue of non-GOS and GOS-fed piglets for trials 1 to
4. (* p <0.05, ** p <0.01, ** p < 0.001, Wilcoxon rank sum exact tests). Dots show outliers above

maximum interquartile range.

4. Discussion

This study is novel in that it is one of the first to investigate the effects of supplementing
complete milk replacer with galacto-oligosaccharides in poorly performing piglets. The
objectives were to investigate if industry standard milk replacer supplemented with GOS
as opposed to milk replacer alone affected the microbiome, gut architecture, GC expression
and performance of poorly performing, non-thriving piglets who were unlikely to receive
adequate nutrition from the sow. Studies were conducted in a commercial facility with
animals destined for the food chain. However, there were only a limited number of
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farrowing pens and a limited number of experimental isolation pens for poorly performing
piglets. Therefore, trials had to be replicated. There were no significant differences in
piglet weight at 24 h post-partum, trial days 1 to 21, total weight gain and ADG between
the four repeated trials (Table 1). Neither was mean DFI (Figure S2) significantly different
between trials and/or treatments, indicating that performance, food intake and animal
husbandry were consistent between trials. However, supplementation of milk replacer
with GOS had no significant effect on performance, with the main predictor of end-of-study
weight (d21) being weight at 24 h post-partum (Figure S1). By way of comparison, it is
reported that healthy GOS-fed piglets of the same age as this study showed no significant
difference in body weight compared with the control groups but a significant increase
in ADG [49]. However, weight at day 1 was, on average, 1.55 kg and at day 21~6 kg, with
ADG at over 0.2 kg per day, values were much higher than in this study and for all
trials and treatments (Table 1). Similarly, healthy GOS-fed piglets challenged with
lipopolysaccharide endotoxin showed no significant difference in body weight compared
with control groups but a significant increase in ADG [50]. Weight at day 1 was over 1.5 kg
and at day 14 was over 4 kg, with an ADG of over 0.2 kg per day, with values again being
higher than in this study. However, these studies administered a known dose of GOS
at 1 g per kg body weight by manual oral infusion with continued access to the sow, as
opposed to this study where animals were provided with milk replacer supplemented
with GOS ad libitum with no access to the sow. In this respect, the addition of maternal
GOS may have had a significant effect in contrast to the animals in this study that were
removed from sows. Moreover, the animals in this study were initially underweight and
poorly performing, which may explain why GOS had no effect on performance in terms
of final body weight and ADG. Indeed, higher energy diet intake in the grower phase does
not improve the performance of low-birth-weight pigs, which are less efficient than their
heavier counterparts and are unable to show compensatory gains [51]. Studies have
indicated that dietary supplementation with GOS post-weaning increases performance,
and in this respect, it cannot be ruled out that GOS could positively affect performance in
studies of longer duration than 21 days for poorly performing piglets [52].

There were no significant differences in x-diversity between non-GOS and GOS-fed
piglets in trials 1 to 4 (Table 2). Previous studies have shown that intervention with GOS
pre-weaning does not affect x-diversity, but post-weaning significantly increases the ACE
and Chaol indices of colonic mucosal communities in pigs [53]. Similarly, there were no
significant differences in the Shannon, Simpson, Ace or Chaol indices reported for colonic
mucosal communities in lipopolysaccharide challenged piglets fed GOS compared with

controls [29]. In this study, there were significant differences between trials in terms of «-
diversity (p < 0.05 in each case), indicating that data could not be pooled but rather analysed
on a trial-by-trial basis. The variation in data does not allow data to be pooled, in contrast
to the study by Lee et al. [54], where trials were rigorously repeated in highly controlled
conditions with a view to pooling data for the sake of performance-related measures.

However, x-diversity expressed as inverse Simpson diversity or Chao richness significantly
increased from the duodenum to the rectum in trials and for non-GOS and GOS-fed piglets
alike, indicating the establishment of more diverse communities throughout the lower and
upper GIT, consistent with previous work [55,56]. In Lee et al. (2022) [54], reported colonic
inverse Simpson diversity ranged from (mean + SD) 14.29 + 2.20 to 20.20 + 7.94, values that
are broadly comparable with this study’s range of 12.65 + 2.81 to 27.41 * 8.09. For colonic
Chao richness, this was 1241.08 + 171.68 to 1794.48 + 250.51 compared with 179.42 £ 43.35
to 315.40 £ 95.66 for the present study. Similarly, at suckling, Chao richness was determined
as 1240.3 for faecal samples [57], and 1757 for colonic samples [58]. This large difference in
species richness may be explained by the “poorly performing”, non-thriving nature of the
piglets, since it is recognised that lower-weight, intrauterine growth-restricted piglets have
lower microbial diversity [59]. Lower GIT diversity may be a result of poor performance or
possibly a function of removing piglets from the sow to a controlled environment where
they are not subjected to the microbiome of maternal sows and fit siblings.
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In contrast to &-diversity, there were significant differences in B-diversity as measured
by three metrics: Yue and Clayton dissimilarity (Bvc) [42], Bray-Curtis dissimilarity [43]
and Jaccard similarity [44] between non-GOS and GOS-fed pigs in trials 1 to 4 (Table 3 and
Figure S3A-D). Differences in B-diversity were most prevalent for trials 2 and 4, and for
Jaccard similarity, indicating that GOS possibly had more of an effect on microbial
community membership, rather than community structure. Nevertheless, results demon-
strate that early-life GOS intervention modulated GIT microbial composition, as in other
studies [49,53].

The number of OTUs shared by all four trials (duodenum 177, jejunum 118, ileum 166,
caecum 246, colon 272 and rectum 296) accounted for 97.9 to 99.76 % of the total relative
abundance of all taxa at the genus level (Figure 1). Whilst the number of unique and/or
partially shared OTUs may be much larger than those common between all four trials, they
only account for 0.24 to 2.1 % of the total relative abundance of taxa across GIT samples. It
is suggested there is a core microbiota in the GIT of healthy pigs, which can be a potential
target for nutritional regulation and benefit the growth and GIT health of the animal [60,61].
If the definition of a core GIT microbiota is accepted as those being present in 90 % of
samples [60], then the number of OTUs shared between trials 1 to 4 may be considered core
to the suckling piglet microbiota. However, the core microbiota in pigs may be defined as
those that are resident in the GIT throughout the lifetime of the animal as opposed to those
that are “stage associated” and only occur at certain growth stages such as suckling [62]. At
the phylum level, Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria were considered
core to the lifetime pig GIT microbiome [62], in keeping with trials 1 to 4 of this study,
where these phyla occurred in all samples. In nursing pigs, the three most abundant core
genera were Prevotella, Lactobacillus and Oscillispira, with Blautia identified as a nursery
stage-associated genus [61]. In this study, Prevotella, Lactobacillus and Streptococcus occurred
in all samples, confirming them as core microbiota but not Oscillispira. Perhaps it is useful
to consider not only the “core” and “stage” microbiota but also the “peripheral” OTUs,
which occur in low abundances but nevertheless contribute to the diversity of the whole
microbiome.

Analysis of the taxa annotated to OTUs at the phylum level in the intestinal contents of
piglets fed milk replacer alone or milk replacer with GOS in trials 1 to 4 enabled comparison
of the relative abundance of taxa present at anatomical sites throughout the length of the
GIT (Figure 2). Bacteroidetes were more prevalent in lower rather than upper GIT samples
as opposed to Firmicutes, which were more prevalent in upper GIT samples, as reported
by Crespo-Piazuelo et al., 2018 [55]. Predominant phyla in all trials were Firmicutes, Bac-
teroidetes, Proteobacteria and Actinobacteria in keeping with previous observations [54,62,63].
Proteobacteria are found in abundance during suckling and decline post-weaning [64]. They
usually include commensal but opportunistic and potentially pathogenic organisms from
the genera Campylobacter, Escherichia, Salmonella and Helicobacter [65]. Although occurring at
very low relative abundances, their presence highlights the potential for the development
of gut dysbiosis considering that low diversity bacterial ecosystems have reduced coloni-
sation resistance to pathogens [66]. The relative abundance of bacterial taxa annotated to
OTUs at the genus level show Lactobacillus, Streptococcus, Prevotella and Leuconostoc were
highly prevalent throughout all the trials (Figure 3). Although occurring throughout the
GIT, Streptococcus was more prevalent in the upper GIT samples. LEfSe gives a clearer
distinction between non-GOS and GOS-fed piglets (Table 4) and highlights those lactic
acid fermenting and beneficial OTUs occurring between treatments and across the GIT for
trials 1 to 4. Dietary supplementation with GOS increases Lactobacillus and Bifidobacterium
populations in pigs, as confirmed in this study [9,52]. In trial 1, GOS significantly increased
Streptococcus in the upper GIT as opposed to Lactobacillus, suggesting competition between
these organisms. Nevertheless, GOS significantly increased Bifidobacterium and Lactobacil-
lus in the lower GIT. Trials 2 and 4 identified a number of linear discriminant features
attributable to all five lactic acid bacteria, confirming the lactogenic and bifidogenic effects
of GOS throughout the GIT of suckling pigs.
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Despite a large degree of variation between trials, this study has demonstrated
that GOS significantly affects gut architecture and VCR in poorly performing piglets
(Figure 5 and Figure S5). Not only does GOS protect against mucosal GIT damage in
lipopolysaccharide-challenged pigs [29], but it also promotes higher villus height and VCR
in E. coli-challenged pigs [67], suggesting physiological and nutritional health benefits for
non-healthy animals and those with compromised upper GIT mucosal surfaces. However,
the effects of GOS on production remain to be seen, presumably due to the non-thriving
nature of animals in this study, the study length of 21 days and the inability of low-birth-
weight animals to make compensatory weight gains [51]. Nevertheless, GC density per
mm? tissue significantly increased throughout the GIT in GOS-fed piglets compared with
non-GOS-fed piglets (Figure 6 and Figure S6). This is an important finding since GCs are
known to be essential to barrier function and immune regulation in animals [21,22,25]. The
physiological effect of GOS on GIT architecture and GC expression is not limited to pigs,
with significant increases in villus height, caecal crypt depth and increased GIT GC
numbers found in GOS-fed chickens [68,69]. GOS directly modulates the expression of GC
secretory products that contribute to the production of barrier-enhancing mucins via cell
surface receptors [27]. However, this may be indirectly modulated by the microbiota,
particularly the lactic acid-producing bacteria Bifidobacterium and Lactobacillus spp., as
significantly increased in this study by GOS, which support intestinal cell regeneration and
the proliferation of intestinal stem, Paneth and GCs through the action of lactic acid [70].

5. Conclusions

GOS, as a supplement to milk replacer formula for piglets separated from sows, is
palatable and well tolerated, with significant increases in weight during trials, but no
significant performance difference between treatments. Administration of GOS had no
significant effect on x-diversity, for which Chao richness appeared to be low, but may be
a function of inherent poor performance and/or removing piglets from sows and healthy
siblings to controlled environments, thus possibly being a product of methodology.
Nevertheless, GOS significantly modulated GIT microbial communities as demonstrated
by B-diversity measures, with key effects on microbial community membership rather
than structure, demonstrating that GOS is effective in promoting more diverse, beneficial
communities. GOS significantly increased linear discriminant features attributable to
lactic acid-producing bacteria, notably Lactobacillus and Bifidobacterium throughout the GIT,
demonstrating benefits as a supplement to milk replacer in poorly performing piglets.
GOS significantly improved GIT architectural features and VCR throughout the upper GIT
as well as increasing the number of barrier-enhancing and immunomodulatory GCs,
possibly through direct modulation by GOS or indirectly by the lactogenic effect of lactic
acid-producing bacteria. The significance of these indicators lies in the improvement of GIT
health in poorly performing animals, giving them a better chance of survival in controlled
environments. In conclusion, GOS significantly increases the differential abundance of
beneficial probiotic bacteria, particularly Lactobacillus and Bifidobacterium, and improves
gut architecture and goblet cell expression in poorly performing piglets. In these respects,
a GOS-supplemented milk replacer may be a useful addition to animal husbandry for
poorly performing, non-thriving animals when moved to environmentally controlled pens
away from sows and their thriving siblings, thereby modulating the microbiome and GIT
performance. Future applications may include the addition of GOS in milk replacers for
healthy piglets requiring additional nutrition from the sow, but this would require further
research.
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end-of-study weight; Figure S2: Daily feed intake; Figure S3A-S3D: PCA plots for B-diversity; Figure
S54A-54D: Linear discriminant effect size; Figure S5: Area of the jejunal and ileal villi versus height
and the area of the jejunal, ileal, colonic and caecal crypts versus depth; Figure S6: GC density
expressed as the number of GCs per mm? sectioned GIT tissues.
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5 Chapter 5. Effects of prebiotic galacto-oligosaccharides on rotavirus

antibodies in sow colostrum, reduced infectivity and

microbiome modulation in neonatal piglets.
The objectives of this study were to determine if GOS supplementation of late
gestational sows (7 days before parturition) on a commercial farm with natural
endemic rotavirus challenge could improve neonatal immunity, reduce rotavirus
infection and modulate the microbiota. This is one of the first papers to demonstrate
that GOS fed to sows during late gestation significantly increased RVA specific IgG
and IgA in sow colostrum. Another major and novel finding was that 65% of non-
GOS piglet faecal samples tested positive for RVA as opposed to 45% for GOS-fed
piglet faecal samples representing a significant reduction in infectivity of RVA in the
maternally GOS fed group. Predominant phyla in sows and piglets irrespective of
GOS supplementation to sows were Firmicutes, Bacteroidetes, Proteobacteria and
Actinobacteria. Irrespective of GOS supplementation, Clostridium sensu stricto,
Acinetobacter, Enterobacteriaceae unclassified, Terrisporobacter and Lactobacillus
dominated taxa at genus level in sow faecal samples as did Bacteroides, Clostridium
senso stricto, Enterobacteriaceae unclassified, Lactobacillus and Streptococcus in
piglet faecal samples. Differential abundance of potentially pathogenic organisms
was lower in GOS fed sows demonstrating modulation of the maternal microbiome.
A higher differential abundance of virally suppressant Collinsella in faeces of piglets
born to GOS fed sows suggests modulation of the piglet microbiome through late
gestational feeding with GOS. The paper was peer reviewed and accepted for
publication by Frontiers in Veterinary Science, an official journal of the publisher
Frontiers Media S.A. and is accessible at:

https://www.frontiersin.org/articles/10.3389/fvets.2023.1118302/full.
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Galacto-oligosaccharides fed
during gestation increase Rotavirus
A specific antibodies in sow
colostrum, modulate the
microbiome, and reduce infectivity
in neonatal piglets in a commercial
farm setting
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Division of Microbiology, Brewing, and Biotechnology, School of Biosciences, Sutton Bonington Campus,
University of Nottingham, Loughborough, Leicestershire, United Kingdom

Introduction: Rotavirus A is a major cause of acute dehydrating diarrhea in neonatal
pigs resulting in significant mortality, morbidity, reduced performance and economic
loss. Commercially available prebiotic galacto-oligosaccharides are similar to those
of mammalian milk and stimulate the development of the microbiota and immune
system in neonates. Little is known about the effects of supplementing sows’ diets with
galacto-oligosaccharides during gestation. This study aimed to determine if dietary
galacto-oligosaccharide supplementation during gestation could improve immunity,
reduce rotavirus infection and modulate the microbiota in sows and neonates in a
commercial farm setting with confirmed natural endemic rotavirus challenge.

Methods: In a randomized controlled trial, control sows received lactation diet with
no galacto-oligosaccharide supplementation and test sows received lactation diet
with 30 g/day galacto-oligosaccharide top-dressed into feed daily, seven days
before farrowing. Colostrum was collected from sows 24 hours post-partum and
tested for rotavirus specific antibodies. Fecal samples were collected from sows and
piglets three days post-partum, tested for rotavirus A by gPCR and the microbiome
composition assessed by 16s rRNA gene sequencing.

Results:  Supplementation with galacto-oligosaccharides during gestation
significantly increased rotavirus-specific IgG and IgA in sow colostrum and reduced
the number of rotavirus positive piglet fecal samples. Abundance of potential
pathogens Treponema and Clostridiales were higher in fecal samples from non-
galacto-oligosaccharide fed sows, their piglets and rotavirus positive samples.

Discussion: This study demonstrates that galacto-oligosaccharide supplementation
during gestation significantly increases rotavirus specific IgG and IgA in sow colostrum
thereby reducing neonatal rotavirus infection and suppresses potential pathogenic
bacteria in nursing sows and neonatal piglets.

rotavirus, microbiota, pigs, galacto-oligosaccharides, antibodies, colostrum

01 frontiersin.org


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2023.1118302
mailto:adam.lee@nottingham.ac.uk
https://doi.org/10.3389/fvets.2023.1118302
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fvets.2023.1118302/full
https://www.frontiersin.org/articles/10.3389/fvets.2023.1118302/full
https://www.frontiersin.org/articles/10.3389/fvets.2023.1118302/full
https://www.frontiersin.org/articles/10.3389/fvets.2023.1118302/full
https://www.frontiersin.org/articles/10.3389/fvets.2023.1118302/full
https://www.frontiersin.org/articles/10.3389/fvets.2023.1118302/full
https://www.frontiersin.org/articles/10.3389/fvets.2023.1118302/full
https://www.frontiersin.org/journals/veterinary-science
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2023.1118302&domain=pdf&date_stamp=2023-02-07
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science

Lee et al.

Introduction

Rotaviruses are classified into at least ten serogroups (1, 2) with
A, B, and C affecting humans (3), whilst groups A to H have
been found in pigs (2). The most common groups are A, B and
C, with Rotavirus A (RVA) representing the most prevalent group
causing acute dehydrating diarrhea in public and veterinary health
settings (2). RVA fecal-oral infection results in destruction of small
intestinal enterocytes, the development of malabsorptive diarrhea (4)
and promotes gut dysbiosis through alteration of the microbiota (5).
The effects on pigs are significant mortality and morbidity in
neonates, reduced performance in surviving growers and significant
economic loss (1, 2, 6). RV is endemic in UK pig farms. A range of
RVA genotypes has been identified in UK pigs: six G types (VP7);
G2, G3, G4, G5, G9, and G11 and six P types (VP4); P6, P7, P8, P13,
P23, and P32 (7). Furthermore, the common human genotype P8 can
infect pigs highlighting the need for surveillance of porcine rotavirus
genotypes to safeguard human and porcine health (7).

Previous livestock vaccination strategies have focussed on the
induction of active (immune cell mediated) and passive (antibody
mediated) immunity by oral administration of attenuated RV vaccines
(8). However, these have lacked efficacy, in contrast to engineered
virus-like particles (VLP) designed as vaccines to boost antibodies in
bovine and porcine mammary secretions which have shown promise
when administered with attenuated vaccines (9). The wide variety of
RV genotypes in pigs complicates effective vaccine production. This
is further complicated by attenuated replicating porcine RVA
vaccines which may contribute to the diversity of porcine RVs,
through re-assortment of vaccine strains with wild type strains and
the emergence of novel genetic variants that can evade herd immunity
(2, 7). Whilst vaccination remains popular in the farming community,
a more pragmatic view may be to focus on cleaning and disinfection
with efficacious detergents that not only limit the spread and
infectivity of RV but also other microbial pathogens (10, 11).
Nevertheless, endemic porcine RV infection still needs alternative
strategies to boost lactogenic immunity in sows, thus providing RV
antibodies to the neonate with colostrum and milk (2).

Galacto-oligosaccharides (GOS) are a major constituent of
mammalian milk (12, 13) primarily stimulating the development
of the microbiota in neonates and conferring a variety of health
benefits including innate and adaptive immune development (14,
15). Milk oligosaccharides are typically composed of three to ten
monosaccharide units, including glucose (Glc), galactose (Gal) and
N-acetyl-glucosamine (GlcNAc) as well as fucose and sialic
acids. The core moiety present at the reducing end of milk
oligosaccharides is either lactose (Gal(B1-4)Glc) or N-acetyl-
(Gal(B1-4)GIeNAc)  (16).  Most milk
oligosaccharides are sialylated, containing N-acetylneuraminic acid
(NeuSAc) and/or N-glycolylneuraminic acid (Neu5Gc) (17).
Compared with other domestic animals, porcine milk contains the
highest percentage of neutral oligosaccharides (20%), the most
abundant variety of mono-sialylated and di-sialylated large
oligosaccharides and are the closest to human milk oligosaccharide
composition (13). In addition, porcine milk oligosaccharides (PMOs)

lactosamine animal

decrease in abundance by ~43% during the first week of lactation
with the relative concentration of acidic PMOs decreasing and

neutral PMOs increasing (18), indicating a change in functionality
during lactation.
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In pigs there is evidence that GOS is readily fermented
in the gastrointestinal tract (GIT) increasing short-chain fatty acid
(SCFA) concentrations and increasing beneficial probiotic bacteria
numbers (19, 20). Furthermore, GOS may reduce adhesion of
pathogens to cells, (21) inhibit pathogen colonization (21), improve
gut architecture (20) and reduce expression of pro- inflammatory
cytokines (22). Specific effects of GOS on RVs have been
demonstrated. For example, GOS/fructo-oligosaccharide mixtures
reduce RV induced diarrhea and modulate dysbiosis in suckling
rats (5, 23). Human milk oligosaccharides (HMOs) inhibit RV
infectivity in vitro (24, 25), in acutely infected piglets
(24) and reduce the duration of RV-induced diarrhea in piglets whilst
modulating the colonic microbiota in vivo. (26). Also, RV specific
antibodies from Human breast milk neutralize RV infectivity in vitro
(27). However, most studies have focussed on feeding neonatal to pre-
weaning piglets GOS, whilst few have considered supplementing the
diets of gestational sows to determine effects on the neonate. It
has been reported that the combination of GOS and casein
glycomacropeptides (CGMP) fed to gestational sows modulated the
neonatal microbiota colonization, promoted gut development and
growth performance of piglets, thus demonstrating that manipulation
of the maternal gestational immune/microbiome axis has positive
effects on offspring, but without RVA challenge (28). The aims of this
study were to determine if GOS supplementation in gestational sows
conferred immunity, reduced infectivity and modulated the
microbiome in neonatal piglets in a commercial pig farm where RV
challenge is naturally endemic and as confirmed by previous
veterinary reports.

Materials and methods
Experimental design

Animals

A randomized controlled trial was performed on a commercial
farrow-to-finish pig farm in Yorkshire UK, between October and
December 2018. The trial was approved by the farm veterinary
consultant and by the University of Nottingham ethics committee on
12-9-18, approval reference number 190. Landrace x Large white
sows crossed with a Piétran boar were paired with respect
to parity. Gestating sows of similar weight were moved to 3.0 X
1.8 m farrowing pens with a 0.8 X 2.2m farrowing crate, seven
days before farrow. Pens had a slatted floor and were heated with
industry standard heat lamps. Temperature was kept at range 18—
20°C for sows and 23-24°C for piglets with light periods from 8:00
am to 17:00 pm. Relative humidity was 50 to 70% for farrowing
units and 24 to 30% for weaning units. Metal chain toys with
plastic balls were provided as environmental enrichment. Sows
received a wheat-based lactation diet (Gold Lactator, Noble Foods,
Stokesley, UK) containing 18.4% protein, 5.6% ash, 4.6% oil, 4.1%
fiber, 1.13% lysine, 0.9% calcium, 0.34% methionine and 0.49%
phosphorous. New-born pigs received a 1 ml intramuscular iron
injection (Gleptosil, Alstoe Ltd, York, UK) 24 h after birth. Sows and
gilts were vaccinated with a combined Rotavirus OSU 6 strain and E.
coli strains 0101:K99 vaccine two weeks prior to farrowing as per
manufacturer’s instructions and as according to standard farm
practice (Rokovac Neo, Bioveta, Czech Republic). Piglets and sows
did not receive any creep feed supplementation or prophylactic
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antibiotic treatment during the trials. Sows were individually housed
and randomized in a homogenous pattern to either basal control
diet or supplementation with GOS powder (DP2+ GOS, Nutrabiotic,
Saputo Dairy UK, Weybridge UK). Sows received the lactation diet
with no GOS supplementation (non-GOS sows) or received the
lactation diet with 30 g/day GOS top-dressed into feed daily, seven
days before farrowing (GOS sows). Piglets born to non-GOS sows
were referred to as non-GOS piglets and those born to GOS sows
were referred to as GOS piglets. Trial size was determined using a
power calculation accessed at: https://clincalc.com/stats/samplesize.
aspx on 02-08-18, where @ = 0.05, B = 0.2, and power = 0.8, giving
thirty-six replicates per control and treatment groups with a total of
seventy-two pens, with one sow per pen. Trials were repeated six
times, from week one to week six, in order to obtain the desired
number of replicates. Models were fixed effect, whereby sows from
the production cohort were randomly allocated to farrowing pens pre-
assigned for non-GOS or GOS feed (independent variables). All
animals were kept in identical environmental conditions, housed
in identical pens and in the same building. Pens were cleaned and
disinfected prior to trial replicates from the end of week one to week
six onwards throughout the entire standard farm production methods.
Once born, neonatal piglets were cross fostered within treatment
groups, as per commercial farm standard practice, to equilibrate litter
size and for welfare reasons. All trial personnel, including
investigators were blinded to treatment allocation. All animals were
monitored daily by trained farm personnel for any signs of scour,
disease, lameness and/or distress. No animals were euthanized, or
invasive samples taken during studies.

Sample collection

Trained farm personnel collected samples for biosecurity reasons.
Colostrum from sows was collected within 24 hours post parturition
by massaging the two teats closest to the head of sows and
immediately frozen at —20°C, in a freezer, in 30 ml sterile plastic
tubes (Thermo Scientific, Loughborough, UK).
Approximately 2-3 g of freshly voided fecal samples were collected
from sows and piglets per pen, in sterile nuclease free 2 ml micro
tubes (Sarstedt, Leicester, UK) three days post partition and
immediately frozen at—20°C. Fecal samples from piglets were pooled
from each pen, whilst those of sows were kept separately. Frozen
samples were delivered by refrigerated courier service to the
University of Nottingham for storage at —80°C and further laboratory
analyses.

universal

ELISA for RVA IgG and IgA in colostrum

Samples were defrosted and 1 ml aliquots centrifuged at 13,000 g
for 15 min to separate the fat from the colostrum. Aqueous phase
colostrum was pipetted from underneath the fat layer and into sterile
2 ml micro tubes for subsequent analysis. The Ingezim rotavirus
porcine ELISA kit (Immunologia Y Genetica Aplicada S.A. Madrid,
Spain) was used to determine specific anti-RVA IgG and anti-RVA
IgA activity in the colostrum samples according to manufacturer’s
instructions. For the detection of anti-RVA IgA antibodies, ELISA
was performed as with IgG, but the secondary antibody was
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substituted with peroxidise-labeled goat anti-porcine IgA (Thermo
Fisher Scientific, Bonn, Germany) at a dilution of 1/10,000 as
according to Kreuzer et al. (29). The positive control serum supplied
with the kit, was assayed on each occasion and the mean value from
these measurements used to obtain a normalized absorbance ratio to
reduce assay-to-assay variation (30). Total non-specific IgG and IgA
in colostrum were assayed using IgG and IgA Pig ELISA Kits obtained
from (Abcam plc, Cambridge, UK).

DNA and RNA extraction

Bacterial DNA was extracted from 200 mg sow and piglet fecal
samples using the QIAamp PowerFecal QIAcube HT Kit and
QIAcube HT robot according to manufacturer’s instructions (Qiagen,
Hilden, Germany). Viral RNA was extracted from sow and piglet
feces by mixing 100 mg with 900 pl isotonic 0.9% NaCl (Merck,
Gillingham, UK), prepared in diethyl pyrocarbonate (DEPC) treated
nuclease free water (Fisher Scientific UK Ltd, Loughborough UK),
vortexed and centrifuged at 16,000 g for 5 min. All glassware was
treated with 0.1% v/v DEPC (Merck, Gillingham, UK), to remove
RNase enzymes and autoclaved at 121°C at 15 psi to eliminate
residual DEPC. 200 I of the clear supernatant was used for viral
nucleic acid extraction using the QIAamp 96 Virus QIAcube HT Kit
and QIAcube HT robot according to manufacturer’s instructions
(Qiagen, Hilden, Germany). DNA was digested in samples by
including an optional DNase digestion step in the QIAcube HT
protocol using the Qiagen RNase Free DNase Set (Qiagen, Hilden,
Germany) to prevent the possibility of interference with RNA assays
in downstream applications. Bespoke software for loading onto the
QIAcube HT robot was provided by Qiagen for this step. During viral
RNA extraction 4 Wl per sample of a Techne qPCR Rotavirus A kit
internal extraction control RNA was spiked into the lysis buffer as a
positive control for the extraction process (Cole-Parmer, Stone,
Staffordshire UK).

Detection of RVA RNA in RNA samples

The Techne qPCR Rotavirus A kit was used to detect the presence
of RVA in samples with an amplification protocol using OneStep 2x
Reverse Transcription-qPCR MasterMix according to manufacturer’s
instructions (Cole-Parmer, Stone, Staffordshire UK). RVA specific
primer probe mix was used to detect the presence of RVA non-
structural protein 5 (NSP5) genomes. Standard curves were prepared
with RVA positive control template with copy numbers from 2 X 10°
per Mlto 2 perul. Real-time quantitative PCR data were collected using
the Roche LightCycler 480 (Hoffman La Roche, Basel, Switzerland).
The amplification protocol was reverse transcription for 10 min at
42°C, enzyme activation for 2 min at 95°C, then 50 cycles of
denaturation for 10 s at 95°C and fluorogenic data collection for 60 s at
60°C followed by one cycle of cooling. The detection format was dual
color hydrolysis/Universal Probe Library (UPL), with dynamic
integration time mode and a filter combination of duplexing TagMan
probes, FAM and VIC. Amplification curves were initially analyzed
using the LightCycler 480 Software release 1.5.0.39. as obtained from
https://pim-eservices.roche.com/eLD/web
gb/en/products/3.8.1.4.4.8 accessed 20-02-20.
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PCR amplification of 16S rRNA gene
sequences

Using the extracted DNA as a template, the V4 region
of the bacterial 16S rRNA genes were PCR amplified using
primers 515f (5 GTGCCAGCMGCCGCGGTAA 3’) and 806r
(5 GGACTACHVGGGTWTCTAAT 3°) (31). The full preparation
and sequencing of 16S rRNA gene sequencing libraries were
conducted according to the MiSeq Wet Lab SOP accessed at
https://github.com/SchlossLab/MiSeq WetLab SOP/blob/master,
MiSeq WetlLab SOP on the 19-02-20. Amplicons were sequenced
on the Illumina MiSeq platform (Illumina, San Diego, CA, USA)

using 2 X 250 bp cycles (32). Sequence data were deposited in the
NCBI database within Bioproject PRINA884280.

Microbiota diversity analysis

The 16S rRNA sequence analyses were performed using Mothur
v. 143, (33) open software and accessed at:
(https://github.com/mothur/mothur/releases 12-03-20).
Analysis was performed according to the MiSeq SOP accessed at:
(https://mothur.org/wiki/miseq sop/ accessed 12-03-20). The 16S
rRNA gene sequences were aligned against a reference alignment
based on the SILVA rRNA database for use in Mothur available at:
(https://mothur.org/wiki/silva reference files accessed 12-03-20)

source
accessed

(34) and clustered into OTUs using the “opticlust” clustering
algorithm (35). The consensus taxonomy of the OTUs was generated
using the “classify.otu” command in Mothur with reference data from
the Ribosomal Database Project (version 14) (36, 37) adapted for use
in Mothur available at: (https://mothur.org/wiki/rdp reference files
accessed 12-03-20).

Statistical analyses

Analyses were performed in R version 4.1.1 using R Studio
(2021.09.0) (38) unless otherwise stated. Shapiro Wilk tests (39) were
used to determine normality for the results of ELISA, logio copy
numbers for RVA positive fecal samples and microbiota a-diversity
metrics. For ELISA and logio copy numbers of RVA positive samples,
significant differences between groups were tested using Mann—
Whitney U-tests. Significant differences in the number of RVA
infected piglet fecal samples were tested using the Binomial test.
Coverage and a-diversity expressed as Inverse Simpson diversity
(40), Chao (41) Richness, Shannon (42) Index, and ACE Estimator
(43), were calculated using the “summary.single” command in
Mothur (33). Significant differences were tested for using Kruskal—
Wallis rank sum tests. Estimates of B-diversity were calculated in
Mothur as Yue and Clayton (44) Dissimilarity (Byc), Bray and Curtis
(45) Dissimilarity and Jaccard (46) Similarity. Analysis of molecular
variance executed in Mothur (AMOVA) was used to test for
differences in B-diversity between samples (47, 48). Linear
discriminant analysis effect size (LEfSe) was used to examine
differential OTU abundances at genus level in Mothur (49). Where
appropriate, multiple comparisons (AMOVA, Kruskal-Wallis rank
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sum tests) were adjusted for false discovery rates (FDR) by the
Benjamini and Hochberg procedure (50) (P = 0.05, FDR = 25%).

Results

RVA specific and total antibody titres in sow
colostrum

RVA specific and total antibody levels in sow colostrum are shown
in Figure 1. Median RV A specific antibody levels in sow colostrum
were, IgG non-GOS sows 0.179, IgG GOS sows 0.285, [gA non-GOS
sows 1.771, IgA GOS sows 2.182 (normalized absorbance ratios).
Median total antibody levels in sow colostrum were, IgG non-GOS
sows 38.06, IgG GOS sows 33.25, IgA non-GOS sows 12.83, IgA
GOS sows 11.55 (mg/ml colostrum). Shapiro-Wilk normality tests
indicated colostrum concentrations of RVA specific and non-specific
antibodies were not normally distributed (P < 0.05 in each case).
Colostrum RVA specific IgG and IgA concentrations expressed as
ELISA normalized absorbance ratio were significantly higher in GOS
fed sows compared with non-GOS sows (P = 0.03 and P = 0.049
respectively, Mann—Whitney U-tests). However, total IgG and IgA
colostrum contents were not significantly different between GOS fed
sows compared with non-GOS sows (P = 0.587 and P = 0.886
respectively, Mann—Whitney U-tests) (Figure 1).

gPCR identification of RVA infected fecal
samples

Internal extraction control RNA spiked into lysis buffer during
viral RNA extraction was positive for all samples indicating successful
RNA extraction and qPCR amplification using the LightCycler 480
VIC channel. Logio copy numbers per g of fecal material for RVA
positive samples from non-GOS piglets and GOS piglets were non-
normally distributed (P = 5.7 X 10-* and P = 0.024, respectively
using Shapiro—Wilk tests). Median logio copy numbers per g of fecal
material were 16.25 for non-GOS piglets and 17.12 for GOS piglets.
There was no significant difference in the RVA logio copy number
between non-GOS piglets or GOS piglets (P = 0.7007, Mann—
Whitney U-tests). Out of thirty-four non-GOS piglet fecal samples,
twelve (35%) tested negative and twenty-two (65%) positive for RVA.
Out of thirty-six GOS piglet fecal samples, twenty (55%) tested
negative and sixteen (45%) positive for RVA. There was a significant
difference in the number of piglet fecal samples testing RVA positive
between groups, P = 0.0085, Binomial test. Out of seventy-one sow
fecal samples analyzed seven proved RV A positive, four non-GOS sow
fecal samples (8.15-14.23 logio copy number per g) and three GOS
sow fecal samples (7.72—11.75 logio copy number per g).

Fecal microbiota diversity and composition

In total 3,333,385 high quality 16S rRNA, V4 sequences were
obtained from 141 sow and piglet fecal samples. Of these, 2,189,090
were recovered from seventy-one sow fecal samples and 1,144,295
from seventy piglet fecal samples. By treatment groups, 1,021,516
sequences were recovered from thirty-five non-GOS fed sows,

frontiersin.org


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/
https://doi.org/10.3389/fvets.2023.1118302
https://github.com/SchlossLab/MiSeq_WetLab_SOP/blob/master/MiSeq_WetLab_SOP
https://github.com/SchlossLab/MiSeq_WetLab_SOP/blob/master/MiSeq_WetLab_SOP
https://github.com/mothur/mothur/releases
https://mothur.org/wiki/miseq_sop/
https://mothur.org/wiki/silva_reference_files
https://mothur.org/wiki/rdp_reference_files

Lee et al. 10.3389/fvets.2023.1118302
RVA Specific IgG RVA Specific IgA
S
e | IS < [P
= 1
I
o P =003 . o 24 P =0.049 :
T 9 T *
r o — 14 o s T
© i © o i %
Q0 I Q ¢
c | c v
8 @ r 8 w | &
‘6 o | ‘6 o~
2 ™ | 2
Y LN o
2 3 ' 3 =
o ©°9 | [T
n | a2 w |
™ | v &
E o | £ g -
o © o < | i
Z 1. Z « £ i
o — e ” st T
g - — el e o —_—
T T T T
Non-GOS Sows GOS Sows Non-GOS Sows GOS Sows
Total IgG Total IgA
. = o | .
o _| (5]
©
P =0.587 P =0.958
g ¥ . g 8
5 —T E
E 8 : E o
Q I < N
o e o)
= o | i L=
E ¥ hd E
Z 2 e
n o | 7]
s ¥ o
] ]
(& O o |
(= -—
(]
%
o |
13 0 - o
I I I |
Non-GOS Sows GOS Sows Non-GOS Sows GOS Sows
FIGURE 1
RVA specific IgG and IgA and total IgG and IgA in colostrum from non-GOS and GOS fed sows.

1,167,574 from 36 GOS fed sows, 449,463 from thirty-four piglets
born to non-GOS fed sows and 694,832 from thirty-six piglets born
to GOS fed sows. Sequences were subsampled to 11,210 per sample
with a Good’s coverage (51) 0f97.8 to 99.9%. Metrics for a-diversity
were not normally distributed (Shapiro—Wilk tests). There were no
significant differences in a-diversity metrics between non-GOS fed
sows and GOS fed sows, or piglets born to non-GOS fed sows and
piglets born to GOS fed sows, P > 0.05 in each case (Kruskal-Wallis
rank sum tests). d-diversity for all four metrics were significantly
higher in non-GOS sows as opposed to non-GOS piglets and GOS
sows as opposed to GOS piglets P < 0.005 in each case (Figure 2).
Calculated B-diversity Oyc, Bray and Curtis (45) and Jaccard (46)
distances between non-GOS fed sows and GOS fed sows were not
significantly different, as determined by AMOVA (48), P = 0.707,
P =0.581,and P = 0.285, respectively. Byc, Bray-Curtis and Jaccard
distances were not significantly different between non-GOS piglets
and GOS piglets, P =0.11, P = 0.102, and P = 0.075. There was a
highly significant difference between sows and piglets for all three [3-
diversity metrics, P < 0.001 in each case (Figure 3).
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Figure 4 shows relative abundance of bacterial taxa at phylum and
genus level for fecal samples from non-GOS sows, GOS sows, non-
GOS piglets and GOS piglets. For sow fecal samples, sequences were
clustered into 5629 OTUs and classified into 19 unique phyla, 43
classes, 80 orders, 171 families and 397 genera. In total, the top ten
taxa allocated to OTUs at phylum level were Firmicutes (60.09%),
Proteobacteria (17.23%), Bacteroidetes (9.10%), Actinobacteria
(5.71%), Spirochaetes (4.98%), Planctomycetes (1.37%), Bacteria
unclassified (1.18%), Synergistetes (0.11%), Verrucomicrobia (0.06%)
and Fusobacteria (0.03%). The top ten taxa allocated to OTUs at
genus level were, Clostridium sensu stricto (18.63%), Acinetobacter
(6.89%), Enterobacteriaceae unclassified (6.43%), Terrisporobacter
(5.19%), Lactobacillus (4.85%), Romboutsia (3.07%), Planococcaceae
unclassified (3.02%), Turicibacter (2.02%), Streptococcus (1.99%)
and Bacteroides (0.95%). For piglet fecal samples, sequences were
clustered into 2273 OTUs and classified into 19 unique phyla,
40 classes, 73 orders, 154 families and 349 genera. The top ten
taxa allocated to OTUs at phylum level were Firmicutes (46.66%),
Bacteroidetes (25.03%), Proteobacteria (15.21%), Fusobacteria
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FIGURE 2
Alpha diversity of fecal samples collected from sows and piglets during suckling. NGS, non-GOS fed sow; GS, GOS fed sow; NGP, non-GOS piglet; GP,
GOS piglet; RVA-VE, RVA negative piglet; RVA+VE, RVA positive piglet. Significant difference between NGS and NGP, GS, and GP in all cases P < 0.005.

(10.01%), Actinobacteria (2.76%), Verrucomicrobia (0.14%), Bacteria
unclassified (0.09%), Synergistetes (0.04%), Spirochaetes (0.02%) and
Planctomycetes (0.002%). The top ten taxa allocated to OTUs at
genus level were, Bacteroides (20.47%), Clostridium Senso Stricto
(13.17%), Enterobacteriaceae unclassified (12.37%), Lactobacillus
(8.85%), Streptococcus (2.59%), Terrisporobacter (0.29%), Romboutsia
(0.21%), Planococcaceae unclassified (12%), Acinetobacter (0.11%)
and Turicibacter (0.05%). LEfSe identified significant differences in
the abundance of differential OTUs annotated to taxa at genus level
between treatment groups (Figure 5). In total non-GOS sows had
eight OTUs occurring at significantly higher relative abundance
compared with GOS sows, five of these being Treponema and
one each to Phascolarctobacterium, Megasphaera, and Clostridiales
unclassified. Non-GOS piglets had seven OTUs occurring at
significantly higher relative abundance compared with GOS piglets,
two of these being Ruminococcaceae unclassified and one each to
Lactobacillus, Phascolarctobacterium, Aerococcus, Actinobacillus, and
Clostridiales unclassified. GOS piglets had three OTUs occurring at a
differentially higher abundance than non-GOS piglets, these being
Peptoniphilus, Lachnospiriaceae unclassified, and Collinsella.
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Fecal microbiota diversity and composition
in non-infected and RVA infected piglets

In separate analyses by Mothur, 1,144,334 high quality 16S rRNA,
V4 sequences were obtained from seventy piglet fecal samples. Of
these, 531,797 were recovered from thirty-two RV A negative samples
and 612,537 from thirty-eight RVA positive samples. Sequences were
subsampled to 8078 per sample with a Good’s coverage of 97.8
to 99.9%. Metrics for a-diversity were not normally distributed
(Shapiro—Wilk tests). There were no significant differences in a
diversity (Kruskal-Wallis Rank sum tests) or B-diversity (AMOVA)
(48). Sequences were clustered into 2188 OTUs and classified into 19
unique phyla, 40 classes, 74 orders, 157 families and 348 genera.
Figure 4 shows relative abundance of bacterial taxa at phylum and
genus level for RVA negative and RVA positive fecal samples. In
total, relative abundance of the top ten OTUs annotated to taxa
at phylum level were Firmicutes (46.68%), Bacteroidetes (25.03%),
Proteobacteria (15.21%), Fusobacteria (10.01%), Actinobacteria
(2.76%), Verrucomicrobia (0.14%), Bacteria unclassified (0.07%),
Chloroflexi (0.04%), Synergistetes (0.03%), and Spirochaetes (0.02%).
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FIGURE 3
B-diversity measures for fecal samples from non-GOS sows vs. GOS fed sows, non-GOS piglets vs. GOS piglets, RVA negative vs. RVA positive piglets and
sows vs. piglets.

The top ten OTUs annotated to taxa at genus level were Bacteroides
(20.47%), Clostridium sensu stricto (13.17%), Enterobacteriacea

Frontiers in Veterinary Science

07

unclassified (12.37%), Fusobacterium (9.42%), Lactobacillus (8.85%),
Prevotella (3.14%), Streptococcus (2.59%), Peptostreptococcus (2.43%),
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FIGURE 4
Relative abundance of bacterial taxa at phylum and genus level for fecal samples from non-GOS sows, GOS sows, non-GOS piglets, GOS piglets, RVA
negative piglets, and RVA positive piglets.

Enterococcus (1.20%), and Phascolarctobacterium (1.11%). LEfSe OTUs annotated to taxa at genus level between RVA negative
identified significant differences in the abundance of differential piglets and RVA positive piglets ( ). RVA negative piglets
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FIGURE 5

Significant differences in differential abundance of taxa at genus level for fecal samples from non-GOS sows, non-GOS piglets, GOS piglets, RVA negative
piglets, and RVA positive piglets (LEfSe). No attributable differential abundance features for GOS sows, therefore not shown. UC = unclassified.

LDA Score log 10

expressed an increased differential abundance of Collinsella in
contrast with RV A positive piglets. RVA positive piglets expressed a
significant differential abundance in five OTUs, two being ascribed
to Clostridiales unclassified and three others being Bacteroides,
Lachnospiraceae unclassified, and Ruminococcacae unclassified.

Discussion

The objectives of this study were to determine if GOS
supplementation in gestational sows conferred immunity, reduced
infectivity and modulated the microbiome in neonatal piglets
in a commercial pig farm where RVA challenge was endemic. Whilst
PMOs are expressed naturally in sow colostrum (13),
supplementation with GOS top-fed at 30 g per day was associated
with significantly increased RVA specific IgG and IgA in sow
colostrum (P = 0.03 and P = 0.049 respectively), but not the
expression of total IgG and IgA (Figure 1). The maternal gut
microbiome breast axis and the importance of entero-mammary
pathways in programming the mammary gland to face the nutritional,
microbiological, immunological, and neuroendocrine
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requirements of the growing infant have been well described in
humans (52). However, humans possess a hemochorial placenta
whereas pigs have an epitheliochorial placenta (53), one which,
in contrast, is a relatively impenetrable barrier to maternal
immunoglobulins during gestation, particularly IgG. Thus, piglets are
born ‘“agammaglobulinemic” and survival depends on early
acquisition of maternal immunity through colostrum (54) before
gut closure within 24 to 48 h post-partum and reduced intestinal
enterocyte ability to sequester immunoglobulins from protein rich
colostrum (55). Moreover, colostrum intake is the main determinant
of piglet survival through energy provision and immune protection
with long-term effects on growth and immunity (56). Few animal
studies have investigated how pre- and/or probiotics fed to
epitheliochorial pregnant mammals interact with the immune
composition of mammary secretions. In dogs, pregnant bitches
fed a mixture of fructo-oligosaccharides, mannan-oligosaccharides,
E. faecium and L. acidophilus expressed significantly more IgG, IgM
and IgA in colostrum (57). Possible mechanisms are the modulation
of immunoglobulin secretion by the maternal microbiome. In murine
models, gut microbiome induced maternal IgG is transferred to the
neonatal intestine through milk via neonatal Fc receptors and directly
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inhibits pathogen colonization (58). For IgA, the gut microbiota
induces Peyer’s-patch dependent secretion of maternal IgA into milk.
Antigen sampling by M cells in Peyer’s-patches are the major source
of migratory IgA plasma cells in mammary glands that produce
maternal IgA found in milk (59). Similar mechanisms are found in
sows with IgA secreted by mammary gland recruited plasma cells
exhibiting specificity for antigens in the maternal digestive tract. This
“entero-mammary” link is due to the migration of lymphocytes
originating in gut associated lymphoid tissue via the bloodstream
to the mammary gland (54). Other mechanisms may include viral
triggering of goblet cell associated pathways, which present antigens
to the immune system and serve as mechanisms of tolerance or
translocation outside the gut (60).

In this study 65% of non-GOS piglet fecal samples tested positive
for RVA as opposed to 45% for GOS-fed piglet fecal samples
representing a significant reduction in infectivity of RVA in the
maternally GOS fed group (P = 0.008). This reduction
in infectivity can be explained by the significantly higher levels
of RVA specific IgG and IgA expressed in the GOS fed sows
colostrum as possibly modulated by entero-mammary pathways.
Nevertheless, there may be other factors affected and/or modulated
by GOS feeding such as the many unique proteins, cytokines,
exosomes and leucocytes found in sow colostrum (61), which may
require further investigation. Previous work has shown that human
milk oligosaccharide supplementation can protect pigs against RV
infection, as evidenced by shorter diarrhea duration, inhibiting
RV binding and/or replication, enhancing mucosal T helper cell
and T helper cell 2 cytokine responses and modulating microbiota
composition (24). However, this is with direct feeding of GOS to
piglets in contrast to the present study where colostrum and then milk
were the only source of nutrition for piglets during the study period.
In this respect, this study may be one of the first to demonstrate a
significant increase in RV A colostrum viral specific immunoglobulins
expressed following prebiotic gestational feeding with GOS to sows
and concomitant reduction in infectivity in neonates in a commercial
farm setting. Out of seventy-one sow fecal samples only seven (9.9%)
were RV A positive with no significant difference between non-GOS
and GOS fed sows. RVA prevalence rates in pigs varies from 3.3 to
67.3% (2) and prevalence in this study may have been low. Sows are
usually immune to RVA, but the virus has been detected in the feces
of sows as early as 5 days before farrowing and up to 2 weeks
thereafter. Moreover, sows immune to RVA can shed the virus as a
result of transient re-infection, or as asymptomatic carriers and at
a time when piglets are susceptible to infection (62). Nevertheless,
piglets may acquire RVA from their immediate environment given
the prevalence of the virus and its stability in feces over time and
at ambient temperatures (63). This demonstrates the circulation of
RVA from adult sows to piglets and to the environment with resultant
re-infection from environmental sources contaminated with RVA
positive fecal matter. Animal and environmental RVA reservoirs
indicate the need for efficacious detergents that limit the spread
and infectivity of RVA and other microbial pathogens as previously
described (10, 11) and in this respect GOS supplementation of
gestational sows as an adjunct to these practices to reduce the RVA
burden in neonates may be useful.

There were no significant differences in a or B-diversity metrics
between non-GOS fed sows and GOS fed sows, or piglets born to
non-GOS fed sows and piglets born to GOS fed sows. However,
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highly significant differences in a and B-diversity were seen between
non-GOS fed sows and their piglets and GOS fed sows and their
piglets (Figures 2, 3) demonstrating major differences in richness,
evenness, community membership and structure. Notably, 2.5 times
the number of OTUs were recovered from sow fecal samples as
opposed to piglet fecal samples. The suckling pig microbiota is
particularly different from that of sows and shows a lower bacterial
diversity (64). This is not unexpected since piglets have high a high
protein and PMO diet compared with the fiber rich diet of sows
that support different microbial communities. Moreover, microbial
gut diversity increases with age and with longitudinal changes in
structure at different growth stages (65). However, it should be
considered that both the environment and the sow influence the
development of the piglet microbiome. In early lactation, the piglets’
GIT microbiota composition is similar to the bacteria found on
pen floors, in sow’s milk and the nipple surface with the fecal
microbiota of piglets becoming more similar to the sow as lactation
progresses (60).
Predominant phyla in sows and piglets irrespective of
GOS supplementation to sows were Firmicutes, Bacteroidetes,
Proteobacteria, and Actinobacteria in keeping with other studies (65,
67, 68) (Figure 4). However, piglets had a higher relative abundance
of taxa at phylum level belonging to Fusobacteria (10%) compared
with sows (0.3%), which are associated with diarrhea and may be
indicative of infection with enteric viruses such as porcine epidemic
diarrhea virus which is known to affect the balance of beneficial gut
bacteria as opposed to potential bacterial pathogens
(69). Irrespective of GOS supplementation, Clostridium sensu stricto,
Acinetobacter, Enterobacteriaceae unclassified, Terrisporobacter, and
Lactobacillus dominated taxa at genus level in sow fecal samples
as did Bacteroides, Clostridium Senso Stricto, Enterobacteriaceae
unclassified, Lactobacillus, and Streptococcus in piglet fecal samples
(Figure 4). These results were consistent with those from sow and
piglet fecal microbiota taken from commercial pig farms (64) and as
analyzed by similar methods. However, analyses of differential
abundance of taxa at genus level by LEfSe revealed a significant
increase in five OTUs belonging to the genus Treponema in non-GOS
fed sows, but not GOS fed sows (Figure 5). Treponema spp are a
cause of ear necrosis and shoulder ulcers in pigs leading to animal
welfare problems and economic losses for producers (70). LEfSe also
indicated a significant and increased differential abundance of
Clostridiales in both non-GOS sows and non-GOS piglets (Figure 5).
Whilst the majority of these organisms are commensal, some have
potential to cause severe and sometimes lethal enteric infections
in pigs (71). These results may indicate a direct effect of GOS
in the sow GIT, thus indicating the capacity for GOS to inhibit
pathogen colonization (20, 21). Reduction of Clostridial spp in GOS
piglets may be explained by piglets inheriting fewer organisms from
GOS fed sows with low abundance. Alternatively, sampling and
translocation of maternal gut bacteria into colostrum and presentation
of antigens to T helper cells by migratory dendritic cells may explain
the reduction in Clostridiales in piglets (72). In non-GOS fed sows
the occurrence of OTUs attributed to 7Treponema and Clostridia may
indicate that sows harbor potentially pathogenic organisms that may
cause pathologies in down-stream production and therefore, GOS
supplementation to sows may suppress potential bacterial pathogens
in the GIT microbiome, that otherwise may be transmitted
allochthonously.
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There were no significant differences in microbiota diversity and
composition of RVA negative and RV A positive fecal samples taken
from piglets when analyzed separately from sow fecal samples
(Figure 3). Predominant phyla were Firmicutes, Bacteroidetes,
Proteobacteria, Fusobacteria, and Actinobacteria in keeping with
other studies (65, 67, 68) (Figure 4). Abundance of Fusobacterium at
genus level was higher than that of Lactobacillus, which is indicative
of wviral enteric infection (69). The only OTU occurring at
significantly differential levels in RVA negative fecal samples from
piglets was Collinsella (Figure 5). This bacterium is a member of the
Coriobacteriaceae and has been strongly and positively correlated
with intestinal and circulating rotavirus specific IFN-y producing
CD8+ T helper cell responses, which are known to correlate with
protection against rotavirus diarrhea (73). Moreover, Collinsella
produces ursodeoxycholate which reportedly inhibits binding of
SARS-CoV-2 to angiotensin-converting enzyme, suppresses pro-
inflammatory cytokines such as TNF-a, IL-13, IL-2, IL-4, IL-6, and is
protective against COVID-19 infection reducing mortality rates (74,
75). Collinsella also occurred at significantly differential levels in GOS
piglets as opposed to non-GOS piglets although any true link between
GOS feeding to gestational sows and occurrence of Collinsella in
piglets requires further research. In RVA positive piglets two OTUs
attributed to Clostridiales occurred at significantly differential levels
possibly indicating how enteric viruses can favor potential pathogens
as opposed to beneficial community members (69, 76) (Figure 5).
Indeed, RV A infection favors shifts in ileal microbiome structure with
a significant increase in mucin digesting Bacteroides as verified by this
study in RV A positive piglets (76).

Conclusions

This study is one of the first to demonstrate that GOS
supplementation to sows during gestation significantly increases
RVA specific IgG and IgA in colostrum, which confers immunity to
neonates and reduces infectivity presumably through the effect of
The
commercial pig farming are that gestational fed GOS could be used as
a useful adjunct to other anti-virals and/or cleaning with efficacious
detergents that can reduce infectivity in neonates by 20%, which

GOS on entero-mammary pathways. implications  for

would represent a significant economic gain for commercial herds.
Whilst there was no demonstrable effect on microbial diversity
of GOS in sows and their offspring, it should be considered that only
fecal samples were collected in this study and may not be a true
proxy of intestinal contents, which may be different in community
membership and structure. In this respect, more research is required.
However, non-GOS sows compared with GOS fed sows had a
significant and increased differential abundance of potentially
pathogenic organisms Treponema and Clostridiales suggesting GOS
modulates the maternal microbiome by suppressing these organisms.
The occurrence of Collinsella at significantly differential levels in GOS
and RV A negative piglet fecal samples as opposed to the occurrence of
Clostridiales and Bacteroides in non-GOS and RV A positive samples
suggests modulation of the piglet microbiome through gestational
feeding with GOS. Nevertheless, any true link between gestational
GOS feeding to sows and occurrence of viral suppressing Collinsella
in piglets, or indeed any other member of the microbiota requires
further research.
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6 Chapter 6. Summary and conclusion
Suckling is a unique period in porcine development where the early life environment
significantly affects the development and composition of the adult microbiota. The
GIT microbiota contribute to the metabolic and developmental needs of animals
through SCFA production, vitamin synthesis, complex carbohydrate digestion and
immune regulation thought the life-time of the animal (Brestoff & Artis 2013; Kim
& Isaacson 2015). Development of the GIT microbiota is a gradual and sequential
process (Inoue, et al. 2015), where the pre-weaning suckling period offers an
opportunity to study the microbiome in healthy control animals (Chapter 3), but also
poorly performing animals (Chapter 4) and those with enteric infections (Chapter 5).
There is a “continuum” between basic study design (Chapter 3), the inclusion of test
products GOS in poorly performing animals (Chapter 4) and the investigation of late
gestational feeding of GOS to sows leading to reduction in RVA infection in
neonates (Chapter 5). In this work, the methods in Mothur (Schloss et al., 2009) were
used throughout, with updates implemented to improve bioinformatics analyses of
the microbiome and the SILVA taxonomy database updated allowing greater
granularity in the description of bacterial taxa using OTUs (Pruesse et al., 2007). In
this respect, the field of 16S rRNA community analyses and bioinformatics are
constantly evolving. Techniques can be applied to any bacterial organism. Moreover,
constant submission of meta-data for 16S rRNA gene sequencing of GIT bacterial
communities to the National Center for Biotechnology Information NCBI sequence
read archive database (https://www.ncbi.nlm.nih.gov/sra) as applied to these studies,
allows inclusion of data for meta-analyses such as that exemplified by Holman et al
2017, whereby the community structure and bacterial ecology of the pig GIT may be

interrogated in future.
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Pigs are large animals and controlled rearing environments for research
purposes may be limited due to the number of pens available and cost. Thus, trials
may have to be repeated and the data pooled as in the studies of Thompson, Wang
and Holmes 2008; Pajarillo et al. 2015; Chen et al. 2017. There has been little
discussion of this approach, if trials can be truly compared and the data pooled for
further analyses. Thus, in Chapter 3, three-suckling pig trials were reproduced where
influences on microbial diversity and composition were controlled for as far as
possible. Not all variables could be controlled, but examining animals of the same
age, similar genetic traits, reproducing environmental and housing conditions, diets
and reducing physical contact between animals has allowed the trials to be compared.
The primary objective of this study was to compare variation in the microbiota of
suckling pigs from three separate trials conducted at different times of year and to
determine if common colonic community members of the bacterial microbiome
could be identified. In this respect, reproducible small-scale suckling pig trials can be
conducted in highly controlled environmental conditions, at different times of year
without major differences in diversity, colonic microbiota composition or OTU
variation, except for a significant difference in Jaccard Similarity indicating some
microbial species differences between trials. Moreover, regardless of inter-trial
variation, common colonic community indicators could be identified across repeated
trials, the most abundant taxa identified at genus level being Porphyromonadaceae
unclassified (15.81%), Ruminococcaceae unclassified, (12.78%), Prevotella (7.26%),
Clostridiales unclassified (6.99%), Lactobacillus (6.58%), Phascolarctobacterium
(6.52%) and Firmicutes unclassified (5.69%). Having established a high degree of
similarity between studies, the secondary objective of this study was to determine if

there were any associations between animal performance, microbial diversity and
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abundance using pooled data from each trial. Using pooled data, this study is one of
the first to show a significant correlation between animal performance in terms of
suckling pig weight and ADG with bacterial community diversity as in Inverse
Simpson Diversity (Magurran, 2004). This is an important finding, since it suggests
that microbial community richness and evenness in suckling pigs is associated with
development and performance in the first 22 days after birth. Taxa from colonic
samples, corresponding to OTUs at genus level, were identified, whose relative
abundance (rarefied counts) positively correlated with animal performance
measures. These were the Ruminococcaceae unclassified, Terrisporobacter, Dorea
and Intestinimonas, all of the order Clostridiales, which produce SCFA from
carbohydrate and/or protein. These organisms may confer beneficial effects and
contribute a nutritional role in the development of suckling pigs, possibilities that
merit further investigation. However, it should be noted that this study was only
performed with healthy piglets in the absence of any challenge that might be present
on farm. The microbiome was compared with suckling pigs receiving colostrum,
then milk from sows in each trial. The trial conditions and data analyses were
exacting, to demonstrate the data from three separate trials could be truly pooled.
These are documented in the extensive materials and methods section plus statistical
analyses, particularly the SIMPER analysis and the homogeneity of variance tests
(Clarke, 1993, Levene, 1960) to thoroughly examine variance between trials.
Although pooling data to achieve statistical numbers for analyses, the “n” is still
small compared to the number of pigs in a commercial setting. Moreover, it would
be unlikely for any commercial pig farm to consider and/or implement the trial
conditions as set out in Chapter 3 for economic reasons. Nevertheless, the findings
remain relevant for research practice to allow the pooling of data to make significant

inferences between repeated trials, which remains an important issue for trial design
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and reporting of highly controlled and refined porcine studies. Given the exacting
standards of the paper, it may be considered that the methodology could be adopted
for future research studies.

However, not all pre-weaning piglets are healthy. The very nature of
intensive pig production produces animals requiring extra husbandry and nurturing to
survive and thrive. Not all results can be reproduced in different settings with
different pigs and/or pooled to achieve statistical significance. Poor pre-weaning
performance and failure to thrive without signs of clinical disease during suckling is
of concern in piglet production, with estimated losses of 12% (Nuntapaitoon et al.,
2018). Failure to thrive is not an economic problem, but rather a physiological
problem due to current intensive production techniques (Panzardi et al., 2013). In
this respect, the objectives of Chapter 4 were to investigate the effects of CMR
supplemented with GOS on the microbiome, gut architecture and
immunomodulatory goblet cell expression of poorly performing piglets that could
benefit from milk replacement feeding when separated from sows and fit siblings in
environmentally controlled pens. CMR supplemented with GOS was palatable and
well tolerated by piglets. This is important since animals will not thrive on feedstuffs
they do not like. There were no significant differences in piglet weight 24 hours post-
partum, trial days] to 21, total weight gain and ADG between the four repeated
trials. Neither was mean DFI significantly different between trials and/or treatments
indicating that performance, food intake and animal husbandry were consistent
between trials. However, supplementation of CMR with GOS had no significant
effect on performance, which was probably due to the short length of the trials and
the poorly performing nature of the piglets. It would have been highly unusual for

GOS fed poorly performing piglets to make compensatory weight gains
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(Douglas et al., 2014) and show better performance than controls in only twenty one
days. Indeed, the main predictor of end of study weight at twenty one days was
weight at 24 h post-partum.

There were no significant differences in a-diversity between non-GOS and
GOS fed piglets in trials although Chao Richness (Chao, 1984) was somewhat lower
compared healthy piglets in other studies (Hoeflinger ef al., 2015). Nevertheless,
there were significant differences in B-diversity between non-GOS and GOS fed pigs
in trials with differences in B-diversity most prevalent for trials 2 and 4 and for
Jaccard Similarity (Jaccard, 1901). This indicated that GOS possibly had more of an
effect on microbial community membership, rather than community structure and
demonstrated that early life GOS intervention modulated GIT microbial composition
and increased diversity. The number of OTUs shared by all four trials and across GIT
sample sites accounted for 97.9 to 99.76 % of the total relative abundance of all taxa
at genus level indicating a core microbiota. Whilst the total number of unique and/or
partially shared OTUs may be much larger than those common between all four
trials, they only accounted for 0.24 to 2.1 % of the total relative abundance of taxa
across GIT samples at day twenty-one of life. Nevertheless, these “peripheral”
microbiota at suckling may be important at later age in the life of the pig through
post-weaning and grower finishing. They should not be neglected in their capacity to

form important members of the GIT microbial community in more mature animals

being “stage related” organisms that are suited to more complex carbohydrate
metabolism and digestion in contrast to the LABs found during suckling (Wang et
al., 2019). It is possible that these “peripheral” microbiota are but being nurtured
during suckling and may become dominant and beneficial members of the pig GIT
community when diet changes from milk based to creep feed and a much higher fibre

and carbohydrate diet found in mature pigs. For Chapter 4 (paper 2) predominant
157



phyla in trials were Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria. At
genus level for these trials, the most abundant taxa identified were Lactobacillus,

Streptococcus, Prevotella, Leuconostoc, Veillonella and Phascolarctobacterium.

These results show a high relative abundance of beneficial LABs throughout piglet
GIT sites. LEfSe gave a clearer distinction between non-GOS and GOS fed piglets.
Dietary supplementation with GOS significantly increased beneficial Lactobacillus
and Bifidobacterium populations in pigs. In total, across all GIT sections and trials 1
to 4, twenty-five linear discriminant features for all lactic acid fermenting bacteria
occurred with non-GOS piglets as opposed to forty-seven for GOS fed piglets.
Although SCFA concentrations in GIT luminal contents of piglets were not
determined in this work, GOS is fermented to SCFA in the GIT of pigs (Alizadeh et
al., 2016). However, different taxa at genus level produce different SCFA profiles
with some producing intermediary lactate and succinate (Markowiak-Kope¢ &
Slizewska, 2020). Considering the significant increase in LABs in GOS fed animals,
it is not unlikely that this was associated with increased SCFA production, although
this would have to be confirmed in further research. Of these LABs,
Biofidobacterium spp., produce acetic and lactic acid, Streptococcus spp., acetic acid
and Lactobacillus spp., acetic, propionic, butyric and lactic acids (Markowiak-Kope¢
& Slizewska, 2020). In addition, Leconostoc spp., are known to produce formic,
propionic and butyric acids (Silva et al., 2017), whereas Lactococcus spp., are known
to produce acetic, propionic and butyric acids (Fang et al., 2022). This should not
give the impression that only the LABs produce SCFA. Other highly abundant taxa
at genus level identified in this study, notably Prevotella,, Veillonella and
Phascolarctobacterium are all known SCFA producers (Markowiak-Kope¢ &

Slizewska, 2020).

GOS also affected gut histology and architecture. Ileal and jejunal villus heights
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and VCR were significantly higher in GOS fed piglets as were the number of GCs
per mm? GIT tissues indicating a physiological and beneficial effect of GOS on GIT
architecture, although trials were too short for these effects to translate into positive
production values. In conclusion, GOS significantly increased differential abundance
of beneficial probiotic bacteria, particularly Lactobacillus and Bifidobacterium,
improved gut architecture and goblet cell expression in poorly performing piglets,
this being a pronounced physiological effect. Thus, GOS supplemented milk replacer
may be a useful addition to animal husbandry in poorly performing, non-thriving
piglets when moved to environmentally controlled pens away from sows and thriving
siblings, thereby modulating the microbiome and GIT performance. Nevertheless,
findings are in contrast to those in Chapter 3. Replicates of four studies were
significantly different in terms of a-diversity, B-diversity and differential abundance.
Therefore, replicates could not be pooled due to variance between trials and thus, had
to be considered separately. This can be explained by the commercial nature of the
trials, the inclusion of only “poorly performing piglets” (as opposed to healthy
piglets) and the introduction of a “test product”, notably GOS. Chapter 3 only
considered control animals who were not receiving any test feed and were still
suckling with sows, which was acknowledged in Chapter 3, with the need for further

research with regards to the inclusion of test products, rather than controls alone.

Notwithstanding poor physiological performance, piglets are challenged by a
variety of infectious diseases one of the most endemic being RVA (Vlasova,
Amimo & Saif, 2017). Whilst GOS inhibit rotaviruses directly (Hester et al., 2013),
little is known about the effects of supplementing sows’ diets with GOS during late
gestation and if there are effects on neonates. Recent studies have shown that direct
GOS supplementation is able to reduce the incidence and severity of RV-associated

diarrhea and influence the immune response against RV infections in suckling rats
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(Massot-Cladera et al, 2022). GOS was fed to non-RV challenged and RV
challenged neonates and it was concluded that RV infection could be ameliorated
by nutritional intervention with bioactive compounds, such as prebiotics. The
objectives of Chapter 5 were to determine if GOS supplementation of late
gestational sows on a commercial farm with natural endemic rotavirus challenge
could improve maternal and neonatal immunity, reduce rotavirus infection,
modulate the microbiota through entero-mammary pathways and confer immunity
to neonates. A major finding was that GOS supplementation of late gestational sows
significantly increased RV A specific IgG and IgA in colostrum. This is probably
due to the existence of entero-mammary pathways that program the mammary gland
to serve the nutritional, microbiological and immunological requirements of the
neonate (Rodriguez, Fernandez & Verhasselt, 2021). This finding possibly explains
the second major finding that 65% of non-GOS piglet faecal samples tested positive
for RVA as opposed to 45% for GOS-fed piglet faecal samples representing a
significant reduction in infectivity of RVA in the maternally GOS fed group. This is
possibly the first time that the effects of late gestational GOS feeding in sows has
been shown to reduce RVA in neonates.

Whilst studies of GOS administered to neonatal mammals directly reduces RV
infection (Azagra-Boronat et al., 2018; Azagra-Boronat et al., 2019), this study has
shown that late gestational feeding of sows with GOS significantly affects pathogen
(RVA) infection and modulates the microbiome of both nursing sows and neonatal
piglets. This suggests that prebiotic intervention during late gestation can
significantly affect not just late gestational animals, but also their neonates through
entero-programming immune mammary pathways as described by Rodriguez,
Fernandez & Verhasselt, 2021, whereby colostrum and milk provide infants with gut

microbes, immune cells and stem cells from the mother. Recent studies strongly
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suggest the existence of an endogenous entero-mammary pathway for some bacteria,
including Lactobacillus, during lactation in the sow (Greiner et al., 2022). Given the
prebiotic effect of GOS as established in Chapter 4, it is not unreasonable to assume
that late gestational feeding of GOS to sows would increase the abundance of
probiotic bacteria such as Lactobacillus and Bifidobacterium in the sow GIT and that
these could be translocated from the GIT to the mammary gland and then to suckling
neonates via colostrum. This could improve intestinal epithelial and mucus barrier
development, antimicrobial peptide expression and innate immune cell expression in
the neonate (Macpherson et al., 2017) and plausibly reduce RV A infection.
However, the mechanism by which GOS increases IgG and IgA in sow colostrum
remains to be elucidated. It could be speculated that GOS acting as soluble cell
surface decoys (Newburg et al., 2005; Bode, 2012; Li et al., 2014) reduce RVA
burden in the sow allowing RVA antigen sequestration by the immune system.
Possible mechanisms are the modulation of immunoglobulin secretion by the
maternal microbiome. In murine models, gut microbiome induced maternal IgG is
transferred to the neonatal intestine through milk via neonatal Fc receptors directly
inhibiting pathogen colonisation (Sanidad et al., 2022). For IgA, gut microbiota
induce Peyer’s-patch dependent secretion of maternal IgA into milk. Antigen
sampling by M cells in Peyer’s-patches are the major source of migratory IgA
plasma cells in mammary glands that produce maternal IgA found in milk (Usami et
al.,2021). Similar mechanisms are found in sows with IgA secreted by mammary
gland recruited plasma cells exhibiting specificity for antigens in the maternal GIT,
e.g. RVA. This entero-mammary link is due to the migration of lymphocytes
originating in gut associated lymphoid tissue via the bloodstream to the mammary
gland (Salmon, 2002). Other mechanisms may include viral triggering of GC

associated pathways, which present antigens to the immune system and serve as
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mechanisms of tolerance or translocation outside the GIT (Cortez & Schultz-Cherry,
2021). GOS is known to upregulate secretory goblet cell lineage gene transcription
factor 1, ATOHI, (Zhang et al., 2017) and Chapter 4 (Paper 2) demonstrated that
GOS significantly increases GC expression in the GIT of suckling pigs. Therefore, it
is not unreasonable to speculate that GOS fed to sows also increases GC expression
in the maternal GIT. Given the endemic nature of RVA in pigs, the presence of RVA
in sows and or RVA antigens, albeit the majority remain immune and asymptomatic,
it may be plausible that increased GC expression in sows following GOS feeding
increases RVA antigen sequestration and presentation to the immune system thereby
increasing RV A specific IgG and IgA in colostrum. Thus it may be speculated that
there are at least two mechanisms whereby GOS fed to late gestational sows
significantly reduces RV A infection in neonates, these being translocation of GOS
induced probiotic bacteria to the neonate via entero-mammary pathways and
induction of colostral RVA specific IgG and IgA via increased immunomodulatory
GC expression due to GOS.

The predominant phyla in sows and piglets irrespective of GOS
supplementation to sows were Firmicutes, Bacteroidetes, Proteobacteria and
Actinobacteria. Irrespective of GOS supplementation, Clostridium sensu stricto,
Acinetobacter, Enterobacteriaceae unclassified, Terrisporobacter and Lactobacillus
dominated taxa at genus level in sow faecal samples as did Bacteroides, Clostridium
senso stricto, Enterobacteriaceae unclassified, Lactobacillus and Streptococcus in
piglet faecal samples. However, LEfSe indicated an increased differential abundance
of potentially pathogenic organisms Treponema and Clostridiales in non-GOS versus
GOS-fed sows, suggesting that GOS modulates the maternal microbiome by

suppressing these organisms. LEfSe also indicated a higher differential abundance of

virally suppressant Collinsella (Hirayama, et al., 2021) in faeces of piglets born to
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GOS fed sows suggesting modulation of the piglet microbiome through late
gestational feeding with GOS. In conclusion, this study has demonstrated that GOS
supplementation during late gestation significantly increases RVA specific
antibodies in colostrum which is associated with protection of neonates neonates
and a reduction in infection. This is accompanied by changes in the microbial
communities from GOS-fed sows and their piglets with the potential to suppress
pathogenic organisms.

Whilst it is acknowledged that the leading cause of gastroenteritis amongst
young children, worldwide are the group RV A rotaviruses, producing a range of
symptoms from limited debilitating diarrhea to severe dehydration and death and that
these infections could possibly be reduced by prebiotic intervention (Massot-Cladera
et al, 2022), the reviewers of Chapter 5 (paper 3) chose not to include any
implications for the potential effects of GOS in late gestational human mothers, but
rather focus on animal production alone. Whilst this is accepted, RVA has been a
major cause of morbidity and mortality in children under five years of age with an
estimated 440,000 deaths annually pre-vaccine introduction in 2006 (Parashar, et al.,
2003) and is still a major causative agent of lethal gastroenteritis in young children
globally (Tate et al., 2012; Tate et al., 2016; Burnett et al., 2017) Where RV A is
endemic, other opportunistic, enteric pathogens of livestock origin are prevalent,
indicating the need for integrated strategies to combat RV A in susceptible
communities (Msolo ef al., 2020), and in this respect there is the possibility that GOS
as a safe (GRAS) compound may offer a prophylactic intervention not only in animal
production but as an intervention in human pregnant mothers susceptible to RVA
infection in communities with compromised sanitation, nutrition and healthcare and
at risk of RVA infection.

There are several areas of future work that may need to be addressed. In
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Chapter 3 (Paper 1), only control samples and at one time-point were taken. No test
product was administered. The question regarding combining small-scale
experimental trials is relevant to the field (as identified by reviewers for Chapter 3,
Paper 1), but how far can this approach be extended? Future work may seek to
address this by examining samples from test as well as control animals. For example,
test animals could be fed a prebiotic and sampling undertaken at least at two time-
points, one during suckling (pre-weaning) and one post-weaning to verify if common
community indicators can be identified across repeated trials in these conditions for
both control and test animals. It would also be useful to sample more than one site in
the pig GIT, such as the bacterial rich caecum to observe if common community
indicators could be identified there. Perhaps there may be common indicators of the
upper GIT (duodenum, jejunum, ileum) that could be also be studied, but their
relative abundance may be low, lending weight to the argument for pooling data
across studies to achieve statistical significance. If common community indicators
could be identified, then pooled data could be used to identify any taxa correlating
with animal performance in control and test animals, pre- and post-weaning.

For Chapter 4 (Paper 2), further studies of a longer duration may be required
to fully investigate the effect of GOS on performance in poorly performing pigs.
Studies accommodating GOS feeding to suckling pre-weaning piglets, continuing
through weaning and into the post-weaning grower stage would be welcomed,
mainly through age development, to elucidate effects of GOS on animal performance
over time. GOS could be administered into solid food post-weaning. Future
applications may include the addition of GOS in milk replacers for healthy piglets
requiring some additional nutrition from the sow. This may allow some comparison
of the healthy suckling piglet microbiome with the poorly-performing piglet

€C_.9

microbiome. Preferably “n” needs to be increased, where “n” is the pen for any
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future studies. Studies could include SCFA analyses of pig GIT samples to gain a
better understanding of the effects of GOS supplemented CMR given to piglets.

In Chapter 5 (Paper 3), there was no demonstrable effect on microbial diversity
of GOS in sows and their offspring. However, it should be considered that only
faecal samples were collected in this study and may not be a true proxy of intestinal
contents, which may be different in community membership and structure. It may be
of interest to study the piglet microbiota throughout the GIT (as in Chapter 4) and the
log copy numbers of RVA to give a better understanding of the relationship between
the piglet microbiota, RVA and non-GOS or GOS maternal feeding. However, no
commercial operation would wish to sacrifice piglets, so the study would have to be
repeated in a suitable research setting, one with natural RVA challenge or one where
animals could be challenged with RVA. It should be considered that the sheer
expense of such a study may outweigh its benefits.

Having demonstrated that GOS increases RVA specific antibodies in colostrum,
after late gestational feeding in pigs and reduces infectivity in neonates it may be
hypothesised that similar effects could be seen in late gestational human mothers.
Further research is required, but there may be the possibility that GOS fed to human
pregnant mothers in high RVA risk communities may be a useful, affordable and
effective simple adjunct to current vaccination and public health strategies to combat
RVA in newborn children. One possible research path is that high RVA risk
areas/populations would need to be identified and pregnant mothers recruited to a
double-blind randomised, controlled trial based in a maternity unit, or at least a
medical setting with basic facilities as afforded by health services in developing
countries. Extensive study design and ethical approval would be required, but
otherwise no invasive samples would be taken. As in the pig study, mothers could be

safely administered GOS pre-birth and colostrum and faecal samples collected post
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partum for immunoglobulin, microbiome and RV A analyses. Or quite simply, all
pregnant mothers could be administered GOS during late pregnancy and the
prevalence of neonates with RVA in high risk areas compared with that pre-GOS
intervention. This would be more ethical. GOS is a safe food additive. It is not a
novel medicinal product requiring licencing. Whilst not a controlled study, it would
be ethically and practically easier than clinical trials but perhaps could be confirmed
by more epidemiological studies which are established in RVA prevalent regions. In
some respects, simple GOS intervention is possibly similar to oral rehydration
solution (ORS) intervention in under five children, in developing countries, that can
benefit from this simple therapy to prevent severe diarrhoea, dehydration and death
(Wiens et al., 2020). Perhaps addition of GOS to ORS could be a simple and safe
adjunct to rehydration therapy, thereby replenishing and or fortifying the neonatal to
infant microbiome following gut dysbiosis in challenged situations. This may be pure
conjecture, but as in the foreword to this work, the overriding desire is that this work
translates into further studies that not only improve animal production welfare, but
may help to reduce the burden of preventable viral and enteric diseases in children.
In final conclusion, this work has demonstrated that small scale porcine
research trials can be adequately reproduced to pool data allowing significant
inferences on bacterial colonic community membership, structure and animal
performance to be made. This is important since it defines and refines future work
with large animals and informs future studies in terms of study design and analyses,
but also identifies taxa at genus level, which are correlated with animal performance.
The research (Chapters 4 and 5, papers 2 and 3) are appropriate since they are based
on the domestic pig (sus scrofa domesticus) rather than murine models as required by
EU regulations for investigation of feed additives in animals (EC, 2008). Further to

studies of bacterial ecology in suckling pigs, with no test-product intervention (but
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with the benefit of methodology), GOS significantly increases beneficial probiotic
members of the GIT bacterial community, improves gut architecture in poorly
performing pigs and that late gestational feeding of GOS to sows significantly
reduces RV A infection in neonates in a commercial setting where RVA is endemic.
Given that the definition of a prebiotic is “a substrate that is selectively utilized by
host microorganisms conferring a health benefit.” (Gibson et al., 2017), Chapters 4
and 5 (papers 2 and 3) have clearly demonstrated the prebiotic effects of GOS and in
particular against endemic rotavirus infection in commercial pig herds. Moreover, it

has been demonstrated that late gestational feeding of prebiotic GOS modulates the

microbiome of sows and confers benefits to neonates, in terms of viral and bacterial
pathogen suppression. In this respect, the summary of the main physiological and
patho-physiological targets for prebiotic effects (Roberfroid et al., 2010) which
include “reduction of risk of intestinal infections” have been proven to be true and
may in future, perhaps, include suppression of enteric viral diseases such as rotavirus

and that late gestational effects of prebiotics may confer benefits to neonates.
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APENDICES
Appendix 1. Primer design

Generic PCR primer design:

AATGATACGGCGACCACCGAGATCTACAC <i5><pad><link><16Sf>
VX.N5??

CAAGCAGAAGACGGCATACGAGAT <i7><pad><link><16Sr> VX.N7??

Generic read 1 primer design

<pad><link><16St> VX.read1l

Generic read 2 primer design

<pad><link><16Sr> VX.read2

Generic index read primer design

Reverse complement of (<pad><link><16Sr>) VX.p7_index

The listed sequences in the generic design above are the adapter sequences to allow
annealing of the amplicons to the [llumina MiSeq flow cell. The i5 and 17 sequences
are the 8-nt index sequences. The pad is a 10-nt sequence to boost the sequencing
primer melting temperatures. The link is a 2-nt sequence that is anti-complementary
to the known sequences.

16S forward read

V4: GTGCCAGCMGCCGCGGTAA

16S reverse read

V4: GGACTACHVGGGTWTCTAAT
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Link:

V4 forward: GT

V4 reverse: CC

Pad:

Forward: TATGGTAATT

Reverse: AGTCAGTCAG

8-nt index sequences i5

TAS01:

TIAS502:

TAS03:

TAS504:

TAS0S:

TIAS06:

TIAS07:

TAS08:

IB501:

IB502:

IB503:

IB504:

IB505:

IB506:

IB507:

IB508:

ATCGTACG

ACTATCTG

TAGCGAGT

CTGCGTGT

TCATCGAG

CGTGAGTG

GGATATCT

GACACCGT

CTACTATA

CGTTACTA

AGAGTCAC

TACGAGAC

ACGTCTCG

TCGACGAG

GATCGTGT

GTCAGATA
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8-nt index sequences i7

IA701:

1A702:

TIA703:

1A704:

IA705S:

IA706:

1A707:

TIA708:

1A709:

IA710:

IA711:

TIA712:

IB701:

IB702:

IB703:

IB704:

IB705:

IB706:

IB707:

IB708:

IB709:

IB710:

IB711:

AACTCTCG

ACTATGTC

AGTAGCGT

CAGTGAGT

CGTACTCA

CTACGCAG

GGAGACTA

GTCGCTCG

GTCGTAGT

TAGCAGAC

TCATAGAC

TCGCTATA

AAGTCGAG

ATACTTCG

AGCTGCTA

CATAGAGA

CGTAGATC

CTCGTTAC

GCGCACGT

GGTACTAT

GTATACGC

TACGAGCA

TCAGCGTT
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IB712: TCGCTACG

Primers used to amplify samples using the V4 region:

IS

v4.IA501:
AATGATACGGCGACCACCGAGATCTACACATCGTACGTATGGTAATTGTG
TGCCAGCMGCCGCGGTAA

v4.1A502:
AATGATACGGCGACCACCGAGATCTACACACTATCTGTATGGTAATTGTG
TGCCAGCMGCCGCGGTAA

v4.1A503:
AATGATACGGCGACCACCGAGATCTACACTAGCGAGTTATGGTAATTGTG
TGCCAGCMGCCGCGGTAA

v4.IAS504:
AATGATACGGCGACCACCGAGATCTACACCTGCGTGTTATGGTAATTGTG
TGCCAGCMGCCGCGGTAA

v4.IAS0S:
AATGATACGGCGACCACCGAGATCTACACTCATCGAGTATGGTAATTGTG
TGCCAGCMGCCGCGGTAA

v4.1A506:
AATGATACGGCGACCACCGAGATCTACACCGTGAGTGTATGGTAATTGTG
TGCCAGCMGCCGCGGTAA

v4.IAS07:
AATGATACGGCGACCACCGAGATCTACACGGATATCTTATGGTAATTGTG

TGCCAGCMGCCGCGGTAA
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v4.IAS08:

AATGATACGGCGACCACCGAGATCTACACGACACCGTTATGGTAATTGTG

TGCCAGCMGCCGCGGTAA

v4.IB501:

AATGATACGGCGACCACCGAGATCTACACCTACTATATATGGTAATTGTG

TGCCAGCMGCCGCGGTAA

v4.1B502:

AATGATACGGCGACCACCGAGATCTACACCGTTACTATATGGTAATTGTG

TGCCAGCMGCCGCGGTAA

v4.IB503:

AATGATACGGCGACCACCGAGATCTACACAGAGTCACTATGGTAATTGT

GTGCCAGCMGCCGCGGTAA

v4.1B504:

AATGATACGGCGACCACCGAGATCTACACTACGAGACTATGGTAATTGT

GTGCCAGCMGCCGCGGTAA

v4.IB505:

AATGATACGGCGACCACCGAGATCTACACACGTCTCGTATGGTAATTGTG

TGCCAGCMGCCGCGGTAA

v4.IB506:

AATGATACGGCGACCACCGAGATCTACACTCGACGAGTATGGTAATTGT

GTGCCAGCMGCCGCGGTAA

v4.IB507:

AATGATACGGCGACCACCGAGATCTACACGATCGTGTTATGGTAATTGTG

TGCCAGCMGCCGCGGTAA
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v4.IB508:

AATGATACGGCGACCACCGAGATCTACACGTCAGATATATGGTAATTGTG

TGCCAGCMGCCGCGGTAA

i7

v4.IA701:

CAAGCAGAAGACGGCATACGAGATAACTCTCGAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

v4.IA702:

CAAGCAGAAGACGGCATACGAGATACTATGTCAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

v4.IA703:

CAAGCAGAAGACGGCATACGAGATAGTAGCGTAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

v4.1IA704:

CAAGCAGAAGACGGCATACGAGATCAGTGAGTAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

v4.IA705:

CAAGCAGAAGACGGCATACGAGATCGTACTCAAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

v4.1A706:

CAAGCAGAAGACGGCATACGAGATCTACGCAGAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

v4.IA707:

CAAGCAGAAGACGGCATACGAGATGGAGACTAAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT
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v4.IA708:

CAAGCAGAAGACGGCATACGAGATGTCGCTCGAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

v4.IA709:

CAAGCAGAAGACGGCATACGAGATGTCGTAGTAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

v4.1IA710:

CAAGCAGAAGACGGCATACGAGATTAGCAGACAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

v4.JIA711:

CAAGCAGAAGACGGCATACGAGATTCATAGACAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

v4.JAT712:

CAAGCAGAAGACGGCATACGAGATTCGCTATAAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

v4.IB701:

CAAGCAGAAGACGGCATACGAGATAAGTCGAGAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

v4.IB702:

CAAGCAGAAGACGGCATACGAGATATACTTCGAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

v4.1B703:

CAAGCAGAAGACGGCATACGAGATAGCTGCTAAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT
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v4.IB704:

CAAGCAGAAGACGGCATACGAGATCATAGAGAAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

v4.IB705:

CAAGCAGAAGACGGCATACGAGATCGTAGATCAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

v4.1B706:

CAAGCAGAAGACGGCATACGAGATCTCGTTACAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

v4.IB707:

CAAGCAGAAGACGGCATACGAGATGCGCACGTAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

v4.1B708:

CAAGCAGAAGACGGCATACGAGATGGTACTATAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

v4.IB709:

CAAGCAGAAGACGGCATACGAGATGTATACGCAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

v4.IB710:

CAAGCAGAAGACGGCATACGAGATTACGAGCAAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

v4.IB711:

CAAGCAGAAGACGGCATACGAGATTCAGCGTTAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT
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v4.1B712:
CAAGCAGAAGACGGCATACGAGATTCGCTACGAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT

Read 1 primer for V4 region:

TATGGTAATTGTGTGCCAGCMGCCGCGGTAA

Read 2 primer for V4 region:

AGTCAGTCAGCCGGACTACHVGGGTWTCTAAT

Index primer for V4 region:

ATTAGAWACCCBDGTAGTCCGGCTGACTGACT
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Appendix 2. Code for analysis of 16S rRNA gene sequences in Mothur

For Chapters 3 and 5 the 16S rRNA gene sequence analysis was performed using
Mothur v. 1.39 and for Chapter 4, v.1.46.1 (Schloss et al., 2009). Analysis was
performed according to the MiSeq SOP https://www.mothur.org/wiki/MiSeq SOP
(Kozich et al., 2013). The 16S rRNA gene sequences were aligned against a
reference alignment based on the SILVA rRNA database (Pruesse et al., 2007) for
use in Mothur, available at: https://www.mothur.org/wiki/Silva reference files. Only
one example for analyses of jejunal sequences from paper 2, Chapter 4 is presented
here since the code for all chapters would be too extensive to include and run into
more pages than necessary.

#Mothur Code

#Create an index of fastq files

make.file(inputdir=F:\Jejunum, type=fastq, prefix=stability)

#Combine forward and reverse read fastq files

make.contigs(file=stability.files, processors=8)

#Interrogate contig assembly read
summary.seqs(fasta=stability.trim.contigs.fasta, count=stability.contigs.count table)
#Remove duplicate sequences

unique.seqs(fasta=stability.trim.contigs.fasta, count=stability.contigs.count _table)
#Create SILVA alignment database

pcer.seqs(fasta=silva.bacteria.fasta, start=11894, end=25319, keepdots=F)
#Rename the output file

rename.file(input=silva.bacteria.pcr.fasta, new=silva.v4.fasta)

#Interrogate the SILVA output file

summary.seqs(fasta=silva.v4.fasta)
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#Align sequences to SILVA alignment database
align.seqs(fasta=stability.trim.contigs.unique.fasta, reference=silva.v4.fasta)
#Interogate the output file
summary.seqs(fasta=stability.trim.contigs.unique.align,
count=stability.trim.contigs.count_table)

#Ensure sequences overlap the same region
screen.seqs(fasta=stability.trim.contigs.unique.align,
count=stability.trim.contigs.count_table, start=1969, end=11551)
#Interrogate the output file

summary.seqs(fasta=current, count=current)

#Filter sequences to remove overhangs at both ends
filter.seqs(fasta=stability.trim.contigs.unique.good.align, vertical=T, trump=.)
#Remove duplicate sequences
unique.seqs(fasta=stability.trim.contigs.unique.good.filter.fasta,
count=stability.trim.contigs.good.count_table)

#Pre-cluster the sequences
pre.cluster(fasta=stability.trim.contigs.unique.good.filter.unique.fasta,
count=stability.trim.contigs.unique.good.filter.count_table, diffs=2)
#Interrogate the output file

summary.seqs(fasta=current, count=current)

#Classify sequences
classify.seqs(fasta=stability.trim.contigs.unique.good.filter.unique.precluster.denovo.

vsearch.fasta,
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#Count the number of sequences
count=stability.trim.contigs.unique.good.filter.unique.precluster.denovo.vsearch.cou
nt_table,reference=trainset16 022016.pds.fasta,taxonomy=trainset16 _022016.pds.
tax)

#remove non-bacterial lineages
(fasta=stability.trim.contigs.unique.good.filter.unique.precluster.denovo.vsearch.fast
a,count=stability.trim.contigs.unique.good.filter.unique.precluster.denovo.vsearch.co
unt_table,taxonomy=stability.trim.contigs.unique.good.filter.unique.precluster.
denovo.vsearch.pds.wang.taxonomy, taxon=Chloroplast-Mitochondria-unknown-
Archaea-Eukaryota)

#Create taxonomy file

summary.tax(taxonomy=current, count=current)

#Extract sequences from MOCK synthetic sample
get.groups(count=stability.trim.contigs.unique.good.filter.unique.precluster.denovo.v
search.pick.count_table,
fasta=stability.trim.contigs.unique.good.filter.unique.precluster.denovo.vsearch.pick.
fasta, groups=MOCK)

#Assess error rates
seq.error(fasta=stability.trim.contigs.unique.good.filter.unique.precluster.denovo.vse
arch.pick.pick.fasta,
count=stability.trim.contigs.unique.good.filter.unique.precluster.denovo.vsearch.pick
.pick.count_table, reference=HMP_ MOCK.v35.fasta, aligned=F)

#Cluster sequences into OTUs
dist.seqs(fasta=stability.trim.contigs.unique.good.filter.unique.precluster.denovo.vse

arch.pick.pick.fasta, cutoff=0.03)
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cluster(column=stability.trim.contigs.unique.good.filter.unique.precluster.denovo.vse
arch.pick.pick.dist,
count=stability.trim.contigs.unique.good.filter.unique.precluster.denovo.vsearch.pick
.pick.count_table)
make.shared(list=stability.trim.contigs.unique.good.filter.unique.precluster.denovo.v
search.pick.pick.opti_mcc.list,
count=stability.trim.contigs.unique.good.filter.unique.precluster.denovo.vsearch.pick
.pick.count table, label=0.03)
rarefaction.single(shared=stability.trim.contigs.unique.good.filter.unique.precluster.
denovo.vsearch.pick.pick.opti_mcc.shared)

#Remove MOCK sequences
remove.groups(count=stability.trim.contigs.unique.good.filter.unique.precluster.deno
vo.vsearch.pick.count_table,
fasta=stability.trim.contigs.unique.good.filter.unique.precluster.denovo.vsearch.pick.
fasta,
taxonomy=stability.trim.contigs.unique.good.filter.unique.precluster.denovo.vsearch.
pds.wang.pick.taxonomy, groups=MOCK)

#Rename the output file

rename.file(fasta=current, count=current, taxonomy=current, prefix=final)

#Split sequences into taxonomic bins

cluster.split(fasta=final.fasta, count=final.count table, taxonomy=final.taxonomy,
taxlevel=4, cutoff=0.03)

# Count sequences in each OTU group

make.shared(list=final.opti_mcc.list, count=final.count table, label=0.03)
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# Generate consensus taxonomy for each OTU
classify.otu(list=final.opti_mcc.list, count=final.count_table,
taxonomy=final.taxonomy, label=0.03)

#Count number of sequences in each sample
count.groups(shared=final.opti_mcc.shared)

#Subsample number of sequences
sub.sample(shared=final.opti_mcc.shared, size=6068)

#Describe number of OTUs observed as a function of sampling effort
rarefaction.single(shared=final.opti_mcc.shared, calc=sobs, freq=100)
#Generate coverage & alpha diversity
summary.single(shared=final.opti _mcc.shared, calc=coverage-invsimpson-chao,
subsample=6068)

#Generate beta diversity

dist.shared(shared=final.opti_mcc.shared, calc=thetayc-braycurtis-jclass,
subsample=6068)

#Generate PCoA distances
pcoa(phylip=final.opti_mcc.thetayc.0.03.It.ave.dist)
pcoa(phylip=final.opti_mcc.braycurtis.0.03.1t.ave.dist)
pcoa(phylip=final.opti_mcc.jclass.0.03.1t.ave.dist)

#Generate analysis of molecular variance results
amova(phylip=final.opti_mcc.thetayc.0.03.It.ave.dist, design=Design.txt)
amova(phylip=final.opti_mcc.braycurtis.0.03.1t.ave.dist, design=Design.txt)
amova(phylip=final.opti_mcc.jclass.0.03.1t.ave.dist, design=Design.txt)
#Generate linear discriminant analysis effect size results

lefse(shared=final.opti_mcc.0.03.subsample.shared, design=Design.txt)
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Appendix 3. Sample code for microbiome analyses in R

The full code for Chapter 4 can be found at

https://github.com/Adam[eeNottinghamUniversity/Piglets. Sample code for the

jejunal microbiome analyses in R v4.1.1 using R Studio 2021.09.0 is shown below.
The sample code gives the basics of R coding for microbiome analyses and forms the
basis of coding for all studies. Only one example for analyses of jejunal sequences
from paper 2, Chapter 4 is presented here since the code for all chapters would be too
extensive to include and run into more pages than necessary.

#Load packages
set.seed(3711)
library(dplyr)
library(tidyr)
library(stringr)
library(openxlIsx)
library(RColorBrewer)
options(scipen=1000)

#Load OTU data

testbiome = read.table("F:/Jejunum/final.opti_mcc.shared", header=TRUE, sep="\t")
row.names(testbiome) = testbiome$Group

testbiome = testbiome[,-which(names(testbiome) %in% c("label", "numOtus",
"Group"))]

testbiome = testbiome[-c(5, 6),]

testbiome = t(testbiome)

#Load taxonomy data

testax = read.table("F:/Jejunum/final.opti_mcc.0.03.cons.taxonomy", header=TRUE,
sep="\t")

testax <- testax %>% mutate(Taxonomy = str_replace all(Taxonomy,
"N\sFW[MH]HW)", "))

testax = separate(testax, Taxonomy, into = c("Kingdom", "Phylum", "Class",
"Order", "Family", "Genus"), sep=";")

#Bind OTU & taxonomy data
testbiome <-cbind(testax, testbiome)

#Remove Kit control data

testbiome$count <- rowSums(testbiome =="0")
testbiome = filter(testbiome, count < 8)
testbiome <- testbiome[ -c(17)]

#Sum relative abundance of OTUs and convert to % abundance
testbiome$SCONTROL <- rowSums(testbiome[ , ¢(9,10,11,12)],na.rm=TRUE)
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testbiome$ TEST <- rowSums(testbiome[ , ¢(13,14,15,16)],na.rm=TRUE)
testbiome$ TOTAL <- rowSums(testbiome][ ,
c(9,10,11,12,13,14,15,16)],na.rm=TRUE)

colPerc <- function(x){x / sum(x) * 100}

sapply(testbiome[, 9:19], colPerc)

testbiome[, 9:19] <- sapply(testbiome[, 9:19], colPerc)

#Create tables of relative abundance of OTUs

dir.create("F:/Jejunum/Results")

write.table(testbiome, file = "F:/Jejunum/Results/Relative Abundance Jejunum.txt",
sep = "\t", row.names = TRUE, col.names = TRUE)

write.xIsx(testbiome, file =

"F:/Jejunum/Results/Relative Abundance Jejunum.xlsx", sheetName ="RA
Jejunum", append = FALSE)

#Determine number of unique taxa at phylum level
testbiomePhylum <- testbiome %>%
group by(Phylum) %>%
summarise _if(is.numeric, sum)
testbiomePhylum <- testbiomePhylum|[ -c(2)]
testbiomePhylum <- testbiomePhylum %>%
mutate(rank order =min_rank(-TOTAL)) %>%
arrange(rank _order)
write.table(testbiomePhylum, file = "F:/Jejunum/Results/Phylum Jejunum.txt", sep =
"\t", row.names = TRUE, col.names = TRUE)
write.xIsx(testbiomePhylum, file = "F:/Jejunum/Results/Phylum_Jejunum.xIsx",
sheetName = "Phylum Jejunum", append = FALSE)

#Determine number of unique taxa at genus level
testbiomeGenus <- testbiome %>%
group by(Genus) %>%
summarise _if(is.numeric, sum)
testbiomeGenus <- testbiomeGenus|[ -¢(2)]
testbiomeGenus <- testbiomeGenus %>%
mutate(rank order =min_rank(-TOTAL)) %>%
arrange(rank _order)
write.table(testbiomeGenus, file = "F:/Jejunum/Results/Genus_Jejunum.txt", sep =
"\t", row.names = TRUE, col.names = TRUE)
write.xIsx(testbiomeGenus, file = "F:/Jejunum/Results/Genus_Jejunum.xlsx",
sheetName = "Genus Jejunum", append = FALSE)

#Determine total number of unique taxa at phylum level

TotalPhylum <- select(testbiomePhylum, Phylum, CONTROL, TEST, TOTAL)
write.table(TotalPhylum, file = "F:/Jejunum/Results/Total Phylum Jejunum.txt",
sep ="\t", row.names = TRUE, col.names = TRUE)

write.xIsx(TotalPhylum, file = "F:/Jejunum/Results/Total Phylum Jejunum.xIsx",
sheetName = "Total Phylum Jejunum", append = FALSE)

#Determine total number of unique taxa at genus level
TotalGenus <- select(testbiomeGenus, Genus, CONTROL, TEST, TOTAL)
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write.table(TotalGenus, file = "F:/Jejunum/Results/Total Genus Jejunum.txt", sep =
"\t", row.names = TRUE, col.names = TRUE)

write.xIsx(TotalGenus, file = "F:/Jejunum/Results/Total Genus Jejunum.xlsx",
sheetName = "Total Genus Jejunum", append = FALSE)

#Select top ten taxa at phylum level
TotalPhylumGraph <- select(testbiomePhylum, Phylum, CONTROL, TEST)
OtherPhylum <- TotalPhylumGraph[-c(1:10), ]
OtherPhylum <- OtherPhylum %>%
bind rows(summarise(.,

across(where(is.numeric), sum),

across(where(is.character), ~"Others")))
OtherPhylum <- OtherPhylum %>% slice tail(n = 1)
TotalPhylumGraph <- TotalPhylumGraph %>% slice(1:10)
TotalPhylumGraph <- rbind(TotalPhylumGraph,OtherPhylum([1,])
write.table(TotalPhylumGraph, file =
"F:/Jejunum/Results/Total Phylum Graph.txt", sep ="\t", row.names = TRUE,
col.names = TRUE)
write.xlsx(TotalPhylumGraph, file =
"F:/Jejunum/Results/Total Phylum Graph.xIsx", sheetName = "Total Phylum
Jejunum", append = FALSE)

#Select top ten taxa at genus level
TotalGenusGraph <- select(testbiomeGenus, Genus, CONTROL, TEST)
OtherGenus <- TotalGenusGraph[-c(1:10), ]
OtherGenus <- OtherGenus %>%
bind rows(summarise(.,
across(where(is.numeric), sum),
across(where(is.character), ~"Others")))
OtherGenus <- OtherGenus %>% slice tail(n = 1)
TotalGenusGraph <- TotalGenusGraph %>% slice(1:10)
TotalGenusGraph <- rbind(TotalGenusGraph,OtherGenus|[1,])
write.table(TotalGenusGraph, file = "F:/Jejunum/Results/Total Genus Graph.txt",
sep = "\t", row.names = TRUE, col.names = TRUE)
write.xlsx(TotalGenusGraph, file = "F:/Jejunum/Results/Total Genus Graph.xlsx",
sheetName = "Total Genus Jejunum", append = FALSE)

#Prepare phylum data for graphing

TotalPhylumGraph <- as.data.frame(TotalPhylumGraph)
row.names(TotalPhylumGraph) = TotalPhylumGraph$Phylum
TotalPhylumGraph$Phylum <- NULL

TotalPhylumGraph <- as.matrix(TotalPhylumGraph)
row.names(TotalPhylumGraph)[6] <- "Bacteria UC*"
row.names(TotalPhylumGraph)[9] <- "Candidatus Saccaribacteria"
TotalPhylumGraph[1, ] <- TotalPhylumGraph[1, ] - 70

#Prepare genus data for graphing

TotalGenusGraph <- as.data.frame(TotalGenusGraph)
row.names(TotalGenusGraph) = TotalGenusGraph$Genus
TotalGenusGraph$Genus <- NULL

227



TotalGenusGraph <- as.matrix(TotalGenusGraph)
row.names(TotalGenusGraph)[5] <- "Pasteurellaceae UC*"
TotalGenusGraph[1, | <- TotalGenusGraph[1, ] - 10

#Create bargraphs and export to Tiff File
tiff('F:/Jejunum/Results/Relative Abundance.tiff', pointsize=8, width=2100,
height=2000, res=300)
par(mfrow = c(1, 2))
par(mar = ¢(4,4,4,2) + 0.15)
barplot(TotalPhylumGraph,

width = ¢(1.5,1.5),

names.arg = c("CONTROL", "TEST"),

ylab = "Relative Abundance %",

ylim = ¢(0, 30),

xlim = c(0, 6),

font.lab =2,

font = 2,

col =brewer.pal(n = 11, name = "Set3"),

axes =F,

cex.lab=1,

cex.axis =1,

cex.names = 1,

legend.text = rownames(TotalPhylumGraph),

args.legend=list(x = "topright", inset = c(-0.2, 0.3), cex=0.9, text.font = 2, bty =
"n"))
axis(2, at = seq(0, 30, by = 10), labels = seq(70, 100, by = 10), cex.axis = 1, font = 2)
mtext("Jejunum", side=3, adj=0, line=2, cex=1.1, font=2, font.lab = 2)
mtext("Phyla", side=3, adj=0, line=0.8, cex=1, font=2, font.lab = 2)
barplot(TotalGenusGraph,

width = ¢(1.5,1.5),

names.arg = c("CONTROL", "TEST"),

ylab = "Relative Abundance %",

ylim = ¢(0, 90),

xlim = c(0, 6),

font.lab =2,

font =2,

col =brewer.pal(n = 11, name = "Set3"),

axes =F,

cex.lab=1,

cex.axis = 1,

cex.names = 1,

legend.text = rownames(TotalGenusGraph),

args.legend=list(x = "topright", inset = ¢(-0.08, 0.3), cex=0.9, text.font = 2, bty
="n"))
axis(2, at = seq(0, 90, by = 10), labels = seq(10, 100, by = 10), cex.axis = 1, font = 2)
mtext("Genus", side=3, adj=0, line=0.8, cex=1, font=2, font.lab = 2)
dev.off()
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#Analyse alpha diversity data

library(matrixStats)

AlphaDiversityJejunum = read.table("F:/Jejunum/final.opti_mcc.groups.ave-
std.summary", header=TRUE, sep="\t")

AlphaDiversityJejunum = AlphaDiversityJejunum],-
which(names(AlphaDiversityJejunum) %in% c("label", "method", "invsimpson_lci",
"invsimpson_hci", "chao Ici", "chao hci"))]

AlphaDiversityJejunum = AlphaDiversityJejunum[-c(9:16),]
row.names(AlphaDiversityJejunum) = AlphaDiversityJejunum$group
AlphaDiversityJejunum$group<- NULL

AlphaDiversityJejunum = t(AlphaDiversityJejunum)

AlphaDiversityJejunum <- as.data.frame(AlphaDiversityJejunum)
AlphaDiversityJejunum$CONTROLMean <- rowMeans(AlphaDiversityJejunum| ,
c(1,2,3,4)],na.rm=TRUE)

AlphaDiversityJejunum$CONTROLsd <-
rowSds(as.matrix(AlphaDiversityJejunum][,c(1,2,3,4)]))
AlphaDiversityJejunum$TESTMean <- rowMeans(AlphaDiversityJejunum|[ ,
c(5,6,7,8)],na.rm=TRUE)

AlphaDiversityJejunum$TESTsd <-
rowSds(as.matrix(AlphaDiversityJejunum][,c(5,6,7,8)]))

AlphaDiversityJejunum = t(AlphaDiversityJejunum)

AlphaDiversityJejunum <- as.data.frame(AlphaDiversityJejunum)
write.table(AlphaDiversityJejunum, file =

"F:/Jejunum/Results/Alpha_Diversity Jejunum.txt", sep = "\t", row.names = TRUE,
col.names = TRUE)

write.xIsx(AlphaDiversityJejunum, file =

"F:/Jejunum/Results/Alpha Diversity Jejunum.xlsx", sheetName ="Alpha
Diversity", row.names = TRUE)

#Format alpha diversity data for Shapiro-Wilk tests

SW AlphaDiversityJejunum = read.table("F:/Jejunum/final.opti_mcc.groups.ave-
std.summary", header=TRUE, sep="\t")

SW AlphaDiversityJejunum = SW AlphaDiversityJejunum] -
which(names(SWAlphaDiversityJejunum) %in% c("label", "method",
"invsimpson_lci", "invsimpson_hci", "chao lci", "chao hci"))]

SW AlphaDiversityJejunum = SW AlphaDiversityJejunum[-c(9:16),]
OtherSW AlphaDiversityJejunum <- SWAlphaDiversityJejunum[-c(1:4), ]
SW AlphaDiversityJejunum = SW AlphaDiversityJejunum[-c(5:8),]

SW AlphaDiversityJejunum <- cbind(SW AlphaDiversityJejunum,

OtherSW AlphaDiversityJejunum)

colnames(SW AlphaDiversityJejunum) <- ¢("Control", "CovCon", "ISCon",
"ChaoCon", "TEST", "CovTEST", "ISTEST", "ChaoTEST")

SW AlphaDiversityJejunum = SWAlphaDiversityJejunum] -
which(names(SWAlphaDiversityJejunum) %in% c("Control", "TEST"))]
apply(SW AlphaDiversityJejunum,2,shapiro.test)

#Analyse beta diversity data

#Theta YC Dissimilarity

TYCJejunum = read.table("F:/Jejunum/final.opti_mcc.thetayc.0.03.1t.ave.pcoa.axes",
header=TRUE, sep="\t")

229



TYClJejunum = TY CJejunum|,-which(names(TY CJejunum) %in% c("axis3",
"axis4", "axis5", "axis6", "axis7", "axis8"))]

TYCJejunum$Group <- ¢("CONTROL", "CONTROL", "CONTROL",
"CONTROL", "TEST", "TEST", "TEST", "TEST")

TYCJejunum <- TYCJejunum[ -c(1)]

my palette3 <- c("#7570B3", "#E7298A")

#Create PCoA plots for Theta YC Dissimilarity
tiff('F:/Jejunum/Results/Beta Diversity.tiff', pointsize=10, width=2400, height=900,
res=300)
par(mfrow=c(1,3))
plot(TYClJejunum$axis1, TYCJejunumSaxis2,

col=my palette3[as.factor(TY CJejunum$Group)],

xlim = ¢(-0.6, 0.6),

ylim = ¢(-0.6, 0.6),

cex =3,

cex.lab=1,

cex.axis =1,

pch = 20,

xlab ="PC1 (43.10 %)",

ylab ="PC2 (35.80 %)",

font.lab =2,

font =2,

text(x = 0.5, y= 0.5, label = substitute(paste(italic("P"), " = 0.053")), font = 2,
col = "black"))
legend("topleft", c("Control", "Test"), bty ="n", cex = 1, pch = 19, col =
my palette3)
mtext("Yue & Clayton Dissimilarity", side=3, adj=0, line=0.6, cex=0.8, font=2)

#Create PCoA plots for Bray-Curtis Dissimilarity
BClJejunum =
read.table("F:/Jejunum/final.opti_mcc.braycurtis.0.03.1t.ave.pcoa.axes",
header=TRUE, sep="\t")
BClJejunum = BCJejunum|[,-which(names(BCJejunum) %in% c("axis3", "axis4",
"axis5", "axis6", "axis7", "axis8"))]
BClJejunum$Group <- ¢("CONTROL", "CONTROL", "CONTROL", "CONTROL",
"TEST", "TEST", "TEST", "TEST")
BClJejunum <- BCJejunum| -c(1)]
my_palette3 <- c("#7570B3", "#E7298A")
plot(BCJejunum$axis1, BCJejunum$axis?2,

col=my palette3[as.factor(BCJejunum$Group)],

xlim = ¢(-0.6, 0.6),

ylim = ¢(-0.6, 0.6),

cex =3,

cex.lab=1,

cex.axis =1,

pch =20,

xlab ="PCl1 (44.66 %)",

ylab ="PC2 (27.72 %)",

font.lab =2,
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font =2,
text(x = 0.5, y = 0.5, label = substitute(paste(italic("P"), " = 0.034")), font = 2, col =
"black"))
legend("topleft", c("Control", "Test"), bty ="n", cex =1, pch =19, col =
my_palette3)
mtext("Bray Curtis Dissimilarity", side=3, adj=0, line=0.6, cex=0.8, font=2)

#Create PCoA plots for Jaccard Similarity
JSJejunum = read.table("F:/Jejunum/final.opti_mcc.jclass.0.03.It.ave.pcoa.axes",
header=TRUE, sep="\t")
JSJejunum = JSJejunum[,-which(names(JSJejunum) %in% c("axis3", "axis4",
"axis5", "axis6", "axis7", "axis8"))]
JSJejunum$Group <- ¢("CONTROL", "CONTROL", "CONTROL", "CONTROL",
"TEST", "TEST", "TEST", "TEST")
JSJejunum <- JSJejunum|[ -c(1)]
my_palette3 <- c("#7570B3", "#E7298A")
plot(JSJejunum$axis1, JSJejunum$axis2,
col=my palette3[as.factor(JSJejunum$Group)],
xlim = ¢(-0.6, 0.6),
ylim = ¢(-0.6, 0.6),
cex =3,
cex.lab=1,
cex.axis =1,
pch =20,
xlab ="PC1 (32.66 %)",
ylab ="PC2 (14.72 %)",
font.lab =2,
font =2,
text(x = 0.5, y= 0.5, label = substitute(paste(italic("P"), " = 0.034")), font = 2,
col ="black"))
legend("topleft", c("Control", "Test"), bty ="n", cex = 1, pch = 19, col =
my palette3)
mtext("Jaccard Similarity", side=3, adj=0, line=0.6, cex=0.8, font=2)
dev.off()

#Linear Discriminant Analysis Effect Size (LEfSe)

LEFSE =
read.table("F:/Jejunum/final.opti_mcc.0.03.subsample.0.03.lefse_summary",
header=TRUE, sep="\t")

LEFSES$SlogMaxMean <- NULL

RelativeAbundance =

read.table("F:/Jejunum/Results/Relative Abundance Jejunum.txt", header=TRUE,
sep="\t")

RelativeAbundance = RelativeAbundance <- select(RelativeAbundance, Genus,
CONTROL, TEST, TOTAL)

RelativeAbundance <- RelativeAbundance[RelativeAbundance$TOTAL > 0.1, ]
nrow <- nrow(RelativeAbundance)

LEFSE <- LEFSE %>% slice(1:nrow)

LEFSE <-cbind(LEFSE, RelativeAbundance)

LEFSE <- na.omit(LEFSE)
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write.table(LEFSE, file = "F:/Jejunum/Results/LEFSE.txt", sep = "\t", row.names =
TRUE, col.names = TRUE)
write.xIsx(LEFSE, file = "F:/Jejunum/Results/LEFSE.xlsx", sheetName = "LEFSE",
append = FALSE)
LEFSES$pValue <- round(LEFSE$pValue, digits = 3)
LEFSES$significance <- ifelse(LEFSESpValue <"0.001", "#***"
ifelse(LEFSE$pValue < "0.01", "***",
ifelse(LEFSE$pValue < "0.025", "**"
ifelse(LEFSE$pValue <="0.05", "*"))))
LEFSE$Names = paste(LEFSESOTU, LEFSE$Genus, LEFSES$significance)
LEFSESLDA = ifelse(LEFSE$Class == "CONTROL", LEFSESLDA*-
1,LLEFSESLDA*1)
LEFSE <- arrange(LEFSE, desc(LDA))

#Create LEFSE graph
LEFSEGraph <- select(LEFSE, Names, LDA, Class)
my_palette3 <- c("#7570B3", "#E7298A")
LEFSEGraph$Names [9] <- "Otu057 Clostridiales UC*"
LEFSEGraph$Names [ 18] <- "Otu029 Enterobacteriaceac UC*"
tiff('F:/Jejunum/Results/LEFSE.tiff', pointsize=10, width=2400, height=2400,
res=300)
par(mar = c(4, 16, 4, 0.5))
barplot(LEFSEGraph$LDA,

horiz = TRUE,

col =my palette3[as.factor(LEFSEGraph$Class)],

xlim = ¢(-5, 5),

xlab ="LDA Score log 10",

font.lab =2,

font = 2,

names.arg = LEFSEGraph$Names,

las=1,

cex.names = 0.9,

cex.lab=1.0)
axis(1, at = seq(-5, 5, by = 1), labels = seq(-5, 5, by = 1), cex.axis = 1, font = 2)
legend("topright", c("Control", "Test"), bty ="n", cex = 1.2, pch =19, col =
my_palette3)
mtext("Linear Discriminant Analysis Effect Size", side=3, adj=0, line=0.6, cex=1.2,
font=2)
text(3.9, 20, label = substitute(paste(italic("*P"), " = 0.05")), font = 2, col = "black")
text(3.9, 18.5, label = substitute(paste(italic("**P"), " = 0.025")), font = 2, col =
"black")
text(3.8, 17, label = substitute(paste(italic("***P"), " = 0.01")), font =2, col =
"black")
text(3.8, 15.5, label = substitute(paste(italic("****P"), " = 0.001")), font = 2, col =
"black")
abline (v=0)
dev.off()

232



#Export LEFSE data

LEFSEGraph$Class <- NULL

write.table(LEFSEGraph, file = "F:/Jejunum/Results/LEFSE Graph.txt", sep = "\t",
row.names = TRUE, col.names = TRUE)

write.xIsx(LEFSEGraph, file = "F:/Jejunum/Results/LEFSE Graph.xlsx",
sheetName = "LEFSE Graph", append = FALSE)
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Appendix 4. Composition of buffers and solutions

Macherey-Nagel NucleoSpin Tissue Genomic DNA Purification Kit

Wash buffer B5 80% ethanol, 20 mM NaCl, 2 mM Tris-HCI

Proteinase buffer 30 mM Tris-HCI

Elution buffer BE 5 mM Tris-HCL

Buffer TE 10 mM Tris-HCI, 1 mM EDTA

Lysis buffer T1 Composition not available

Buffer B3 50% v/v guanidine HCL, 50% v/v HO

Wash buffer BW 50% v/v guanidine HCL, 50% v/v isopropanol

Wash buffer B5 80% ethanol v/v, 20 mM NaCl, 2 mM Tris-HCI

Biomedicals FastDNA SPIN Kit for Feces

Wash buffer 2 Composition not available

Pre-lysis solution Composition not available

Sodium phosphate | 5% sodium phosphate w/v, 95% H,O v/v

buffer

Buffer MT 1% sodium dodecyl sulphate v/v, 99% v/v H,O

Protein precipitate | 5% acetic acid v/v, 95% v/v H,O

solution PPS

Binding matrix 87.8% silicon dioxide v/v, 12.2% H»O v/v

solution

Wash buffer 1 Guanidine thiocyanate 30% v/v, 70% H,O v/v

Tris EDTA solution | Composition not available

TES

QIAmp 96 PowerFecal QIA cube HT Kit

Buffer AW1 Guanidine HCL 50% v/v, 50% H,O

Buffer AW2 70% ethanol v/v, 30% H>O v/v

Buffer PW1 Guanidine thiocyanate 2.5% v/v, 97.5% H>O

Buffer C3 Composition not available

Proteinase K 20 mg/mL in 30 mM Tris-HCL

Solution C4 50% v/v guanidine HCL, 50% v/v isopropanol

Top elute fluid 100% white mineral oil

Buffer ATE 10 mM Tris-HCI, 0.1 mM EDTA, 0.04% v/v sodium azide

QIAmp 96 Virus QIA cube HT Kit

Buffer ACB Guanidine thiocyanate 50% v/v, 50% H,O v/v

Buffer AW1 Guanidine HCL 50% v/v, 50% H,O v/v

Buffer AW2 70% ethanol v/v, 30% H,O v/v

Buffer AVE 0.04% sodium azide v/v, 99.96% H,O v/v

Buffer RDD Composition not available

Buffer ACL Guanidine thiocyanate 30% v/v, 70% H,O v/v

Carrier RNA 1550 pL buffer AVE, 310 ug lyophilized carrier RNA

solution

DNase I stock RNase free H,O 550 pL in 1 vial lyophilized RNA

solution

Illumina MiSeq: Library generation, quality control and DNA sequencing

Accuprime Pfx 22U/mL Thermococcus species KOD (Pyrococcus

Supermix kodakaraensis) thermostable polymerase complexed with
anti-KOD antibodies, 66mM Tris-SOa, 30.8mM (NH4)2SOs,
11mM KCl, 1.1mM MgSQOs, 330uM dNTPs

Tris acetate Tris 11.31% v/v, EDTA disodium salt 0.87% v/v, acetic acid

solution TAE sodium salt 7.66% v/v, HCI 3.74% v/v

Ethidium bromide 10 mg/mL in H,O

SequalPrep binding | HCI 10% v/v, 90% H,O v/v

buffer
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SequalPrep wash
buffer

Composition not available

SequalPrep elution
buffer

10 mM Tris-HCIl, pH 8.5

Agilent Tape
Station sample
buffer

20mM KCl, 60mM POj4 buffer, 60mM guanidine-HCl,
240mM NaCl, 60mM NaOAc

Qubit HS reagent Composition not available

Qubit HS buffer Composition not available

[llumina HT'1 10 mM Tris-HCI, 0.1% v/v Tween 20

buffer

0.2N NaOH 200 pLL IN NaOH to 800 pL. PCR grade water

Techne qPCR kit for rotavirus A

gPCR Master Mix

Composition not available

Template
preparation buffer

Composition not available

ELISA for rotavirus IgG and IgA in sow colostrum

All solutions

| Composition not available

Miscellaneous solutions

Virkon disinfectant | 1% w/w solid Virkon, 99% H»O v/v, 10 gin 1 L H>O, dry

Chapter 4 product potassium peroxymonosulfate 21.45% w/w, sodium
dodecylbenzenesulfonate w/w, sulfamic acid 77.05% w/w,
sodium chloride 1.5% w/w

Neutral buffered 100 mL Formaldehyde (37-40% stock solution), 900ml H,O,

formalin Chapter 4 | 4g/L NaH,PO4 (monobasic), 6.5g/L Na,HPO4
(dibasic/anhydrous)

Faramate Milk Replacer Feed for Piglets (10 kg)

Crude protein 22% wiw

(whey)

Crude fibre 0% w/w

Crude oils & fats 14% w/w

Crude ash 7.5% wiw

Lysine 2% wiw

Calcium 0.9% w/w

Sodium 0.5% w/w

Phosphorous 0.7% w/w

Buylated 150 mg

hydroxytoluene

(antioxidant)

Citric acid 1000 mg

(preservative)

Vitamin A 25,000 iu

(alphatocopherol

acetate)

Vitamin D3 10,000 iu

Vitamin E 500 iu

Vitamin K 3 mg

Vitamin Bl 5mg

Vitamin B2 3 mg

Vitamin B6 3 mg

Vitamin B12 60 pg

Vitamin C 100 mg

Nicotinic acid 20 mg

Biotin 50 pg
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Pantothenic acid

10 mg

Copper (copper
sulphate
pentahydrate)

10 mg

Iodine (potassium
iodide)

0.25 mg

Iron (ferrous
sulphate
monohydrate)

100 mg

Manganese
(manganese
sulphate
monohydrate)

40 mg

Selenium (sodium
selenite)

0.4 mg

Zinc (sulphate
monohydrate)

50 mg
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