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Am Ende wird alles gut.
Und wenn es nicht gut ist, ist es auch nicht das Ende”

- Oscar Wilde -
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General introduction

1 General introduction

In addition to efforts to improve performance and animal welfare, the reduced use of antibiotics
remains a major concernin swine husbandry. To address these difficulties, the feeding of pre-
and probiotics offers an interesting approach to pig nutrition. Many studies have already
addressed positive properties of probiotics on overall gut health, such as resistance to gut
pathogens after weaning, modulating intestinal barriers, alteration of gut microbiota, and
improvement of feed intake and utilization (Barba-Vidal et al. 2019; Zommiti et al. 2020; Su et
al. 2022). Prebiotics support the indigenous bacteria of the intestine by promoting their growth
(e.g. Lactobacillus spp. or Bifidobacterium spp.) and can influence the intestinal microbiota
(Gibson et al. 2017; Gresse et al. 2017; Uerlings et al. 2021). However, there are studies that
have failed to demonstrate positive effects of pre- and probiotics (Kreuzeret al. 2012; Sato et
al. 2019; Menegat et al. 2020). The selection of appropriate pre- and probiotics depends on
many factors (e.g., probiotic strain, dosage, host-specific factors, environmental conditions)
(Bosiand Trevisi2010; Barba-Vidal etal. 2018). Due to differences in study designs, the results
of individual studies are often difficult to compare. Therefore, direct replacement of antibiotics
with pre- and probiotics should be critically evaluated. Instead, pre- and probiotics can be
combined with different management and feeding strategies to achieve the best possible
result. Itis therefore questionable whether a 'one-size-fits-all' approach is the right way forward
in this regard.

This study focused on developing and testing a new method to preselect pre- and probiotics
to find suitable combinations to support piglets’ intestinal health and zootechnical performance
after weaning, even when faced with a pathogenic strain. Fecal samples obtained from 20
German pig farms were used for ex vivo analysis. Three commercially available probiotics
(Bacillus licheniformis DSM 5749 and Bacillus subtilis DSM 5750, Saccharomyces cerevisiae
boulardii CNCM 1-1079, Enterococcus faecium DSM 7134) and three prebiotics (inulin, fructo-
oligosaccharide, mannan-oligosaccharide) were selected. They were tested either alone or
combined to assess their efficacy in inhibiting the growth of three different pathogens (an
enterotoxigenic Escherichia coli IMT 203/7, a Clostridium difficile 078 and a Clostridium
perfringens DSM 756) in fecal samples. Subsequently, a challenge trial with 40 piglets was
carried out. The most promisingcombinationobtained fromthe ex vivo preliminary experiments
was selected. Piglets were allotted to five groups, one piglet per pen (n = 8). Piglets were either
fed a diet containing the pre- and probiotic combination or a control diet. Piglets of four groups

were infected with the E. coli. Two groups received an additional strain-specific vaccine. To
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evaluate the efficacy of the pre- and probiotics, as well as vaccination, performance

parameters were recorded and fecal consistency was monitored over a 29-day period.

1.1 Aims and objectives of the thesis

The aim of this thesis was to determine whether it is possible to:

1. develop a novel ex vivo assay to preselect pre- and probiotics for individual herds
or farms.
2. use tailor-made combinations of pre- and probiotics to enhance performance and

health in piglets after infection with an enterotoxigenic E. coli.
3. enhance the possible, beneficial effect of pre- and probiotic combinations by

additional use of a strain-specific vaccine.

To achieve this aim, several ex vivo experiments and one in vivo challenge trial were carried

out. The results were published in two scientific articles.

1.2 Hypothesis

It was hypothesized that that the individual or farm-dependent composition of the gut
microbiome of piglets influences the efficacy of pre-and probiotics. Therefore, the selection of
tailored pre- and probiotic combinations, considering the prevailing microbiota, can further
improve gut health and growth performance. It was further hypothesized that additional

vaccination with a strain-specific vaccine would enhance this effect.
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2 Literature review

2.1 Diarrhea in neonatal and post-weaning piglets

2.1.1 Impacts on health, economy and animal welfare

Diarrhea is characterized by malabsorption of water or electrolytes leading to feces with water
contentgreaterthan 80% (Makinde etal. 1996), resulting in more frequent defecation of loose,
watery, or bloody feces (Wieleretal. 2001; Dors et al. 2016). Clinical signs may vary according
to pathogenesis, infectious load and the innate, passive immunity of the piglets (Jacobson
2022). Diarrhea-causing factors are numerous and vary depending on the age of the piglets.
Bacterial, parasitic or viral infections and environmental stress appear to be the most common
causes of piglet diarrhea (Rhouma et al. 2017; Mesonero-Escuredo et al. 2018). Regardless
of the cause, diarrhea can lead to deteriorated piglet performance, reduced animal welfare,
and increased mortality. The additional costs resultingfrom this can cause high financial losses
on the affected farms. A study conducted in Sweden in 2016 found that 79.6% of all farms
surveyed experienced problems with neonatal porcine diarrhea (Larsson et al. 2016). Even
though there appears to be no overall effect of diarrhea on mortality it cannot be excluded that
herds severely affected by neonatal diarrhea have an increased mortality (Kongsted et al.
2014). The costs associated with this can be up to 134.00 € per sow and year (Sjélund et al.
2014). The costs associated with post-weaning diarrhea are lower, but not less significant to
the economics of a farm. In the case of moderate diarrhea, financial losses can reach up to
40.00 € per sow and year (Sjolund et al. 2014) or range between 2.00 € and 6.70 € per piglet
(Niemi 2021). Aside from economic issues, diarrheain both suckling and weaned piglets has
a major impact on animal welfare and should therefore not be underestimated. Meat, as a
human source of food, remains an important part of the global diet. Especially pork is one of
the most demanded sources of protein, accounting for around 35% of total global meat
production (FAO 2023; OECD 2024). In recent years in particular, consumer interest in
sustainability and animal welfare has increased significantly (Clark et al. 2016). Consumers
want to be able to understand where the meat comes from and how the animals have been
raised (husbandry system, feed management, health status, use of antibiotics, etc.). The
reduction of animal suffering in intensive farming (especially regarding animal husbandry and
health) has become an important aspect for consumers. Intestinal diseases and diarrhea after
weaning continue to be major problems in pig production (Kim et al. 2024 ). To meet both, the
increased interest of consumers and the constantly growing demand for pork, research effort
in the field of intestinal health has increased significantly from 2000 to 2020, with pigs being
one of the most studied species (Colombino et al. 2021). Especially feed and animal housing

are considered important elements regarding animal welfare (Clark et al. 2016). Clinical
3
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diarrhea is often endemic in large pig populations and may sometimes occur sub -clinically.
Affected piglets usually show a poor general condition along with reduced feed intake and
weightloss. Acute death of the animalsis also possible, depending on the cause ofthe disease
and the individual piglet. The typically high stocking density in intensive pig farming enables
many transmission routes (e.g. aerosols, rodents, employees) and, thus, a potentialy
unrestricted transmission of pathogens. A direct correlation between stocking density, the
prevalence of endemic diarrhea and animal welfare is often difficult to establish, as infections
tend to be multifactorial and are influenced by environmental, nutritional and management
conditions (Maes et al. 2020). Since the overuse of antibiotics is strongly restricted from both
an ethical and legal point of view, the development of new dietary approaches to reduce and
prevent intestinal diseases and increase animal welfare is of great interest. In terms of
implementation, consumers believe that responsibility lies primarily with legal stakeholders

such as veterinarians, farmers and animal welfare organizations (Clark et al. 2016).

2.1.2 Neonatal porcine diarrhea

Neonatal diarrhea, mainly occurring within the first week of life, is a symptom in young piglets
associated with increasing mortality and underweight piglets at the time of weaning (Holland
1990). Antibodies, derived from colostrum help to provide passive immunity. In addition, sow's
milk also contains nutrients and growth-promoting peptides (Xu et al. 2000). These
components are important for the physiological development of the gastrointestinal tract, while
immunoglobulins (IgG and IgM) help developing the passive immune system (Rooke and
Bland 2002). Immediate intake of colostrum after birth is therefore required. This is allthe more
important because the sow's epitheliochorial placenta does not allow maternal antibodies to
pass through during pregnancy (Enders and Blankenship 1999), so piglets are born without
passive immune protection (Rooke and Bland 2002). Intestinal immune defense in piglets is
not considered functionally developed until 4-7 weeks of age (Rooke and Bland 2002). Prior
to this, consumption of sow milk supports passive immunity and helps develop a stable
microbiome (Frese et al. 2015). Diarrheais a common clinical sign of disease in newborn and
suckling piglets. Diagnosis of the underlying cause is difficult in most cases and acute
outbreaks with increased morbidity and mortality are possible. Regardless of whether it is mild
or severe, episodes of diarrhea (especially recurrent) in newborn piglets should always be
treated immediately. In neonatal diarrhea, reliable diagnosis based on clinical symptoms is
almost impossible considering the possible coinfections as well as causes of non-infectious
origin. Isolation of the pathogens in combination with further laboratory analyses is crucial
(Jacobson 2022). In this context, management problems of the farms should also be
considered. Once these have been ruled out, the most common causes are infections with

pathogenic organisms (Kongsted et al. 2018; Mesonero-Escuredo et al. 2018; Mertens et al.

4



Literature review

2022). This may involve bacteria, viruses or parasites. Bacterial and viral infections can occur
immediately after birth, while parasitic infestations are usually not observed until the second
week of life. Infections are often caused by a single pathogen but can be complicated by
secondary infections with other pathogens (Mesonero-Escuredo et al. 2018; Mertens et al.
2022). Particularly pathogenic E. coli, Clostridium spp. (e.g., C. perfringens type A), and
rotavirus type A are the most detected pathogens of neonatal diarrheain piglets (Mesonero-
Escuredo et al. 2018; Mertens et al. 2022). In recent years, it has become apparent, that in
addition to these already well-described pathogens, other bacteria have emerged. Among
these, Clostriodoidesdifficile is a pathogen that has gained increasingattention in recent years.
The pathogen already plays an important role in human medicine (Czepiel etal. 2019) and is
increasingly detected in newborn piglets (Rodriguez et al. 2016; Grzeskowiak 2021; Mertens
et al. 2022). Among viruses, Transmissible Gastroenteritis Virus (T GEV) and Porcine Epidemic
Diarrhea Virus (PEDV) should be mentioned in this context. An overview of the main potential

infectious causes of neonatal diarrhea is summarized in Table 1.
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Table 1 Infectious causes of neonatal piglet diarrhea

Pathogen Age of piglets Diarrhea | Other symptoms Mortality Reference
Bacterial infection
Clostridium perfringens 1-3d Fluid, foamy/creamy, yellow, non- Spontaneous recovery possible (< 1%) Collins et al. (1989)

type A

hemorrhagic

Songer and Uzal (2005)
Jacobson (2022)

Clostridium perfringens
type C

1-3d(8-22hp.i.)

Acute hemorrhagic (neonatal)
Prolonged, intermittent (PW)

Abdominal pain, depression

50 % - 100 %

Songer and Uzal (2005)
Posthaus et al. (2020)

Clostridiodes difficile 1-2w Profuse, non-hemorrhagic, yellow | Dyspnea, exhaustion, tabdominal Up to 50 % Waters et al. (1998)
pasty-to-watery distention, scrotal oedema Rodriguez et al. (2016)
Grzeskowiak et al. (2016)
ETEC 1-2hp.p. Watery to creamy, non- Nausea, abdominal cramps, shivering, Up to 70 % Luppi (2017)
(up to 4d) hemorrhagic, white to yellow dehydration, depression, | appetite, sticky | (neonates) Jacobson (2022)
coat
EPEC 2-4dp.i. Malabsorptive, mucoid, |viscous Prolonged recovery possible Up to 25 % Jacobson (2022)
Enterococcus durans 2-14d Non-hemorrhagic Some piglets are more severely affected low Cheon and Chae (1996)
than others
Enterococcus hirae 1-5d Watery to creamy colon content Weight loss, rough hair coat <10 % Larsson et al. (2014)
Jang et al. (2019)
Viral infection
Rotavirus type A 1-4 w Mild, watery to creamy, white-yellow | -- low Roczo-Farkas et al. (2021)
Jacobson (2022)
Rotavirus type B 1-4 w Profuse, watery, yellow Anorexia low Theil et al. (1985)
Jacobson (2022)
Rotavirus type C (RVC) <1w Mild, watery to creamy, whitish Weight loss low Marthaler et al. (2013)
yellowish Roczo-Farkas et al. (2021)
Transmissible 24 -72h p.i. Profuse, mild watery, long-term Vomiting, dehydration theonates Liu and Wang (2021)
Gastroenteritis Virus (endemic herds) lendemic Jacobson (2022)
Porcine Epidemic All ages Severe, watery |Appetite, vomiting, dehydration 50 % - 95 % Jung and Saif (2015)
Diarrhea Virus
Parasitic infetion
Cystoisospora suis Neonates Non-hemorrhagic, transient |Weight gain low Shrestha et al. (2015)
Strongyloides ransomi 3days p.i. Profuse diarrhea Anorexia, anaemia, growth retardation <50 % Thamsborg et al. (2017)

Jacobson (2022)

h = hours, d = days, w = weeks, p.i. = post infectionem, p.p = post partum, ETEC = enterotoxigenic E. coli, EPEC = enteropathogenic E. coli

6
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2.1.3 Post-weaning diarrhea

Weaning is considered one of the most critical times. Under natural conditions, weaning is
performed slowly and piglets are aged between 15-22 weeks (Jensen and Stangel 1992). In
contrast, under conventional conditions, piglets are weaned at 21-28 days of age (Worobec et
al. 1999). At this time, the gastrointestinal tractis not fully adapted to the intake of solid, plant-
based food and a stable intestinal microbiota is not yet fully developed (Gresse et al. 2017;
Upadhaya and Kim 2021). In addition, colostral immune factors steadily decrease at this age
and lactogenic immunity, maintained until now by the steady intake of milk, no longer provides
additional protection against infections (Melkebeek et al. 2013). Another factor that should not
be underestimated is the stress that arises due to a multitude of situations (separation from
the sow, new environment, mixing of litters, changeover from liquid to solid food, etc.) and has
a significant impact on the health of the piglets (Upadhaya and Kim 2021). Especially the
mucosal immunity of the intestine and the barrier function of the intestinal epithelium are
disturbed in their development leaving piglets highly vulnerable (Spreeuwenberg et al. 2001;
Gresse et al. 2017), especially to new pathogens introduced by the new environment and pen
mates. The resulting decreased intestinal absorptive capacity and increased intestinal
secretions lead to excess water in the feces (Makinde et al. 1996; Wijtten et al. 2011). This
leads to the condition known as post-weaning diarrhea (PWD), a multifactorial disease that
occurs during the first 14 days after weaningand is characterized by the clinical sign of diarrhea
(Eriksen et al. 2021). PWD is often accompanied by increased mortality in severely affected
piglets or impaired growth performance (Campbell et al. 2013). One of the most common
causes of PWD (although not the only one) are infections with enterotoxigenic E. coli (ETEC)
(Fairbrother et al. 2005; Luppi 2017). ETEC may not always be detected at the occurrence of
PWD and may not necessarily be presentin all cases (Vanbeersschreurs et al. 1992; Luppi et
al. 2016). Intestinal dysbiosis is also discussed as another possible cause. Dysbiosis is defined
as an imbalance of the microbiota, including a “loss of commensals, loss of keystone taxa, a
bloom of pathobionts, a shift in metabolic capacity, and a general loss of diversity” (Vangay et
al. 2015; Levyetal. 2017). Thisis a very simplified definition and highly controversial (Brussow
2020). Other causes commonly detected in association with PWD include Rota- and enteric
coronaviruses (Niederwerder and Hesse 2018; Pettersson et al. 2019). The presence of
pathogenic agents in sample material should always be interpreted in terms of the presence
or absence of specific symptoms, as detected pathogens do not necessarily lead to an
outbreak of disease. A comprehensive consideration of all factors (including environment and
management) therefore is crucial. Until 2005, antibiotic growth promoters were considered
preventive agents in feed. The emergence of antimicrobial resistance in livestock and the

associated increased risk to human and animal health led to a Europe-wide ban on
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antimicrobials as growth promoters. The legal framework is further defined in Regulation (EC)
No. 1831/2003 (EUR-Lex 2003). However, antibiotics can still be used for the prophylaxis,
metaphylaxis and treatment of diseases (EUR-Lex 2018). Another development was the
increased use of supraphysiological concentrations of zinc oxide in intensive pig farming
(especially in weaned piglets). A corresponding law (Commission Implementing Regulation
(EU) No. 2022/1458) for the prohibition of zinc oxide at so-called pharmacological levels in the
European Union came into force in June 2022 (EUR-Lex 2022a). However, there is still a
strong interest on the part of the authorities and consumers to promote the minimization of
antimicrobial substances in animal husbandry in the future. Therefore, the demand for
alternatives to promote and stabilize the intestinal health of weaned piglets remains very high.
Possible alternatives, which have been intensively researched in recent years, are
summarized in Table 2.
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Table 2 Alternatives for minimizing antibiotic use in post-weaning piglets

Additive type

Example

Beneficial Effects

Reference

Probiotics Lactobacillus spp. Improved bacterial diversity of the gut microbiome Canibe et al. (2022)
Enterococcus spp. Alleviation of systemic inflammation
Bacillus spp. Diarrhea preventive properties | severity
Bifidobacterium spp. 1 Gut barrier function: greater crypt depth, elongated villi height, 1 goblet cell number
Saccharomyces spp. - — - - - - -
1 Health: production of antimicrobial substances and antagonism towards pathogenic bacteria | Barba-Vidal et al. (2019)
Modulation of immune response
Stabilizing effect on intestinal microbiota and 1 Performance
Prebiotics Fructo-oligosaccharides 1 Number of lactic acid producing bacteria (Bifidobacterium, Lactobacillus) Birmani et al. (2019)
Inulin 1 Production of short-chain fatty acids (indirect effect)
Mannan-oligosaccharides
Resistant Stgarch Enhanced immune function (stimulating intestinal immune cells; 1 production of Liu et al. (2023)
Lactulose immunoglobulin; 1 serum cytokines levels)
Galacto-oligosaccharides Antioxidative effect: | oxidative stress; 1 antioxidant capacity; | inflammation
Xylo-oligosaccharides 1 Colonization of beneficial bacteria (e.g. Lactobacillus, Bifidobacterium, Prevotella) Csernus and Czegledi
| Bacterial counts of potentially harmful bacteria (e.g. E. coli, Clostridium spp.) (2020)
Modified intestinal morphology: 1 empty cecum weight
Synbiotics Combined use of probiotic | Similar/enhanced effects as pro- and prebiotics, depending on the combination. Mounir et al. (2022)

bacteria and prebiotics

1 antioxidative effect (e.g. expression of antioxidant defense enzymes and key molecules,
impact upon formation of free radicals)

1 performance and meat quality

Alleviation of inflammatory response triggered by pathogenic bacteria

Organic acids

Citric acid
Fumaric acid
Lactic acid
Propionic acid
Benzoic acid

| Stomach pH (or 1 HCI secretory capacity)

Altering gastrointestinal microbiota by | potentially harmful and acid-intolerant bacteria (e.g. E.
coli, Salmonella, Campylobacter)

Anti-microbial activities (differ from acid to acid)

Suiryanrayna and Ramana
(2015)

| Severity and duration of diarrhea after infection

Canibe et al. (2022)

Formic acid
1 Growth performance
Essential oils / Carvacrol 1 Structural and immunological integrity of the intestinal mucosa Serrano-Jara et al. (2022)
Plant or herbal Thymol Anti-inflammatory effect in the small intestine (high doses)
extracts Eugenol 1 State of the intestinal epithelium (1 production of goblet cells; | number of intraepithelial
Curcumin lymphocytes

Cinnamaldehyde
and other substances

| Inflammation and physiological stress

Anti-microbial activity
Promotion of Gram-positive and suppression of potential pathogenic Gram-negative bacteria

Canibe et al. (2022)

Bacteriophages

Lyticand lysogenic phages

1 Growth performance by | Salmonella colonization in the small intestine
Protection of intestinal integrity

Won et al. (2021)
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2.2 Most common pathogens causing diarrhea in piglets

2.2.1 Escherichia coli

E. coli is a gram-negative, flagellated bacterium of the Enterobacteriaceae family. It is
ubiquitously distributed in the digestive tract of both, humans and animals (Fairbrother and
Nadeau 2019). Pathogenic E. coli can be broadly divided into diarrhea-causing E. coli and
extraintestinal E. coli. Based on virulence factors and clinical symptoms, these two groups can
be further subdivided into pathotypes. The major E. coli diarrheagenic pathotypes are ETEC,
enteropathogenic E. coli (EPEC), shiga toxin-producing E. coli (STEC), enteroaggregative E.
coli (EAEC), enteroinvasive E. coli(EIEC), diffusely adherent E coli(DAEC), adherentinvasive
E. coli (AIEC) and shiga toxin-producing enteroaggregative E. coli (STEAEC) (Clements et al.
2012; Cabrera-Sosa and Ochoa 2020). Colibacillosis is a major threat to intensive pig farming
as it is one of the main causes of severe watery diarrhea in newborn and weaned piglets
(Fairbrother and Nadeau 2019). Infections can lead to high economic losses, high morbidity,
increased mortality, stunted or reduced zootechnical performances, as well as increased costs
for health management and medical treatments (Fairbrother et al. 2005). Neonatal E. coli
diarrhea, usually occurring during the first four days of life, is caused by intestinal infection with
ETEC (Mesonero-Escuredo et al. 2018; Mertens et al. 2022). In weaned piglets, the most
important pathogens causing PWD or edema disease are the pathogenic E. coli pathotypes
ETEC, EPEC and STEC (Fairbrotherand Nadeau 2019). Besides intensive pig farming,
diarrheagenic pathotypes are also an important contributor to the spread of travellers' diarrhea
in humans and are considered one of the most common causes of fatal childhood diarrheain
developing countries (Nataro and Kaper 1998; Cabrera-Sosa and Ochoa 2020). EAEC, EPEC
and ETEC are the most common pathotypes in children and ETEC and EAEC in adults with
travellers' diarrhea. STEC should also not be neglected as an important pathotype, as it is
considered an important pathogen in hemolytic uremic syndrome (Cabrera-Sosa and Ochoa
2020). The pathogenesis of colibacillosis in humans and animals is similar. After colonization
of the small intestine and formation of enterotoxins, diarrhea occurs (Fairbrother et al. 2005;
Fairbrotherand Nadeau 2019). ETEC are producing both enterotoxin(s) and certain adhesins
for attachment to the small intestinal mucosa. While the enterotoxins produced are similar, the
ETEC strains from humans and animals differ mainly in their colonization factors (Isidean et
al. 2011). Colonization of the small intestinal mucosa of pigs is mediated by fimbrial adhesins
on the bacterial surface. So far, six adhesive fimbriae types are known in porcine ETEC,
including F4, F5, F6, F17a, F18 and F41 with F4 (K88) and F18 being the most commonly
associated with neonatal and PWD in pigs (Zhang et al. 2007; Luppi 2017; Fairbrother and
Nadeau 2019). F4 fimbriae have three subtypes (F4ab, F4ac, F4ad), whereas F18 fimbriae
have two subtypes (F18ab and F18ac) (Luppi 2017). F4, F5, F6 and F41 are well-described
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fimbria types in suckling piglets, whereas ETEC strains in post-weaning piglets usually
possess fimbriae F4 and F18 (Luppi 2017). The adhesins adhere to specific receptors on the
brush border epithelial cells (enterocytes)of the intestine, allowing colonization by the bacteria.
After attachment, the bacteria secrete toxins that can potentially cause diarrheain the host
(Dubreuil et al. 2016). Susceptibility of ETEC F4 has been associated with the MUC4 gene,
while susceptibility for ETEC F18 infections appears to be related to the FUT1 gene (Luise et
al. 2019b; Sinha et al. 2019). Susceptibility to ETEC infection is highly dependent on the
expression and exposure of these receptors. Selective breeding basedon these genes(among
other measures) could help to improve the incidence of diarrhea in piglets (Muinozet al. 2018;
Fratto et al. 2024). ETEC produces enterotoxins, which are plasmid-regulated secreted
proteins or peptides that cause secretory diarrhea (Dubreuil et al. 2016). Several types of
enterotoxins have been identified, which are mainly divided into heat-labile enterotoxins (LT)
and heat-stable enterotoxins (ST). The most common enterotoxins are heat-stable toxin b
(STb, 59.1%), heat-stable toxin a (STa, 38.1%), and heat-labile toxin (LT, 31.9%) (Luppi et al.
2016). The significance of another enterotoxin, EAST-I, is unclear, especially since it is also
produced by strains of other E. coli pathovars (Dubreuil 2019). A single ETEC may be capable
of producing one or more enterotoxins (Fairbrotherand Nadeau 2019). Clinically, the typical
symptoms of diarrhea are characterized by watery to pasty, whitish to grayish-yellow diarrhea
(Luppi 2017). The massive loss of electrolytes and water can cause severe dehydration and
acidosis (Fairbrother and Nadeau 2019). Differential diagnosis includes necrotizing enteritis
(C. perfringens type A or C), salmonellosis, transmissible gastroenteritis (TGE), epizootic viral

diarrhea (EVD), rotavirus infections, coccidial and strongylid infestations (Luppi 2017).

2.2.2 Clostridioides difficile

Clostridioides (Syn. Clostridium) difficile is an obligate anaerobic growing, gram-positive
bacterium with the ability to form aerotolerant spores, which provide the bacterium with an
enormously high tolerance to various environmental influences, such as heat and desiccation
and also ensure resistance to acid and antibiotics (Czepiel etal. 2019). Itis not only associated
with porcine diarrhea but primarily contributes to the transmission of nosocomial antibiotic-
resistant infections in hospitalized patients (Simor 2010). It leads to increased morbidity and
mortality, especially in elderly patients (>65 years) (Freeman et al. 2010; Fawley et al. 2016).
It’s an ubiquitous bacterium commonly detected in the gastrointestinal tract of humans and
animals (Hopman et al. 2011). In addition to the ribotype 027 known in human medicine
(Freeman et al. 2010; Czepiel et al. 2019), the newer C. difficile ribotype 078 from swine has
become established in recent years (Goorhuis et al. 2008). C. difficile is capable of producing
various toxins, of which toxin A (TcdA) and toxin B (TcdB) are the two most important

representatives (Grzeskowiak et al. 2016). Both toxins can modulate the physiology of
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intestinal epithelial cells and lead to a disruption of barrier function (Songer and Uzal 2005). C.
difficile can often be detected inlarge amountsin feces of newborn piglets during the first week
of life. However, detection decreases with increasing age and is no longer detectedin the feces
of 21-day-old piglets (Grzeskowiak et al. 2016). Although high levels of C. difficile and its toxins
are detected in newborn piglets, many of them do not show clinical signs of infection (Chan et
al. 2013; Grzeskowiak et al. 2016). These asymptomatic piglets may nevertheless represent a
potential reservoir for multidrug-resistant ribotypes (Rodriguez et al. 2016). Infection with C.
difficile manifests in the large intestine and results in weight loss, reduced growth, dyspnoea,
abdominal distension, scrotal edema, and yellowish-brown diarrhea in clinically symptomatic
animals (Waters et al. 1998). Mortality rates in suckling piglets can reach up to 50% (Songer
etal. 2000). In addition, symptomatic piglets often develop secondary bacterial infections that
can complicate the course of the disease. Although C. difficile is presentin many piglets during
the first two weeks of life, it is rarely detected in older pigs (Grzeskowiak et al. 2016). The
detection of C. difficile in pregnant or lactating sows could mean that the sows are potential
carriers (especially of spores) (Hopman et al. 2011). However, it’s actual role in the course of
infection is not clarified yet and requires further research. As a result of antibiotic treatment, C.
difficile has become a zoonotic pathogen (especially ribotype 078) and is probably most
commonly transmitted to farm workers (Knetsch et al. 2014). In particular, hospitalized elderly
patients or people undergoing antimicrobial therapy are at increased risk of developing severe
C. difficile infection (Rodriguez et al. 2016). Therefore, C. difficile has a major role not only in

suckling piglets but also in intensive care medicine in humans.

2.2.3 Clostridium perfringens

Clostridium perfringens is a gram-positive, anaerobic bacterium with a spore-forming ability
which allows it to persist in the environment (Kiu and Hall 2018). It is classified into five types
(Ato E) according to the four major toxins a (CPA), B (CPB), € (ETX), and 1 (ITX) (Uzal et al.
2015). The only two types of C. perfringens known to be a problem in pigs are type A, which
produces alphatoxin, and type C, which produces alpha and beta toxins (McClane etal. 2006).
Both types can cause severe diarrhea (Songerand Uzal 2005). The neonatal period is a time
when infections are detected at increased frequency and can result in high losses in non-
immunized herds. C. perfringens type C, causing a high mortality rate in neonatal piglets, used
to be one of the most important pathogenic agents (Songer and Uzal 2005; Posthaus et al.
2020). Infected piglets commonly show bloody diarrhea and hemorrhagic necrotic enteritis
(classical necrotizing enteritis) in the small intestine (Songer and Uzal 2005). Due to optimized
vaccination regimens, outbreaks of this type are well controlled nowadays. Maternal
vaccination is intended for immunization of suckling piglets. But especially regarding type C,

C. perfringens a strict and well-established vaccination scheme is crucial, as the bacteria can
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persistin the environment and intestine of pigs (Posthaus et al. 2020). Several vaccines are
available for this purpose containing the toxoids of C. perfringens type A and/or C. Combined
vaccines mixed with E. coli antigens are also available (StIKo Vet 2023). Therefore, type C is
often undetectable in suckling piglets of immunized herds (Cruz et al. 2013; Kongsted et al.
2018). C. perfringenstype A agents are regarded as commensal bacteria in the intestine of
healthy pigs but can also cause severe disease under specific circumstances. Especially cpb2
toxin, often detected in type A infections, is an important factor in inducing clinical diarrhea in
neonatal piglets (Songer and Uzal 2005; Kiu and Hall 2018). However, an accurate correlation
between clinical diarrhea and positive detection of C. perfringenstype A remains difficult, as
the discovery of a pathogen does not imply unequivocally that it is also the cause of the
problem present (Chan et al. 2013). As described earlier, the incidence of severe infections
with C. perfringens has changed considerably in recent years. It seems that mainly the variety
of effective vaccines has contributed to this improvement. This has led to better control of the
incidence of infection. Ithas become apparentthat highlosses of suckling piglets due to severe
diarrhea are now increasingly due to other causes (e.g. salmonellosis, TGE, EVD, rotavirus
infections, coccidial and strongylid infestations). For this reason, infections with C. perfringens
are now of less concern to the swine industry compared to other pathogenic bacteria. However,
an outbreak in an unvaccinated herd can still result in high losses and therefore requires rapid

intervention.

2.3 In-feed pre- and probiotics

2.3.1 Prebiotics

There are several definitions for the term ,Prebiotic” but the most cited one states: “Prebiotic
carbohydrates are indigestible to the host and are fermented and utilized by the intestinal
microbiota” (Gibson and Roberfroid 1995). A more recent definition was proposed by “The
International Scientific Association for Probiotics and Prebiotics” saying that a prebiotic is “a
substrate that is selectively utilized by host microorganisms conferring a health benefit’
(Gibson et al. 2017). This definition increases the range of possible prebiotics because they
are no longer exclusively defined in terms of carbohydrates. However, common prebiotics are
still primarily based on carbohydrates. Among the best-known representatives are prebiotics
from the groups of fructans (fructo-oligosaccharides (FOS), inulin) and galactans (galacto-
oligosaccharides (GOS)) (Gibson et al. 2017). Other carbohydrate-based prebiotics, such as
mannan-oligosaccharides (MOS) or resistant starch, are also widely used. In terms of
commercial application, it is important that the health-promoting effects of a prebiotic have

been confirmed in the target animal. In the past, the focus was on the “beneficial” effects
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regarding the increase of Lactobacillus spp. and/or Bifidobacterium spp. Nowadays, it is
believed that prebiotic effects probably go beyond these two genera. Nevertheless, to meet
the criterion of selectivity of a prebiotic, the spectrum must be limited to some microorganisms
(Gibson et al. 2017). In this context, the genera mentioned continue to play a major role, but
attention is now also paid to other representatives of the microbiota, e.g. Faecalibacterium
spp., Prevotella spp., Bacteroides spp., Clostridium spp., Ruminococcus spp. etc. (Gardiner et
al. 2020) also considering their potential beneficial or harmful properties (Wang et al. 2018).
Although most prebiotics continue to be administered orally, direct treatment to other microbial
colonized body sites, such as the skin or vaginal tract, is now approved (Bustamante et al.
2020). Prebiotics such as oligosaccharides help to protect piglets from high environmental
stressors (such as antibiotics) and pathogen loads, including their effect on fecal shedding and
reduced infection-associated responses to various pathogenic bacteria (Gibson et al. 2017;
Gao etal. 2022; Zha et al. 2023). In trials where animals were additionally infected with an E.
coli strain at weaning, positive effects on the occurrence of diarrhea were often observed
(Guerra-Ordazet al. 2014; Liu et al. 2020; Valpotic et al. 2022). In addition, it was found that
the animals were sometimes less susceptible to the infection if they had previously received a
prebiotic (Stuyven et al. 2009). Although many studies demonstrate a beneficial effect on the
intestinal microbiota (Jensen et al. 2011; Chang et al. 2018; Uerlings et al. 2021; Gao et al.
2022), a clear efficacy of prebiotics on piglet performance and fecal consistency (especially
with regard to the problem of PWD) could not always be confirmed (Wang et al. 2020; Uerlings
et al. 2021). An overview of recent studies on the efficacy of selected prebiotics on PWD is

summarized in Table 3.
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Table 3 Summary of several recent studies (2018-2024) investigating the efficacy of three different prebiotics (inulin, fructo-oligosaccharide, and mannan-oligosaccharide (MOS)) on
performance, incidence of diarrhea and intestinal morphology after weaning

Age of piglets

Inclusion level

Results

Reference

Inulin

Weaned piglets,
21 days

0.05 %, 0.5 % and 5%
Jerusalem Artichoke tuber

1 G:F ratio at weak 2 for 0.5 % and 5 % inclusion rate
No difference on BW, ADG and ADFI

Erker et al. (2024)

Weaned piglets

2.5, 5.0 and 10.0 g/kg

No effect on growth performance (average daily feed intake and gain
1 Nutrient apparent digestibility (ash and crude protein)

1 Antioxidant capacity

— dietary suitable inclusion level for weaned piglets: 2.5 g/kg

Wang et al. (2021)

Weaned, 21
days

2.5 -10.0 g/kg

No sig. effect on growth performance (but 1 Fl and ADG in piglets fed 2.5 g/kg)
1 Villus heightin jejunum and ileum and 1 ratio of villus height/crypt depth in duodenum and
ileum (2.5 and 5.0 g/kg)

Wang et al. (2020)

Newborn piglets

05-2g/dor0.75-3g/d

The best results were achieved in 0.5-2 g/d.
1 Body weight, villus height and villus height/crypt depth in jejunum and ileum.
Positive effects were not permanent after weaning, when supplementation was discontinued.

Li et al. (2018)

Mannan-oligosaccharides

Weaned piglets,
24 days

0.1 % yeast-derived mannan
rich fraction (MRF)

1 ADG and ADFI
| E. coli adherence in the ileum
Overall enhanced immune response in piglets fed MRF was observed

Raymundo et al. (2024)

Weaned piglets

0.4 mg/kg mannan
oligosaccharide selenium
(MOSS)

1 ADG and ADFl and | Diarrhea index and frequency

| Lipopolysaccharide biosynthesis

| Inflammatory and oxidative stress in ETEC-infected piglets and | intestinal barrier permeability
(and alleviated ETEC-induced intestinal mucosa barrier irritation)

Zha et al. (2023)

Weaned, 26
days

0.2 % MOS (Bio-Mos)

1 Body weight gain
| Mortality rate, diarrhea severity score and average diarrhea severity
| Fecal shedding of E. coliisolates and | total bacterial load in the ileum

Valpotic et al. (2022)

Weaned, 28 + 3
days

0.8 g/kg

No effect on growth performance (ADFI, ADG, FCR)

1 Expression of tight junction proteins and immune function to | incidence of diarrhea
1 Concentration of and 1 antioxidant activity

1 lleal concentration of acetate and butyrate

Gao et al. (2022)

Weaned, 21 £ 1
days

400, 800, 1200 mg/kg MOS
(combined with starch and
non-starch polysaccharides)

Effect on gain to feed, nutrient digestibility, microbial communities and SCFA concentration.
Potential influence on the occurrence of diarrhea

Zhou et al. (2020)

Weaned, 24
days

0.2 % MOS (AgriMOS)

No effect on growth performance and incidence of diarrhea (but 1 fecal consistency)
1 Feed efficiency
Beneficial effect on gut morphology and 1 expression of inflammation-related genes

Agazzi et al. (2020)
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Fructo-oligosaccharides

Weaned piglets,
21 days

0.2 %
(onlyin sowor piglet diets OR
in sow and piglet diets)

No effect on body weight, ADG, ADFI, G:F

| Diarrhea rate and index (but no significant impact if sows were also supplemented

1 Apparent total tract digestibility (ATTD) of dry matter (and 1 trend in ATTD of crude protein)
1 SCFA (valerate and propionate)

Ma et al. (2024)

Weaned piglets,
21 days

2.5 g/kg

No impact on ADG, ADFI and G:F

Positive impact on the expression of ZO-1

| Concentration of TNF-a, IL-6 and IL-1f in the mucosa of small intestine of ETEC-infected pigs
1 Antioxidative capacity and intestinal barrier function

Luo et al. (2022)

Newborn piglets
(until 7 or 21
days)

1g/d; drenched

1 Body weight and | post-weaning mortality
1 Concentration of SCFA (probably age-dependent)
No effect on intestinal integrity and intestinal architecture

Ayuso et al. (2020)

Weaned piglets

2.5 mg/kg

1 ADG upon ETEC challengeand 1 apparentdigestibility of crude protein, gross energy and ash
| Diarrhea incidence

Positive effect on intestinal morphology (1 villus height and ratio villus height/crypt depth 1
enzyme activity, | adhesion of enteric pathogens)

Liu et al. (2020)

Weaned piglets,
28 days

4 g/kg as fed

1 ADG and | feed to gain ratio and incidence of diarrhea
1 Intestinal integrity, SCFA concentrations and abundance of beneficial microbial bacteria

Zhao et al. (2019)

ADFI = average daily feed intake, ADG = average daily gain, ETEC = enterotoxigenic E. coli, FCR = feed conversion ratio, FI = feed intake SCFA = short-chain fatty acids,
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2.3.2 Probiotics

Probiotics (or direct-fed microbials, DFM) are ,live-micro-organisms that, when administered
in adequate amounts, confer a health benefit on the host” (FAO 2006). Probiotics can be
classified in many ways. They can consist of either a single strain or of multiple strains or even
species. Most probiotics are bacteria, either spore-forming (e.g. B. subtillis) or non-spore-
forming. However, some are non-bacterial microorganisms such as yeasts and fungi. It is
possible that microorganisms used in probiotics are already residentin the host's digestive
tract as part of the commensal microbiota or are not present there at all. Probiotics should fulffi
the following characteristics: (1) inducing beneficial effects on the host, e.g. increased
performance or resistance to disease, (2) not containing any pathogenic and toxic properties,
(3) being able to be manufacturedin a viable manner and on a large scale (4) being able to
survive and grow in the gastrointestinal tract of the host (5) being stable by remaining viable
under different circumstances like e. g. long storage (Fuller 1989). There are many
commercially available probiotics for supplementation into pig diets. All probiotics approved in
the European Union can be found in the Register of Feed Additives (Regulation (EG) No.
1831/2003). The most used probiotics in pig production belong to the genera Bacillus,
Bifidobacterium, Clostridium, Enterococcus, Lactobacillus and Pediococcus, as well as S.
cerevisiae as a representative of the non-bacterial probiotic species.

Probiotics are promoted as health enhancers being attributed to influencing the beneficial
intestinal microbiota (Liao and Nyachoti 2017). There is a strong focus on promoting animal
performance (Zimmermann et al. 2016). This includes sow productivity (reproductive
performance, number and health of piglets (Saladrigas-Garcia et al. 2022)), piglet growth and
a smooth transition of piglets after weaning (Barba-Vidal et al. 2019). Studies have shown that
sows transfer their microbiota at the time of birth to piglets, which strongly influences the
development of the piglets' microbiota (LUhrmann et al. 2021). The treatment of dams with
probiotics can therefore influence the overall health and the development of the microbiota of
the piglets not only during parturition but also in the period after (Menegat et al. 2019,
Saladrigas-Garcia et al. 2022; Ma et al. 2024). One focus is promoting an increase of lactic
acid concentration in the intestine and suppressing E. coli(or other pathogenic bacteria) counts
or adhesion (Giang et al. 2010; Gogineni et al. 2013; Pezsa et al. 2022). The current literature
underlines Lactobacilli and Bifidobacteria as being particularly beneficial. The administration
of probiotics to sows and neonatal piglets can positively influence the establishment of a
commensal microbiota, especially those mentioned previously (Siggers et al. 2008; Lan and
Kim 2020). Furthermore, it is possible that suckling piglets fed with probiotics are less
susceptible to post-weaning stressors and are therefore able to better tolerate the post-

weaning period (Kiros et al. 2018). The stress induced by weaning leads to intestinal and
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immune system dysfunction resulting in deterioration of piglets’ health, growth and feed intake,
especially during the first week after weaning. An overview of relevant studies from recent

years on the efficacy of probiotics can be found in Table 4.

Probiotics are of high practicalimportanceand are often considered as a potential replacement
for antibiotics (especially for preventing PWD). However, in addition to all the studies describing
a particularly efficient impact of probiotics on the health and performance of pigs after weaning
(Barba-Vidal et al. 2019), there are also many studies in which no or only minimal effects were
observed (Lin and Yu 2020; Menegat et al. 2020; Sampath et al. 2021). On closer comparison
of different studies, it is evident that the efficacy of probiotics depends on various treatment-
specific factors, such as the particular strain, dose, experimental design and duration or timing
of administration (Bosi and Trevisi 2010; Barba-Vidal et al. 2018; Zommiti et al. 2020; Pot and
Vandenplas 2021; Duddeck etal. 2023). Host- and environment-specificfactors(e. g. genetics,
health status, farm management, diet) must also be considered (Marco and Tachon 2013;
Barba-Vidal et al. 2018; Zommiti et al. 2020). The multitude of experimental designs makes a
direct comparison of individual studies difficult. Combining probiotics with other feed additives
and/or management strategies may represent a more holistic approach and improvements in

manufacturing may potentially promise more success in the future (Canibe et al. 2022).
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Table 4 Summary of several recent studies (2018-2024) investigating the efficacy of three different probiotic species (Bacillus spp., Enterococcus spp., Saccharomyces spp.) especially

on performance and incidence of diarrhea after weaning (and other parameters)

Strain

Inclusion level

Results

Reference

Bacillus spp.

B. licheniformis 2.5 x 109 cfu/kg diet No significantimpact on performance parameters Xu et al. (2024)
| Diarrhea score
1 Gut barrier and digestive enzymes
| Relative abundance of Bacteroidetes
B. licheniformis PF9 has the potential to improve gut health under challenging
conditions
B. licheniformis 1 x 10" cfu/g (1000 g/t) 1 BW, ADG, ADFI and incidence of diarrhea Sun et al. (2023)
1 Intestinal integrity, intestinal mucosal immunity and microbial diversity
B. subtilis 1.875 x 10° cfu/g diet (Pro1x) Positive effects were mainly found in the Pro1x group. Higher doses of B. subtilis | Duddeck et al. (2023)
1.875 x 10° cfu/g diet (Pro10x) did notimprove performance parameters.
1 BW in the early postweaningperiod, 1 SCFA concentrations and altered fecal
microbiota
B. licheniformis 1 x 10° cfu/g (500 mg & 1000 mg/kg | 1 ADG, | diarrhea rate Yu et al. (2022)
diet) 1 Antioxidant capacity, serum immunoglobulins and anti-inflammation factors
1 Levels of volatile fatty acids (acetic, propionic, butyric and isobutyric acid)
Alteration of fecal microbiota
B. subtilis 1 x 10° cfu/g 1 BW, ADG, ADFI, G:F ratio Hu and Kim (2022)
| Fecal scores during the first 7 days
Modulation of intestinal microbiota (1 Lactobacillus spp. | E. coli)
B. amyloliquefaciens 0.03 % of the diet (1.5 0or 7.5 x 10° No differences in piglet performance and fecal score among treatment groups. | Becker et al. (2020)
B. subtilis cfu/g feed) Partial | E. coli shedding.
B. subtilis DSM 25841 2.56 x 10° cfu/kg diet 1 Growth performance and alleviated severity of diarrhea caused by E. coliF18 | He et al. (2020)

infection.
1 Disease resistance (| systemic and intestinal infection and 1 gut barrier
integrity).

B. licheniformis

5 x 108 cfu/kg feed

| Incidence of diarrhea from day 1 to 14

Lin and Yu (2020)

B. licheniformis

1% diet (6 x 10° cfu/g feed) and 3%
diet (4.8 x 10° cfu/g feed)

1t BW, ADG and G:F ratio
| ADFI
| Fecal score and incidence of diarrhea (40 — 55.5%)

Dumitru et al. (2020)

. subtilis DSM 25841

1.28 —2.56 x 10° cfu/kg feed

Positive effect between days 1 —5 (1 BW and ADG)
No effect on fecal score, incidence of diarrhea and shedding of E. coli

Kim et al. (2019)

. subtilis GCB-13-001

0.1 % (1 x 108 or 10° cfu/kg)

1 BW and ADG, | F:G ratio, no effect on fecal score
High inclusion level resulted in 1 Lactobacilliand | E. coli counts.

Wang et al. (2019a)
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B. amyloliquefaciens
DSM25840 (BAA)
B. subtilis DSM25841 (BAS)

BAA: 1.28 x 10° cfu/g feed of
BAS: 1.28 x 108 cfu/g feed

No effect on BW, ADG and ADFI
BAS: Tendency of 1 G:F ratio
BAA: Tendency of 1 fecal score

Luise et al. (2019a)

B. subtilis + B. licheniformis
(BioPlus)

2 x 10° cfu/kg feed

1+ BW at 35 days of life, ADG and feed efficiency
| Incidence of diarrhea

Czech et al. (2018)

Saccharomyces spp.

S. cerevisiae

20 g/kg and 10 g/kg yeast

1 Growth performance (BW, ADG, G:F ratio)

Trend to | diarrheaincident and 1 fecal score

1 Intestinal barrier integrity, mMRNA expression, nutrient transport, antioxidant
enzymes

Correia et al. (2024)

S. boularii

1 x 10"2 cfu/T feed

1 BW and ADG, no impact on FCR
| Incident of diarrhea
1 Carcass weight and muscle thickness

Parada et al. (2023)

S. cerevisiae

0.1% (1 g/kg)

No impact on BW, ADG and G:F ratio but | ADFI
No significant impact on fecal score

1 Number of ileal intraepithelial lymphocytes

| Counts of EHEC

Ferreres-Serafini et al. (2023)

Saccharomyces spp.
(isolated from tape yeast)

0.20 — 0.60% yeast culture (1 g =
3.95 x 108 cfu/g)

1 BW, ADG and G:F ratio
| Number of E. coli and coliform bacteria

Puspani et al. (2023)

S. boulardii mafic-1701

1x 108 cfulkg

1 Feed efficiency and | rate of diarrhea
| Levels pro-inflammatory cytokines, interleukin-6 and tumor necrosis factor-a

Zhang et al. (2020)

S. cerevisiae RC016

1x107 cfu/g of feed

1 ADG after 15 days of feeding and 1 feed efficiency

Garcia et al. (2019)

S. cerevisiae

3 x 10" cfulg

1t BW at 35 days of life, ADG and feed efficiency
| Incidence of diarrhea and ADFI

Czech et al. (2018)

S. cerevisiae CNCMI-4407

newborn: 2.5 x 100 cfu/kg
weaned: 107 cfu/kg

Pre-weaning supplementation 1 performance parameters of weaned piglets
(post-weaning supplementation did not)

More pronounced effect of post-weaning supplementation on microbiota

1 BW in piglets with pre- and post-weaning supplementation

Kiros et al. (2018)

Enterococcus spp.

E. hirae

10° cfu/mL

No impact on BW, ADG, ADFI, FCR

| Rate of diarrhea

Impact on intestinal morphology (1 barrier function, | intestinal permeability)
1 SCFA production (acetate)

Modulation of intestinal microbiota

Zhang et al. (2024)

E. faecium SLB 130

2.5 x 10° cfu/g (TRT1)
1.29 x 108 cfulg (TRT2)
1.15 x 107 cfulg (TRT3)
1.1 x 108 cfu/g (TRT4)

1 BW, ADG and ADFI
1 Nitrogen and dry matter digestibility

Sureshkumar et al. (2022)
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E. faecium CECT4515

0.05% (10° cfulkg feed)

No differencein performance or mortality compared to zinc oxide and antibiotic-
supplemented groups.
Better results for final BW, feed conversion and ADG

Vargas Laguna et al. (2021)

E. faecium NHRD IHARA

1 g/kg live or heat-killed E. faecium

(1.2 or 1.1 x 10°cfu/g)

1 Growth performance and altered structure of microbiota

Sato et al. (2019)

E. faecium NCIMB 10415

3 x 10° cfu/day

No effect on growth performance

Alleviation of negative effects induced by ETEC challenge (diarrhea, intestinal
morphology and immunology)

1 Fecal score 12to 16 h post challenge

Peng et al. (2019)

Multi-strain Probiotic

E. faecium
B. subtilis
S. cerevisiae

1.6 x 108 cfulg
2.0 x 108 cfu/g
3.0 x 108 cfu/g

Tendency of 1 growth performance

1 Tendency of a-diversity

1 Ruminococcaceae and Prevotella spp.
No impact on Lactobacillus abundance

Park et al. (2024)

Lactobacillus spp.

2 x 108 cfu/g

1 Final BW, positive impact on ADG

Kongpanna et al. (2024)

B. subtilis 50 x 10° cfu/g | Fecal score and incidence of diarrhea
1 Intestinal morphology, enzymatic activity and SCFA (propionic & butyric acid)
E. faecium T-110 0.1 % in feed 1 BW, ADG, ADFI | FCR and diarrhea rates (similar results were obtained for Sarkar et al. (2023)
C. butyricum TOA E. faecium (3 x 107 cfu/g) the zinc oxide group)
B. mesentericus TOA C. butyricum (2 x 108 cfu/g) Alleviation of weaning stress (| heat shock proteins and serum cortisol)
B. coagulans SNZ 1969 B. mesentericus (1 x 10° cfu/g) Immune system modulation (1 levels of IgM and 1gG)

B. coagulans (5 x 107 cfu/g)

L. plantarum 2.0 x 108 cfu/g 1 ADG and ADFI | FCR Liu et al. (2022)
B. subtilis 1.3 x 10° cfu/g No impact on incidence of diarrhea

1 Intestinal integrity and immune function
L. acidophilus 0.25 x 108 cfulg 1 ADG and ADFI (G:F ration tendential) Sun et al. (2021)
L. casei Reduction of negative effects due to E. coliinfection (| pH of digesta, systemic
B. thermophilum immune response and oxidative stress and 1 villus height)
E. faecium
E. faecium DSM 7134 E. faecium (1 x 108 cfu/g) 1 BW and ADG, 2193 ADFI and feed conversion Lu et al. (2018)
B. subtilis AS1.836 B. subtilis (2 x 100 cfu/g) | PWD for 21 days (| fecal score and fecal moisture content)
S. cerevisiae ATCC 28338 S. cerevisiae (1 x 100 cfu/g) 1 SCFAs in feces (acetic and propionic acid)

ADFI| = average daily feed intake, ADG = average daily gain, BW = body weight, cfu = colony forming unit, ETEC = enterotoxigenic E. coli, FCR = feed conversion ratio, Fl = feed intake,
G:F = gain to feed, PWD = post-weaning diarrhea SCFA = short-chain fatty acids
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2.4 Selection of suitable pre- and probiotics (in vitro | ex vivo models)

The term in vitro refers to experiments that take place outside the body under artificial
conditions. Ex vivo, on the other hand, means "outside the living body". This refers to
experiments in which organs, cells or tissues are removed from a living body for a treatment
or procedure. The advantage of both methods is their simplicity and cost-effectiveness
compared to respective animal models i.e. in vivo experiments (Papadimitriou et al. 2015).
Animal experiments are very time-consuming, costly and usually associated with ethical
concerns. In addition, laboratory experiments offer the advantage of allowing a higher number
of replicates and a certain consistency in the performance (e.g. defined concentrations,
standardized procedures, etc.). In vitro experiments are used either to identify suitable pre-
and probiotic candidates or to test a specific mechanism of action for a particular species

and/or age group.

The World Health Organization (WHO), among others, describes selection criteria for
probiotics for human use. Among the most important are host-related stress resistance,
epithelial adhesion, antibacterial activity and biosafety (Zhang et al. 2016; de Melo Pereira et
al. 2018). Severalin vitro and in vivo test methods are available for screening potential probiotic
candidates and determining various properties of probiotics, such as resistance to the acidic
conditions of the stomach or bile acid resistance, possible effects on the immune system,
various metabolic functions or even the gut-brain axis (Papadimitriou et al. 2015). In human
medicine, the focus is on potential health benefits and supportive properties of probiotic
bacteria (especially in the gastrointestinal tract). For animal nutrition, the selection of microbial
strainsis recommended by the FAO (Food and Agriculture Organization of the United Nations),
among others. The selected strains mustbe non-pathogenic for animals and are chosen based
on their ability to survive in the gastrointestinal environmentand their ability to withstand low
pH values and high concentrations of bile acids. In addition to these properties, the strains
must also meet several production requirements (they must tolerate the manufacturing,
transportation, storage and application processes) while maintaining their viability and desired
properties (Bajagai et al. 2016). One example is the isolation of lactic acid bacteria from pigs
of different life stages which were evaluated for their probiotic properties (production of
antimicrobial substances, acid and bile tolerance, cell adherence) (Abhisingha et al. 2018).
Promising candidates were selected for further use in co-culture studies to investigate their
inhibitory activity against Salmonella enterica serovar Enteritidis. One candidate showed
particularly high efficacy in this regard. The host specificity of a bacterium is assumed to be an
important factor for its potential use as a probiotic. In this context, strains that have already
been isolated from a species are assumed to have a greater ability to recolonize in hosts of

the same species (Zmora et al. 2018). Another in vitro assay that is widely used is the porcine
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enteric epithelial cell model (IPEC-J2). IPEC-J2 cells are non-transformed columnar epithelial
cells isolated from the mid-jejunumof neonatal piglets (Berschneider 1989). Thecells are used
to study the epithelialinnate immune response againstpathogenic bacteria, e.g. the adherence
of E. coli types (Brosnahan and Brown 2012). They can also be used as a tool for the initial
screening of potential probiotics. This involves checking to what extent either the probiotics
can adhere to the cells or inhibit pathogen induced inflammatory responses (Brosnahan and
Brown 2012). In addition, it can be observed whether there are effects on proinflammatory
gene expression, metabolic activity and cytokine production, and whether there is an influence
on the adhesion of the pathogenic strain (Yin et al. 2020; Chen et al. 2021; Sudan etal. 2022).
In vitro models have also been developed to specifically mimic the porcine intestine, allowing
screening under standardized conditions (Chiang et al. 2008; Tanneret al. 2014; Fleury et al.
2017). Although there are many different studies on the efficacy of probiotics on pathogens,
targeted in vitro studies on the selection of probiotic strains against post-weaning diarrhea are
scarce. Suitable for conducting such studies is the CoMiniGut in vitro model. It is an in vitro
colon screening tool for parallel microbial fermentation that enables further investigation of
variations in gut microbial dynamics using MiSeqg-based 16S rRNA sequencing (Wiese et al.
2018). In a study, four probiotic strains were tested for their prophylactic properties in PWD
(Hansen et al. 2021). Piglet digesta was inoculated with a pathogenic E. coli (ETEC F4).
Subsequently, the short-chain fatty acid (SCFA) profile and the composition of the intestinal
microbiota were investigated. No significant effect of the probiotic strains on the production of
SCFAand DL-lactic acid was detected and the number of coliforms in the infected groups could
not be reduced either. Especially in human research, there are promising in vitro and ex vivo
models e.g. mono-compartmental systems such as the Dynamic Gastric Model (DGM), the
Human Gastric Simulator (HGS), the artificial colon (ARCOL) or multi-compartmental systems
such as DIDGI, TIM or SHIME (Dupont et al. 2019). The extent to which these systems meet
the requirements for animal nutrition research purposes must be individually clarified for each
system. This issue, as well as the precise design and function of these models, will not be

discussed further here, as this was not the subject of this study.

Like probiotics, there are several in vitro methods that can be used to select prebiotics. These
models primarily aim to determine whether a prebiotic effect can be detected in the lower
intestinal tract. There is a guideline available on certain criteria that can be used for the
selection of appropriate models (Roberfroid et al. 2010). These criteria broadly relate to the
properties of prebiotics already described (e.g. resistance to digestive enzymes and their effect
on the microbiota). However, the selected in vitro studies only provide an indication of a
possible efficacy, which must additionally be proven in corresponding in vivo studies. In vitro
models for prebiotics can be divided into two systems: (1) in vitro digestion, which is more

focused on the processes of the upper digestive tract, and (2) in vitro fermentation, which in
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turn focuses on the activity of bacteriain the lower digestive tract (Date etal. 2014). For in vitro
digestion, static models are usually used, which differ primarily in the numberof gastrointestinal
sections integrated into the model. A well-known model from human medicine, which will not
be discussed in detail here, is INFOGEST, a standardized static digestion method to assess
the endpoint of digestion and evaluating the release of micronutrients (Brodkorb et al. 2019).
Using digestive enzymes and salt concentrations, the physiological in vivo conditions of the
human upper gastrointestinal tract are simulated. At each stage, the incubation time and pH
are different, simulating the passages through the different digestive sites (mouth, stomach,
small intestine) (Minekus et al. 2014). It is a valuable tool to predict the bioaccessibility of
different compounds. However, it is not always possible to imitate the highly complex
biochemical and physiological processes (Hur et al. 2011). Using in vitro fermentation models,
the efficacy of (potential) prebiotics on the intestinal microbiota can be investigated. In order to
achieve the most accurate physiological results, it is recommended to perform the studies with
fecall/intestinal substrates under anaerobic conditions (Coles et al. 2005). There are various
fermentation models. The most common ones are summarized in Table 5. Each model has its
advantages and disadvantages and should always be selected with regard to the intended

study.

In summary, in vitro models, especially those that fully or partially simulate the gastrointestinal
tract, are a valuable tool for assessing the efficacy of pro- and prebiotics. However, they are
not entirely capable of mimicking the complexity of the gut (Saint-Cyr et al. 2016). Especially
regarding a potential antimicrobial effect, it is questionable whether probiotics maintain this
property in vivo (Talpur et al. 2012). Therefore, a one-to-one transfer from in vitro to in vivo is
not always possible (Grumet et al. 2020). Verification of all findings obtained in vitro and ex
vivo in an in vivo animal model therefore remains necessary (Saint-Cyret al. 2016). For this
reason, in vivo animal testing remains the gold standard, as it is closest to reality.
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Table 5 Overview of different in vitro fermentation models

In vitro fermentation
model

Mode of action

Advantages

Batch culture

Closed system — All nutrients are
provided at the beginning of the
cultivation and no additional nutrients are
added during the process.

- Rapid procedure
- Little material required

- Inexpensive and convenient

pH-controlled batch culture

Batch culture system with a defined pH
value, which is kept stable by the addition
of hydrochloric acid and sodium
hydroxide.

Any changes can be related to the
prebiotic being tested.

Gas production technique

A system to measure and compare the
evolution of gas and SCFA production
from the fermentation of different
substrates.

- Reflects all the nutrients that are
fermented, both soluble and
insoluble.

- Fermentation can be calculated
from a single incubation.

Continous culture system

It can be either a single- or a multi-stage
system.

Fresh nutrients are continuously supplied
to the system while the culture broth
(containing cells and metabolites) is
removed. There is strict control of various
parameters (e.g. temperature, pH value,
anaerobiosis etc.), which contributes to
stable conditions in the system.

- Dynamic system

- Suitable for long-term studies

Artificial digestive system

More advanced digestive system to
simulate the physiological functions of the
human upper digestive tract (TIM; TNO
intestinal model) and the human intestinal
microbiota (SHIME)

- Artificial digestive system
- Diverse fields of application

- Not limited to the study of complex
growth media

Information according to Bajury et al. (2018)
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2.5 Vaccination and E. coli-induced diseases

2.5.1 Mode of action and route of administration

Pigletimmunity induced by vaccination can be either active or passive. Passive immunization
can be achieved by active vaccination of the pregnant sow or gilts. Once antibodies are
produced, they are passively passed on to the suckling piglets through the milk. This can
effectively prevent ETEC diarrhea in neonates (Rutter and Jones 1973; Matias et al. 2017).
Currently, there are several commercial vaccines on the market. An overview of all currently
approved vaccines is provided in Table 6. Individual vaccination schedules are available for all
vaccines, according to which the sows are immunized. Often, these require a certain number
of vaccinations within a defined period before birth. To ensure successful passive
immunization, it is essential that newborn piglets absorb as many antibodies as possible
through the colostrum within the first hours of life. This approach, however, only provides
sufficient protection for suckling piglets during the suckling period. Once the sow's milk supply
to the piglets is interrupted, matemal antibodies are slowly reduced, making the piglets more
susceptible to ETEC infection. This usually happens during and after weaning of the piglets.
At this point, active immunization can help to protect the weaned piglets from PWD. There are
some factors that must be considered for the vaccination to be effective. Especially the timing
of the vaccination, the route of administration and the composition of the vaccine are crucial.
Each vaccine requires a certain amount of time to elicit an adaptive response. This time must
be taken into considerationto ensure that the intended protectionis present at the expected
peak of ETEC infection. Studies have demonstrated the importance of early vaccination
against ETEC infections (Fairbrother et al. 2017). The study involved piglets that were
vaccinated with a commercial E. coli vaccine and were then challenged with an F4+ ETEC
strain. Significantly better protection was achieved in piglets that received the vaccine 7 or 21
days prior to challenge. Piglets challenged three days after vaccination showed less protection
against diarrhea, as well as increased ETEC colonization and shedding. Also, the composition
of the vaccine has a crucial impact on its efficacy. Vaccines should at least contain two
adhesion elements. Otherwise, there will be less or no protection against pathogenic adhesion
if the E. coli strain does not express the adhesion factors included in the vaccine. Therefore,
commercially available vaccines (especially inactivated vaccines) often contain several
differentadhesion elements, as well as thermostable and thermolabile enterotoxins and Shiga-
like toxins (see Table 6). C. perfringens toxoids of different types are often combined within E.
coli vaccines to provide additional protection. Finally, the route of administration plays an
extremely importantrole. Adistinction can be made between oraland parenteral vaccines. Oral
vaccines have the potential to trigger an active immune response of the intestinal mucosa
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(mucosal immunity), whereas parenteral vaccines lead to a systemic immune response

(systemic immunity).

2.5.2 Types of vaccines

2.5.2.1 Live attenuated vaccines

The live, attenuated vaccine contains a pathogenic bacterium or virus that has been weakened
to the point where it no longer poses a threat to a healthy immune system. They are usually
made from attenuated strains or viruses thatare almost or completely free of pathogenicity but
can elicit a protective immune response. After administration (usually by injection), they
multiply in the host and lead to a stimulation of the immune system, which lasts for a certain
period and induces protection against the respective infection (Yadav et al. 2020). Live oral
vaccines are also available in veterinary medicine. The administered bacteria of the vaccine
adhere directly to the intestinal cells and can induce a mucosal immune response. This
involves the production of antigen-specific sIgA antibodies, which prevent the colonization of
pathogenic bacteria with the same fimbriae (Melkebeek et al. 2013). Regarding viral vaccines,
live attenuated vaccines are mainly used to protect against RNA viruses (e.g. Porcine
reproductive and respiratory syndrome virus). The vaccines are known to induce a strong
immune response and can provide lifelong immunity after just one or two doses. However,
their main disadvantage is safety, as there is a risk of reversion to virulence associated with

the more traditional vaccines (Opriessnig et al. 2021).

2.5.2.2 Inactivated vaccines

Inactivated vaccines consist of the entire pathogens (e.g. bacteria or viruses), which has been
previously killed or inactivated (usually by heat, chemicals, or radioactivity). The treatment
causes the pathogen to lose its ability to replicate, while allimmunological structures remain.
Inactivated vaccines induce a humoral immune response. However, the immunity thus
achieved loses its effect over time, which is why additional boostering is usually required to
ensure lasting immunity. The advantage of inactivated vaccines over live attenuated vaccines
is that they can be specifically designed to contain only the specific antigens of one or more
pathogens. This leads to a more targeted immunity (Yadav et al. 2020). Most vaccines used to
prevent diseases caused by E. coli in piglets (colibacillosis, edema disease, necrotizing
enteritis) are inactivated vaccines (see overviewin Table 6). Inactivated vaccines are generaly
used to protect against the influenza A virus. Compared to the live vaccine, recombination or
re-sorting of the virus is minimal, which not only protects animals but also humans as cross-

species transmission cannot be ruled out (Opriessnig et al. 2021).
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2.5.2.3 Subunit vaccines

Subunit vaccines can be used for more targeted immunity. They contain only the microbial
components required to generate an appropriate immune response, in the case of E. coli, for
example, fimbrial adhesins and toxoids. At the same time, they thereby enable an increasein
vaccine safety. The efficacy of F4ac-Fimbriae on the oral immune response was already
demonstrated in the 1990s (Van den Broeck et al. 1999b). A similar high IgA response was
detected as in natural oral ETEC infection (Van den Broeck et al. 1999b). In addition, another
trial found that previously vaccinated pigs were immune to oral challenge with the pathogen
(Van den Broeck et al. 1999a). However, unlike whole-cell vaccines, subunit vaccines do not
elicit a strong immune response. For this reason, they must contain potent immunostimulatory
compounds (adjuvants) that provide long-term immunity. Abooster vaccination at certain times

is required in most cases (Moyle and Toth 2013).

2.5.2.4 Autogenous vaccines

Autogenous vaccines (AVs) are an important and well-established tool in veterinary medicine
and are usedin cases where nolicensed vaccines are available. They are mainly used in food-
producing animals and are of great importance for aquaculture. They are manufactured from
pathogens isolated from the target farm, a concerned epidemiological unit or a unit having a
confirmed epidemiological link (Grein et al. 2022). Therefore, AVs can also be referred to as
"farm-specific" or "herd-specific", as they are only used on the farms or animals from which
they were isolated. Their effectiveness is usually measured by animal performance data,
although this can lead to very diverse results in some cases (Corsaut et al. 2020; Rieckmann
et al. 2020; Rémond et al. 2021; Clemente et al. 2022). In addition, AVs are used as an
alternative for rare or fast-emerging infectious diseases due to the rapid production process.
They are also part of the successful reduction of use of antimicrobial substances and thus
contribute to the realization of the One-Health approach. To enable rapid production, some
aspects of AVs in terms of quality, safety and efficacy are partially waived compared to licensed
vaccines. Therefore, one of the most important manufacturing requirements is the complete
inactivation of the pathogens used. Licensed vaccines are veterinary medical products and
require official approval by the authorities according to the EU legislation or an equivalent
national legislation. The development of licensed vaccines can take up to 5-10 years and
especially for minor species, licensed vaccines are scarce (often due to insufficient economic
benefit). AVs, on the other hand, are exempt from this regulation. Until January 28, 2022, there
was no uniform legislation in the EU regulating the manufacture and use of AVs. Each
European country was free to decide on the approval, manufacture and use of AVs (Attia et al.
2013; Saléry 2017). The new veterinary legislation (Regulation (EU) No. 2019/6) defines more

28



Literature review

uniform standards and is intended to facilitate the standardized production and quality of
autogenous vaccinesin Europe (EUR-Lex2018). It provides legal provisions on AVs regarding
manufacturing, control and use. Implementation of the supporting guidelines is planned in
collaboration with the EMAV (European Manufacturers of Autogenous Vaccines and Sera) by
2025, for which a new standard for “good manufacturing practice” (GMP) is also to be
developed. Furtherinformation, latestresearch results and corresponding laboratories can be
found onthe homepage of the EMAV. Acomprehensive Manual of AVs has also been published
by the EMAV lately. This manual covers important epidemiological aspects, introduces new
terminology and discusses management and production conditions not only for AVs regarding

food-producing animals, but also small animals, zoo animals and captive wildlife.

2.5.3 Vaccines against post-weaning diarrhea

Currently, there are only two commercial vaccines targeting weaned piglets. One to prevent
PWD (Coliprotect F4/F18) and one to protect piglets from edema disease (Ecoporc Shiga).
The vaccine against PWD is currently the only approved vaccine that contains live, non-
pathogenic bacteria and is administered orally. It contains antigens against F4- and F18-
positive enterotoxigenic E. coli strains. Vaccination is highly efficient. A single dose,
administered via the drinking water can already lead to reliable protection of piglets within
seven days (Nadeau et al. 2017).

2.5.4 Commercially available vaccines against E. coli in Germany

Information on available vaccines is provided by the Paul Ehrlich Institute (PEI) and the
European Medicines Agency (EMA). In Germany, vaccines are licensed by the PEI (Paul-
Ehrlich-Institut 2024). The approval procedure examines the quality, efficacy, tolerability and
safety of the respective vaccine. There are so-called core and non-core vaccines. Core
vaccines are vaccinations for diseases against which an animal should be protected at all
times. Non-core vaccines, on the other hand, are optional. The necessity of their use depends
on various factors such as the type of husbandry, the health status of the animal or herd, as
well as any previous illnesses or the prevailing infection pressure. A corresponding
recommendation is provided by the German Committee on Vaccination in Veterinary Medicine
(StIKo Vet 2023) with the relevant vaccination guidelines. According to the guideline,
vaccination against E. coli diarrhea for piglets is recommended if the pathogen is enzootic in
the region or herd, while vaccination against clostridiosis is not considered necessary for this
age group. The StlKo Vet recommends that the immunization of piglets should be completed
by 10 weeks of age at the latest. The protection of newbom piglets against E. coli diarrhea is
usually achieved by immunizing the dams (Matias et al. 2017). There are a number of
commercial inactivated vaccines available for this purpose, which primarily target the fimbriae
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and LT- toxin. Weaned piglets can be immunized both actively and passively. Passive
immunization of weaned piglets against ETEC is usually carried out orally (Fairbrother and
Nadeau 2019). For active immunization, only the above-mentioned live vaccine “Coliprotect
F4/F18” is currently available (Fairbrother et al. 2017). Active immunization of weaned piglets
using the authorized dam vaccines does not lead to sufficient mucosal immunity in the small
intestine, which is why this type of immunization is not recommended. An overview of the

vaccines currently approved against E. coli in Germany can be found in Table 6.
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Table 6 Approved vaccines for sows and piglets against E. coli (table according to the information provided by the Paul-Ehrlich-Institut (2024))

Trade name Admission live / Active substance Application | Target age Intendet effect
holder inactivated group
Coliprotect Elanco GmbH | Live E. coli O8:K87 (F4ac) Oral Weaned Piglets | PWD and fecal shedding of ETEC
F4/F18 E. coli O141:K94 (F18ac)
ECOPORC CEVA Santé Inactivated Genetically modified recombinant | Injection Pigs (from the | Mortality and clinical signs of edema disease
SHIGA Animale Stx2e antigen age of 4 days)
Entericolix CZ Veterinaria | Inactivated E. coli adhesins: Injection Neonatal and Prevention of colibacillosis, edemadisease, necrotizing enteritis
S.A F4ac; F5+F41; F6; F18ab; F18ac) weaned piglets
C. perfringens type C beta toxoid
Enteroporc CEVA Santé Inactivated E. coli fimbrial adhesins: Injection Neonatal piglets | | Clinical signs and mortality caused by E. coli
Coli Animale F4ab; F4ac; F5; F6
Enteroporc CEVA Santé Inactivated C. perfringens type A/C toxoids Injection Neonatal piglets | | Clinical signs and mortality caused by E. coliand CP type A/C
Coli AC Animale alpha, beta 1, beta 2 toxoid
E. coli fimbrial adhesins:
F4ab, F4ac, F5, F6
Gletvax 6 Zoetis Inactivated E. coli K88ab (F4ab) Injection Neonatal piglets | Prevention of neonatal colibacillosis and necrotizing enteritis
E. coli K88ac (F4ac)
E. coli K99 (F5)
E. coli 987P (F6
Purified toxoids of C. perfringens
type B,Cand D
Neocolipor Boehringer Inactivated E. coli adhesins: Injection Neonatal piglets | | Neonatal enterotoxicosis of piglets during the first days of life
Ingelheim F4 (F4ab, F4 ac, F4ad);
F5; F6; F41
Porcilis Intervet Inactivated E. coli adhesins: Injection Neonatal piglets | | Mortality and clinical signs caused by E. coliand C.
ColiClos F4ab; F4 ac; F5; F6 perfringens type C
LT toxoid
C. perfringens type C beta toxoid
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Porcilis Porcoli
Diluvac Forte

Intervet

Inactivated

E. coli adhesins:
F4ab; F4 ac; F5; F6
LT toxoid

Injection

Neonatal piglets

| Mortality and clinical signs of neonatal enterotoxicosis

Suiseng

Laboratorios
Hipra S.A.

Inactivated

E. coli fimbrial adhesins:

F4ab; F4ac; F5; F6

LT Enterotoxoid of E. coli
Toxoid C. perfringens type C
Toxoid Clostridium novyitype B

Injection

Neonatal piglets

| Mortality and clinical signs of neonatal enterotoxicosis

Suiseng Coli /
C

Laboratorios
Hipra S.A.

Inactivated

E. coli fimbrial adhesins:

F4ab, F4ac, F5, F6

LT toxoid

Toxoids C. perfringens Type B/C

Injection

Neonatal piglets

| Mortality and clinical signs of neonatal enterotoxicosis and
necrotizing infectious enteritis

Sugen Rota
Coli

Virbac

Inactivated

Rotavirus suis strain OSU 6

E. coli strains:

0147:K88ab, 0149:K88ac (F4)
0101:K99 (F5)

K85:987P (F6)

0101:K99:F41 (F5, F41)

Injection

Neonatal piglets

| Clinical signs caused by ETEC and porcine rotavirus

ETEC = enterotoxigenic E. coli, F4, F5, F6, F17a, F18, F41 with F4 (K88) and F18 = different adhesive fimbriae, LT = heat labile
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Abstract

A novel rapid ex vivo assay was developed as part of a concept to determine potential tailor-made combinations of
pre- and probiotics for individual farms. Sow faecal slurries from 20 German pig farms were anaerobically incubated
with pre- and probiotics or their combinations together with pathogenic strains that are of interest in pig production.
Aliquots of these slurries were then incubated with media containing antibiotic mixtures allowing only growth of the
specific pathogen. Growth was monitored and lag time was used to determine the residual fitness of the pathogenic
strains. The background growth could be inhibited for an Escherichia coli- and a Clostridium difficile- but not for
a Clostridium perfringens strain. The prebiotic fructo-oligosaccharides (FOS) and its combination with probiotics
reduced the residual fitness of the E. coli strain in some farms. However, notable exceptions occurred in other farms
where FOS increased the fitness of the E. coli strain. Generally, combinations of pre- and probiotics did not show
additive effects on fitness for E. coli but displayed farm dependent differences. The effects of pre- and probiotics on
the residual fitness of the C. difficile strain were less pronounced, but distinct differences between single application
of prebiotics and their combination with probiotics were observed. It was concluded that the initial composition of
the microbiota in the samples was more determinative for incubations with the C. difficile strain than for incubations
with the E. coli strain, as the presumed fermentation of prebiotic products showed less influence on the fitness of
the C. difficile strain. Farm dependent differences were pronounced for both pathogenic strains and therefore, this
novel screening method offers a promising approach for pre-selecting pre- and probiotics for individual farms.
However, evaluation of farm metadata (husbandry, feed, management) will be crucial in future studies to determine
a tailor-made solution for combinations of pre- and probiotics for individual farms. Also, refinement of the ex vivo
assay in terms of on-farm processing of samples and validation of unambiguous growth for pathogenic strains from
individual farms should be addressed.

Keywords: colonic microbiota, pigs, Clostridium spp., enterotoxigenic E. coli (ETEC), fructo-oligosaccharides (FOS),
probiotics

1. Introduction without antibiotics are still ongoing (Dlamini et al., 2017;
Lietal, 2017).
Conventional pig farming in Europe faced a major

challenge in the last decades as antibiotic growth In this respect, pre- and probiotics are considered promising
promoters were banned in the EU (Anadén, 2006). Before, candidates. Probiotics are used in many ways in all stages
in-feed antibiotics have been used regularly to enhance of production in modern pig farming (Barba-Vidal et al.,
the growth, performance and health of the animals. With 2019). The popularity of probiotics in pig production has
the ban came a demand for suitable alternatives that could increased considerably and their beneficial effects have been
compensate for losses in performance. Especially during demonstrated in many studies (Azad et al., 2018; Liao and
the critical weaning period, new therapies and preventive Nyachoti, 2017; Ohashi and Ushida, 2009). For instance, the
methods are still an urgent need in pig production and use of probiotics can reduce digestive problems that may
the search for better feeding- and management strategies consequently increase production parameters (Anand et al.,
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2018; Joysowal et al., 2018). However, there are also studies,
which could not demonstrate significant benefits from the
use of probiotics (Kreuzer et al., 2012; Walsh et al., 2012). In
arecent review, the authors suggest that probiotics should
not be seen as an equivalent replacement for antibiotics, as
their effects are per se not comparable (Barba-Vidal et al.,
2018). Instead, the use of probiotics should be combined
with feed and management strategies to achieve the best
possible results (Barba-Vidal et al., 2018). Although there
have been many studies on this subject, their results are
difficult to compare. It becomes clear that not only the
probiotic strain, but also dosage, host-specific factors,
genetic aspects and especially environmental conditions like
housing, hygiene management and feed play a major role
for the success of a probiotic application (Patil et al., 2019).
This impedes the use of uniform strategies for probiotics
in conventional pig farming and it may not be possible to
use a ‘one-size-fits-all’ approach.

Prebiotic feed additives also became popular due to their
effect on performance and health as well as easy preparation
and storage stability (Duan et al., 2016; Samolinska et al.,
2018). Per definition, prebiotics are meant to be fermented
by non-pathogenic intestinal bacteria, which thus gain a
colonisation advantage and consequently control growth
of pathogenic bacteria (Oyarzabal and Conner, 1995).
Secondary effects include beneficial effects on the hosts
immune system (San Andres et al., 2019) or specific
effects on pathogenic bacteria (Halas and Nochta, 2012).
The modification of the intestinal microbiota may lead
to healthier animals with better performance (Sivieri et
al., 2014), however, prebiotics are substrates for intestinal
microbiota, which varies in composition and activity.
Therefore, similar to probiotics, different responses in
individual animals or -farms lead to varying degrees of
success and thus inconsistent results are obtained with
prebiotics (Bielecka et al., 2002; Kadlec and Jakubec, 2014).

The response of the intestinal microbiota to pre- and
probiotics has been examined in many studies (Quigley,
2010), however most of these studies were done in scientific
institutions that do not mirror practical conditions of pig
production. Furthermore, screening different feed additives
under different housing, feed-, or management conditions
in scientific feeding trials is prohibitively expensive.
An alternative to screen the influence of different feed
additives or their combinations on the animal’s microbiota
are ex vivo assays with digesta content (Ren et al., 2019;
Starke et al., 2013; Vahjen et al., 2012). Ex vivo assays are
the middle ground between cost intensive feeding trials
and unreliable in vitro tests. Due to the high number of
samples or combinations of feed additives that can be
tested, ex vivo assays are a promising method to screen
the effect of feed additives on the intestinal microbiota.
The read-out of these assays depends on the scientific
question. Consequently, the bacterial response to an

inhibiting feed additive requires monitoring the growth
of the intestinal microbiota (Starke et al., 2013), while the
search for a probiotic that is specifically active against a
bacterial pathogen requires monitoring the growth of that
pathogen in the presence of the probiotic or its culture
supernatant (Ren et al., 2019).

Finally, a unique relationship between mother and offspring
is present in pig production. The transfer of the maternal
microbiota to their piglets has been recognised as an
important factor that shapes the early development of the
piglet microbiota (Thum et al., 2012). Furthermore, it is
also acknowledged that the early microbial programming
in mammals has an impact on health later in life (Nowland
et al., 2019). Therefore, it seems reasonable to modify the
maternal microbiota via feed additives to induce beneficial
changes in the microbiota of their offspring.

As described above, inconsistencies in studies with pre- and
probiotics in pigs are a result of many different factors that
influence the intestinal microbiota, even before these feed
additives are administered. Consequently, the success of a
given feed additive is also dependent on the external factors
that should not be underestimated. As many different
management systems, animal genetics and feeding regimes
exist in the pig industry, the search for individual solutions
in the application of pre- and probiotics seem more
successful than the ‘one-size-fits-all’ approach. With this
in mind, we aimed to develop a suitable screening strategy
for the selection of pro- and prebiotics in conventional pig
farming within the larger project ‘Optibiom’ In combination
with other data (microbiome analysis, farm metadata on
husbandry, feed, management) the presented ex vivo assay
may help to decide, which feed additive is most beneficial
for a specific farm.

We propose that individual farm conditions lead to
individual responses to the presence of pre- and probiotics.
To monitor these responses, an ex vivo assay was developed
that tested the efficacy of pre- and probiotics to inhibit
the growth of three bacterial pathogens with importance
in pig production.

2. Material and methods
Experimental design

Sow faecal slurries were anaerobically incubated with 15
different combinations of pre- and probiotics and three
bacterial pathogens in a first 24 h incubation. Aliquots
thereof were transferred in an antibiotic medium that
allowed only growth of the given pathogen. Turbidity was
followed overnight and growth parameters were computed
from growth curves and compared to controls without
addition of pre- and probiotics to monitor the residual
fitness of the pathogen.
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Strains, media and antibiotics

Throughout the study pathogenic strains of an Escherichia
coli ‘Abbotstown’ isolate (IMT203/7, serotype 0149:K91,
haemolytic), a Clostridium perfringens type strain (DSM
756) and a Clostridium difficile isolate (serotype 078) were
used as model strains. The E. coli and the C. perfringens
strains were cultured throughout the study in brain heart
infusion broth (BHI). The C. difficile strain was cultured in
BHI broth supplemented with 0.5 g/100 ml yeast extract,
0.1 g/100 ml L-cysteine-hydrochloride and 0.1 g/100 ml
taurocholic acid sodium salt hydrate (BHIS).

The antibiotic resistance of the pathogenic strains was
tested with an agar plate antibiogram and consequently,
suitable antibiotics used for the growth assay were selected
based on their resistance profile (Supplementary Table S1).
Different antibiotic mixtures were tested that (a) allowed
growth of the pathogen and (b) inhibited background
growth in sow faecal samples. In order to prepare specific
antibiotic mixtures for each pathogenic strain, stock
solutions were diluted immediately before use with sterile
demineralised water according to the desired concentration
(see SupplementaryTable S1).

Prebiotic- and probiotic products

All prebiotic products are commercially available and are
commonly used in sows and piglets. Fructo-oligosaccharides
(FOS) produced by partial enzymatic hydrolysis from
chicory inulin (93-97% B-(2,1)-linkage oligofructose;
partial hydrolysis from chicory inulin; DP 2-8), mannan-
oligosaccharide (MOS) produced from Saccharomyces
cerevisiae yeast cell walls (min. 24% mannans; 25% beta-
glucans, 25% protein) and inulin derived from chicory (90%
inulin from chicory; DP 2-60) were diluted in phosphate
buffered saline with 0,5 mg/ml L-cysteine (PBS, pH 7.0) and
filter-sterilised (0.2 um cellulose acetate; VWR international,
Radnor, PA, USA) under anaerobic conditions. MOS and
inulin were diluted to a final concentration of 20 mg/ml,
while FOS was adjusted to 10 mg/ml final concentration.

All probiotic products are licensed in the EU as feed additives
in sows and piglets. An Enterococcus faecium (1x1010 cfu/g),
a Saccharomyces cerevisiae (2.0x10'0 cfu/g) and a multistrain
product containing Bacillus licheniformis and Bacillus
subtilis (3.25x10° cfu/g) were diluted anaerobically from
original powders in PBS. The final concentration for all
probiotics was 107 cfu/ml in each ex vivo assay. Viable cell
number per g product was determined before use.

Selection of samples and sampling
A total of 60 freshly voided faecal samples were obtained

from sows two weeks ante partum in 20 different German
pig farms (three sows per farm) during February to August

Novel ex vivo screening assay to preselect pre- and probiotics in pigs

2019. After collection, samples were shock-frozen in liquid
nitrogen and shipped at -20 °C. After reception at the
institute, samples were stored at -80 °C. Before the assay, 1 g
of frozen faeces was transferred into 15 ml tubes (Cellstar
Tubes, Greiner Bio-One GmbH, Frickenhausen, Germany)
and transferred into an anaerobic chamber.

Determination of suitable antibiotic combinations for
pathogenic strains and test of antibiotic combinations

The broth micro-dilution method in 96-well microplates
was used to determine individual minimum inhibitory
concentration (MIC) of suitable antibiotics as determined
via plate antibiogram (see Supplementary Table S1). OD
measurements of cultures incubated with two-fold serial
dilutions of antibiotics were taken every 5 min for 24 h in
a microplate reader (Tecan Infinite® 200Pro, Maennedorf,
Switzerland). Different combinations and concentrations
of antibiotics were tested for each pathogen. Resulting
growth curves were visually analysed and suitable antibiotic
mixtures and concentrations were tested on sow faecal
samples and probiotic products to ensure absence of growth
from antibiotic-resistant bacteria.

Ex vivo assay

All work with faecal suspensions, inocula and pre- and
probiotic products was carried out in an anaerobic
chamber. For each sample, faecal slurries were prepared
inside the anaerobic chamber by mixing 1 g of faeces with
9 ml of PBS. After mixing, the slurries were sedimented
for 5 min and 160 pl supernatant was transferred to a
microplate. In the next step, prepared suspensions (20 pl)
of each pre- and probiotic product were inoculated into
the faecal slurry. Each of the three pre- and probiotic
products was inoculated singly or in combination, yielding
15 different combinations. Suspensions without pre-
and probiotic inoculation (use of PBS instead) served as
control. Finally, the pathogenic strain was inoculated to
all wells in a concentration of 10° cfu/ml. The microplate
was then incubated anaerobically at 37 °C for 24 h. After
the incubation, suspensions were homogenised by
pipetting and 15 pl was taken anaerobically from each
well and transferred to a new microplate containing strain
dependend BHI or BHIS medium with the respective
specific antibiotic mixture for each pathogenic strain. To
ensure anaerobic conditions in the next step, microplates
were sealed airtight with a cover foil (Viewseal Sealer clear,
Greiner Bio-One GmbH).

For the second incubation, the microplate was transferred
into a microplate reader and growth was measured at
ODyy, every 5 min for 24 h at 37 °C. The microplate was
shaken for 10 s prior to each measurement. After the
incubation, growth parameters (lag time, specific growth,
maximum growth) were calculated from growth data with
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the nonlinear 3-parameter logistic growth model. After
visual inspection, only data from 0-12 h were considered,
as these curves showed the typical appearances of bacterial
growth curves. Furthermore, differences to positive controls
(samples inoculated with pathogenic strain only) were
expressed as percentage difference to compare the impact
of pre- and probiotic combinations on the residual fitness
of the pathogenic strains.

DNA extraction, 16S rDNA sequencing and 16S rDNA analysis

Total DNA was extracted from 0.25 g faeces with a
commercial extraction kit (QIAamp PowerFecal Pro
DNA Kit, Qiagen, Hilden, Germany) in accordance with
the manufacturer’s instructions with an additional lysis
step at 65 °C. DNA extracts were subjected to amplicon
sequencing using an Illumina NextSeq500 sequencer (LGC,
Berlin, Germany) with 150 bp-paired reads using 16S rDNA
primers 341f and 785r. Demultiplexing was achieved with
Ilumina bcl2fastq (v. 2.17.1.14); combination of paired
reads was done with BBMerge (v. 34.48). The resulting
16S-rDNA sequences were analysed using the QIIME2
pipeline (Bolyen et al., 2019) and the SILVA SSU database
(Yilmaz et al., 2014). Quality control and determination
of sequence counts were performed using the DADA2
(Callahan et al., 2016). Sequence variants with less than
five counts were excluded from further analysis to increase
confidence of sequence reads and reduce bias by possible
sequencing errors (Huse et al., 2007). Normalisation of
sequence reads was done by rarefaction with an equal
representation of 10,000 sequences per sample (Weiss
etal., 2017).

Statistical analysis

All data is presented as means and standard error of the
means for each farm and all pre- and probiotic products.
Percentages of lag time relative to pathogen-inoculated
controls were calculated to study the impact of pre- and
probiotics on pathogenic strains. An ANOVA procedure
with Tukey-HSD as post-hoc test was done with the software
SPSS 24 (IBM SPSS 24; Armonk, NY, USA) and served as
indicator for statistical significance at P<0.05. Spearman
correlation analysis was used to correlate individual growth
parameters. Similarity analysis and hierarchical clustering
of lag times for individual farms and pre- and probiotics
was calculated by the Ward method and Euclidian distance
method.

3. Results
Microbiome composition of samples
A characterisation of the initial state of the microbiome in

the samples was done via 16S-rDNA sequencing. Figure 1
shows a similarity dendrogram (Ward D Method, complete

clustering) that was constructed with data of the project
‘Optibiom’ (Luehrmann et al., unpublished data). Most
individual farms showed a high 16S-rDNA sequence
similarity in their samples that set them apart from other
farms. However, some farms (F, O, P, R and T) showed low
similarity within the data set.
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Figure 1. Similarity dendrogram of the faecal microbiota
(16S-sequences) of 20 different German pig farms (n=3 per
farm).
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Ex vivo assay method

No growth occurred in non-inoculated controls for anti-
biotic mixtures used for the E. coli- and the C. difficile
strain, but some samples showed spurious growth in the
late incubation period (>18 h), which was not part of the
analysis of 0-12 h. However, under the conditions used (BHI
& antibiotic mixture), it was not possible to inhibit growth
in controls with different antibiotic combinations for the
C. perfringens strain. Even at extremely high concentrations
and four different antibiotics (see Supplementary Table
S1), substantial background growth in non-inoculated
samples was still observed. Therefore, we chose to exclude
the C. perfringens strain from further analysis in this study.
Incubated samples were subcultured on BHI and resulting
colonies were taxonomically assigned E. coli by MALDI-
TOF analysis (data not shown).

Positive controls (no addition of pre- or probiotics) for
samples of all 20 farms displayed a high variation after
an initial growth phase (Supplementary Figure S1). The
E. coli strain generally showed shorter lag times than the
C. difficile strain.

A typical growth curve (Farm B) for the residual fitness of
the E. coli strain after incubation with different prebiotics
is shown in Figure 2. Relative to the positive controls, FOS
showed a prolonged time before reaching the exponential
growth phase, while MOS seemed to yield an even better
growth than the control in samples from farm B.

Most often, the specific growth during the exponential
phase was not different between the different feed additives
in these incubations. Although in this case the maximum
OD showed highest values for the control, most other
experiments did not yield reliable data for this parameter.
Indeed, correlation of lag time and specific growth showed
highly significant correlation coefficients (0.857 for E. coli;
0.730 for C. difficile), but correlation of these parameters
to maximum OD only yielded significant, but much lower
coefficients (0.267 and 0.189 for E. coli; 0.252 and 0.111 for
C. difficile for lag time and specific growth, respectively).
Therefore, we decided to focus on lag time as the primary
parameter for pathogen residual fitness.

The complete data set for the E. coli- and the C. difficile
strain is given in Supplementary Tables S2 and S3,
respectively. Due to the high number of variables (20 farms,
15 combinations, 960 assays per strain) it is only possible
to show exemplary data as follows.

Residual fitness of the pathogenic E. coli strain after
incubation with pre- and probiotics

Table 1 shows the post-hoc multiple comparison test for
lag time data to estimate the fitness of the E. coli strain
after incubation in pre- and probiotic supplemented faecal
slurries. The combined data for all 20 farms shows shortest
lag times after incubations with the prebiotic MOS, while
the longest lag times occurred after incubation with the
prebiotic FOS. Although overall differences for lag times
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Figure 2. Typical growth curves for the residual fitness of an E. coli strain after incubation with different prebiotics in faecal
slurries (Farm B). FOS = fructo-oligosaccharides; MOS = mannan-oligosaccharide.

Beneficial Microbes 12(6)

37

571



K. Zeilinger et al.

were minor (2.74-3.31 h), the prebiotics MOS and inulin
and their combinations with probiotic products consistently
yielded shorter lag times than control incubations. On
the other hand, the Bacillus- and Enterococcus probiotic
extended overall lag times in a similar fashion as the
prebiotic FOS.

Regarding the residual fitness of the E. coli strain in faecal
slurries from individual farms, the addition of pre- and
probiotic products showed farm dependent differences (see
also Supplementary Table S2). As an example, the fitness of
the E. coli strain relative to the controls after incubation of
faecal slurries and FOS is shown in Figure 3. Faecal slurries
from many farms showed no significant impact on E. coli
fitness compared to controls for any feed additive. However,
farms G, L and T yielded in part drastically reduced lag
times, i.e. increased residual fitness of the strain. On the
other hand, strongly increased lag times were noted in
farm J and especially in farm P. Neither inulin nor MOS
showed a significant impact on the residual fitness of the
E. coli strain between farms. However, strong numeric
differences in lag time were observed for inulin, ranging
from 80 to 232%, while differences for MOS (74 to 104%)
were much lower (data not shown).

Table 1. Overall post-hoc multiple comparison test of lag time
for Escherichia coli after incubation in sow faecal slurries
supplemented with pre- and probiotics [h].1

Subsets?

a b c
MOS 2.74
MOS & Bacillus 2.79
MOS & Enterococcus 2.82
MOS & yeast 2.86 2.86
Inulin & yeast 2.96 2.96 2.96
Yeast 3.01 3.01 3.01
Inulin & Bacillus 3.02 3.02 3.02
Inulin & Enterococcus 3.05 3.05 3.05
Inulin 3.06 3.06 3.06
Control 3.07 3.07 3.07
FOS & yeast 3.11 3.1 3.11
Enterococcus 3.11 31 3N
FOS & Bacillus 3.21 3.21
FOS & Enterococcus 3.23
Bacillus 3.24
FOS 3.31
Significance 0.059 0.113 0.093

1 FOS = fructo-oligosaccharides; MOS = mannan-oligosaccharide.
2 ANOVA Tukey-HSD Post-hoc test at P<0.05; n=960).

Figure 4 depicts the similarity clustering and heat map
of the lag time for all feed additives and all farms. Clear
cluster formations were visible for all feed additives, as FOS,
probiotics, MOS and inulin each formed different clusters.
Individual farms showed less clear clustering, however the
residual fitness of the E. coli strain after incubations in
faecal slurries from farms P, ] and E seemed to be negatively
influenced by more feed additives than farms L, G and L

In general, farm specific responses were observed for the
residual fitness of the E. coli strain after incubation with
feed additives. From the data, it can be concluded that the
presence of FOS alone or in combination with probiotics
showed the highest degree of influence, followed by inulin
and MOS. However, notable exceptions occurred in some
farms, where FOS increased the fitness of the pathogenic
E. coli strain.

Residual fitness of the pathogenic C. difficile strain after
incubation with pre- and probiotics

The overall impact of pre- and probiotics on lag time
was not significantly different between feed additives
according to an ANOVA Post-Hoc multiple comparison
test (Supplementary Table S4). Overall lag time differences
between feed additives were more pronounced (7.73-9.00 h)
than for the E. coli strain.

Contrary to results for the E. coli strain, significant
differences for individual farms were scarce with the
C. difficile strain for all feed additives. In general, lag
time data showed higher standard deviations than for
incubations with the E. coli strain. Compared to control
incubations, the single application of prebiotics did not
show pronounced numeric differences in lag time for FOS,
but increased lag time in more farms for inulin and MOS
(Supplementary Table S3). Similarly, no obvious changes in
lag time were generally observed for the single application
of probiotics. However, in combination with FOS or inulin,
the Bacillus probiotic showed numerically increased lag
times in eight of twenty farms compared to only four farms
for the other probiotic products. Interestingly, there was
no exact match of farms that showed an increased lag
time for both FOS and inulin (see Farm A, C, E and F). In
combination with MOS, the addition of the Enterococcus
probiotic led to an increased lag time in seven farms, but
also displayed reduced lag times in seven other farms.
Drastically reduced lag times were also observed in nine
farms for the combination of MOS and the yeast probiotic.

Although higher numeric differences for lag time were
visible between farms, significant differences relative to
control incubations were infrequent. Significant differences
relative to the control were only observed for combinations
of FOS with the Bacillus- or the yeast probiotic (Figure 5).
Residual fitness in samples from farms E, ] and P was
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significantly decreased relative to the control but, as was
observed for the E. coli strain, significantly better fitness
relative to the control were also observed for the C. difficile
strain in some farms (D, L). Overall, feed additives had no
significant effect the residual fitness of the C. difficile strain
compared to control incubations.

Figure 6 shows the similarity cluster analysis for the
C. difficile strain. Contrary to the clear cluster formations
for the E. coli strain, no clear clustering according to feed
additives was observed. However, six of nine combinations
of pre- and probiotics formed one of the two main clusters.
The prebiotics FOS and inulin together with the yeast
probiotic and the combination of inulin and Bacillus
formed a subcluster with the control, while the probiotics
Enterococcus and Bacillus formed a subcluster together
with the combinations MOS & Bacillus and inulin & yeast.
Regarding the similarity of individual farms, only farm A
seemed to be especially responsive to many combinations
of pre- and probiotics, while the remaining farms formed
clusters with nine and ten farms, respectively.

Overall, farm specific responses were less pronounced
for the C. difficile strain. However, similar to the E. coli
strain, individual farms showed not only increased lag
times for some feed additives, but also reduced lag times,
i.e. increased residual fitness.

4. Discussion
Ex vivo assay method

This study used a novel ex vivo assay to screen the impact
of three pre- and three probiotic products and their
combinations on the residual fitness of pathogenic E. coli
and C. difficile strains as part of the larger project ‘Optibiom’
to determine tailor-made solutions for pre- and probiotic
supplementation in individual German sow farms. Thus,
the present study is a proof-of-principle that the novel ex
vivo assay is a rapid, inexpensive method to screen for most
suitable combinations of pre- and probiotic products for
individual farms.

Based on the hypothesis that sow faeces are an important
transfer vector for the development of the piglet microbiota
and could compromise general farm hygienic conditions,
sow faeces were chosen as a suitable matrix. The importance
of sow faeces as inoculant for bacterial development on their
offspring (McCormack et al., 2019), known differences in
the microbiota composition between individual animals as
well as in humans (Aluthge et al., 2019; Kolodziejczyk et
al., 2019) as well as differences in microbiota composition
in different farms (Yang et al., 2018) formed the scientific
rationale behind the employed assay.
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Figure 5. Lag time of the Clostridium difficile strain relative to controls for all farms after incubation with fructo-oligosaccharides

in sow faecal slurries [%].
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Figure 6. Heatmap and hierarchical clustering of Clostridium difficile lag data after incubation pre- and probiotic products.

FOS = fructo-oligosaccharides; MOS = mannan-oligosaccharide.

The first incubation of the pathogenic strains in faecal
slurries together with pre- and probiotics simulated
the presence of these feed additives in the hindgut. The
response of the microbiota to the presence of the feed
additives could then create an adverse environment for the
fitness of the inoculated pathogenic strains. The second
incubation allowed only growth of these strains via the
use of specific antibiotic mixtures in the medium. This
enabled us to specifically monitor the residual fitness
of the pathogenic strains and thus make predictions on
the effectiveness of pre- and probiotics. This principle
and similar assays have been used in our working group
for some time (Ren et al., 2019; Starke et al., 2013). It is
acknowledged that the use of antibiotic mixtures for the
specific detection of the pathogenic strains introduces
additional stress for the surviving pathogenic cells after
incubation with the indigenous microbiota and the impact
of pre- and probiotics. Nevertheless, this stress applied to
all incubations.

The exclusive growth of the pathogenic strains after the
first incubation is critical for the success of the assay.
While it was possible to generate antibiotic mixtures for

the E. coli- and the C. difficile strain according to their
antibiogram profile, it was not possible to create a suitable
antibiotic mixture for the C. perfringens stain, which could
stop background growth from antibiotic resistant bacteria
in samples. Due to shortage of time in the project, we did
not pursue other means to ensure growth selectivity of the
C. perfringens strain. However, as the antibiotic resistant
bacteria were identified as E. coli, one could envision the
use of media that inhibit Gram-negative bacteria in addition
of antibiotic mixtures. In future projects, combinations
of antibiotics, growth inhibition with specific media as
well as the use of specific carbon sources may alleviate the
encountered problems.

Lag time was chosen to monitor residual fitness of the
pathogenic strains. Lag time defines the time point, before
growth enters the exponential phase of a bacterial culture
(Monod, 1949). Lag time not only correlates with initial
cell number, but depends also on the physiological state
of individual cells (Baranyi, 1998). Thus, for the purpose
of this study, the use of growth curves represents a rapid
and inexpensive means to estimate the effect of different
feed additives on the residual fitness of pathogenic strains.
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Specific growth and maximum OD that can also be gained
from the equation of the 3-parameter logistic growth model,
revealed no useful information in this study. This was not
surprising, as specific growth relates to differences in
growth during the exponential phase and is often used
to compare the effectiveness of carbon sources but may
be ineffective to describe bacterial fitness (Concepcion-
Acevedo et al., 2015). In this study, maximum OD did not
show a strong correlation to lag time or specific growth and
was therefore not used to investigate the residual fitness of
the pathogenic strains.

On the other hand, faecal matter only poorly reflects
bacterial conditions in the intestine. The bacterial
composition of the small intestine is completely different
from the hindgut microbiota (Quan et al., 2020), which is
more comparable to the faecal microbiota. For instance,
fermentation of FOS may occur in the ileum (Conway,
1994) and generally, fermentable carbohydrates are already
attacked in the small intestine (Jensen and Jorgensen, 1994).
However, fermentation is far from complete in the small
intestine and increased bacterial metabolite concentrations
in the hindgut of weaned or suckling piglets that were
given FOS via feed (Correa-Matos et al., 2003) or orally
(Ayuso et al., 2020). This indicates that a considerable
amount of FOS reaches the hindgut. Thus, fermentation
of considerable amounts of FOS in the hindgut can be
presumed and therefore, faecal matter is considered as
an appropriate as well as convenient matrix to study the
fitness of pathogenic bacteria to prebiotics.

Finally, it is always preferred for studies on microbial activity
to use fresh and non-frozen samples due to loss of bacterial
viability after freezing. In this study, this was not possible
due to the screening process of 20 different farms. In future
studies that focus on a specific farm, on-site incubation of
fresh samples for the first incubation with feed additives
is conceivable in portable temperature-controlled units.

Impact of feed additives on the residual fitness of the
pathogenic Escherichia coli strain

E. coli induced diarrhoea is a significant factor in pig
farming, especially for post-weaning piglets (Fairbrother
et al., 2005). As sows are in intimate contact with their
offspring during the suckling period, the transfer of
pathogenic E. coli strains via sow faeces is very probable
(Bettelheim et al., 1974). Thus, reducing pathogenic
E. coli in sow faeces would reduce the bacterial burden for
piglets. In our study, we used an E. coli strain that is used
as challenge model in post-weaning piglets (Schroeder et
al., 2006; Spitzer et al., 2014).

According to hierarchical clustering and comparison of lag
times in different farms, the prebiotic FOS seemed to be the
most consistent additive in different farms, either as single

additive or in combination with all three probiotics. On
the other hand, MOS as well as inulin showed less overall
influence singly or in combination. Prebiotics are thought to
improve growth and activity of beneficial bacteria, thereby
inhibiting pathogenic bacteria via metabolite production or
competition (Gibson and Roberfroid, 1995). Fermentation
of prebiotics may indeed reduce pH-values and lead to
lower fitness of bacteria that are not adapted to a low pH.
It is established that MOS interferes with the attachment
of enterobacterial fimbriae to epithelial tissues, but much
less is known about its fermentation by hindgut bacteria
(Halas and Nochta, 2012). In this study, MOS may not have
been able to modify the faecal microbiota during time of
incubation and may therefore not be an effective substrate
for bacterial fermentation. However, it is also known
that inulin can modify the composition of the hindgut
microbiota in pigs (Sattler et al., 2015). Interestingly, in
respective studies bacterial metabolites often seem not
to increase, but sometimes even decrease when inulin
is supplemented in diets for sows (Passlack et al., 2015),
suckling piglets (Wang et al., 2019) or growing pigs (Branner
et al., 2004; Eberhard et al., 2007; Loh et al., 2006). Thus,
if one follows the proposed inhibition of the pathogenic
E. coli via bacterial metabolites, inulin would not be a
suitable candidate. Changes in bacterial composition may
not have taken place during the 24 h incubation period of
the pathogenic E. coli strain with pre- and probiotics, but
rather changes in bacterial activity. Finally, regarding inulin,
a meta study also found that the initial concentration of
bifidobacteria is important for the often quoted ‘bifidogenic’
effect of inulin (Rao, 1999). Regarding prebiotics, it may be
concluded that the assay cannot detect any beneficial long-
term effects of prebiotic supplementation that are related
to microbiota changes, but rather identifies direct effects
via fermentation. Nevertheless, the assay is very suitable
for any prebiotic that is created to decidedly interfere with
bacterial fermentation in the hindgut.

There were notable exceptions for the residual fitness of
E. coli in samples from different farms. Thus, while samples
from Farm P drastically reduced E. coli fitness, other farms
like Farm G and L even showed an increased fitness. This
was evident also for combinations of FOS with probiotic
products for several farms. These results are most probably
due to different farm-specific bacterial composition and
-activity in the samples. Not all farms may possess sows with
a microbiota that is able to induce such effects. Therefore, if
one would use FOS on such farms as feed additive in sows
feed with the intent to reduce the pathogenic E. coli load,
there may be negative consequences. Results from this assay
in combination with in-depth analysis of metadata as well
as bacterial composition would give valuable information
for specific farms, on which type of prebiotic may be more
suitable. To that end, we examined the data on the faecal
microbiota of the samples used and found a high in-farm
similarity for most farms, but lower similarity between
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farms. This has also been found in other studies (Yang et
al., 2018) and emphasises that microbiota data should be
included in the search for tailor-made pre- and probiotics.

The single application of probiotic products did not show
significant differences for E. coli residual fitness compared
to controls, the only exception being the Bacillus probiotic
in farm I. Probiotics have different modes of action (Fuller,
1989) and some probiotics may primarily act more on
host response than directly on the microbiota or specific
pathogenic bacteria (Chaucheyras-Durand and Durand,
2010). However, probiotic bacteria have to compete with the
indigenous microbiota as any other exogenous bacterium.
Therefore, the ‘fitness’ of the three probiotic products
during the incubation may be different depending on the
existing microbiota in the samples. It is unknown and not
central to this study, if the probiotic bacteria were able to
adapt to the environment. Apparently, their influence in
the residual fitness of the pathogenic E. coli were marginal.

Impact of feed additives on the residual fitness of the
pathogenic Clostridium difficile strain

C. difficile infections are of serious concern to neonatal
piglets (Songer et al., 2000). C. difficile does not affect
adult pigs or post-weaning piglets but has a window of
opportunity for infection in the hindgut of two-to-ten-
day old suckling piglets (Hopman et al., 2011; Weese et
al., 2010). Interestingly, detection of C. difficile in sows
is often difficult, but high cell numbers can be found in
their offspring (Grzeskowiak et al., 2019). Thus, rapid
multiplication of this pathogen occurs in the suckling
piglets and the actual microbiota composition and -activity
may be the decisive factor for C. difficile colonisation and
outbreak of disease (Grzeskowiak et al., 2019). Furthermore,
the success of faecal transfer from human donors on
C. difficile remission also indicates that bacteria are strongly
involved in the control of C. difficile (Konturek et al., 2017).
A modification of the sow microbiota may therefore be
an attractive way to reduce C. difficile infections, as the
transfer of the maternal faecal microbiota to their offspring
is of importance.

In our study, we used a C. difficile strain with the ribotype
078 as a model strain, which is not only of interest in the
pig industry. This ribotype is also found in human patients
suffering from C. difficile-associated diarrhoea (Goorhuis
et al., 2008) and thus, this strain is of interest within the
concept of the ‘One-Health’-approach. Although there
are some studies in human medicine concerning direct
beneficial effects of probiotics on C. difficile infections
(Dendukuri et al., 2005; McFarland, 2006), knowledge about
promising strategies is still limited in swine nutrition.

Compared to the E. coli strain, incubations with the
C. difficile strain suffered from high standard deviations

and thus, fewer significant differences were observed.
This may be related to individual differences in growth
conditions after the incubation with pre- and probiotics,
as control incubations consistently showed much lower
standard deviations (data not shown). Therefore, the
effect of the pre- and probiotics on the residual fitness of
the C. difficile strain may have depended much more on
the initial bacterial composition of each individual faecal
slurry before incubation than it was the case for the E. coli
strain. Here, additional in-depth analysis of the microbiota
composition and metadata is especially recommended to
elucidate farm-specific differences.

Neither the single application of pre- nor probiotic products
yielded decisive changes on C. difficile residual fitness,
although inulin tended to decrease fitness in more farms
than FOS and MOS. In combination with FOS and inulin,
the Bacillus product tended to decrease fitness in eight
farms, while the Enterococcus probiotic in combination
with MOS decreased fitness in seven farms. However,
some farms displayed even an increased residual fitness for
C. difficile with the mentioned combinations. In addition,
the overall similarity analysis for all farms shows that FOS
again showed a strong impact on the C. difficile strain,
but only in combinations with probiotics. From these
observations, several conclusions can be drawn. Firstly,
single application of the probiotic products did not show
any noticeable effect on both pathogenic strains. This
result may question their activity during the incubation
period. However, the quite diverse changes observed
for the C. difficile strain in combination with prebiotics
indicate that the probiotics indeed modified the activity or
composition of the faecal microbiota during the incubation
period. Thus, different modes of action regarding the
residual fitness of the two pathogenic strains can be
presumed for the probiotic products. Secondly, the E. coli
strain seemed to be much more vulnerable to the addition
of the easily fermentable FOS. Therefore, a subsequent
reduction of pH due to release of short chain fatty acid
metabolites may have a direct effect on E. coli, but not
on C. difficile. Subsequently, resilience of the C. difficile
strain against an increased fermentation rate may be higher.
Finally, certain combinations of pre- and probiotics (e.g.
Bacillus and FOS/inulin; Enterococcus and MOS) may work
on many farms, but not on all farms. It is therefore very
likely that the fitness of the C. difficile strain was mainly
based on the composition of the indigenous microbiota in
each individual sample.

Farm dependent differences and farm specific solutions

The data shows that the residual fitness of the pathogenic
strains after incubation with pre- and probiotics in sow
faecal slurries are farm dependent. Although some
combinations of the feed additives were more successful
overall, these combinations sometimes even led to
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an increased fitness in other farms. For instance, the
combination of the Bacillus probiotic with FOS decreased
residual fitness of C. difficile in samples from Farm L, but
the same combination drastically increased fitness in
Farm A. Furthermore, this combination was not able to
decrease fitness for the E. coli strain.

Therefore, a ‘one-size-fits-all’ approach for pre- and
probiotics as well as for different pathogenic bacteria is
questionable. The different outcomes also imply that the
composition of the sow faecal microbiota is a primary
factor for the success of these feed additives in inhibiting
the colonisation of the tested strains. It is thus likely that
individual differences in different farms determine the
success of pre- and probiotic additives. The analysis of
these differences will be part of further studies within the
project ‘Optibiom’ that focus on bacterial composition and
a wide range of acquired metadata.

The presented data in this study show that it is possible
to pre-screen many different combinations of potentially
beneficial feed additives that target the intestinal
microbiota. Information on the bacterial response to these
feed additives is a valuable parameter to guide the user in
the choice of feed supplements to reduce the transfer of
specific pathogenic bacteria from the sow to their offspring.
Similar to tests for antibiotic resistance to decide on the
use of appropriate antibiotic on a farm, this assay is at its
minimum able to exclude pre- or probiotics that show
increased fitness of a given pathogenic strain. At its best,
the assay can point to feed additives that are capable to
inhibit a specific pathogen on an individual farm. Such
a tailor-made approach would replace a trial-and-error
method that is not only cost intensive, but also negatively
impacts long-term animal welfare and performance.

5. Conclusions

The present study demonstrated that pre- and probiotics
and their combinations led to specific responses of a
pathogenic E. coli- and a pathogenic C. difficile model
strain after incubation in sow faecal slurries. Using lag time
as parameter for residual fitness, farm specific responses
to pre- and probiotics were demonstrated. Combined with
microbiome analysis and evaluation of farm metadata on
husbandry, feed and management, this novel screening
method offers a promising approach for the pre-selection
of pre- and probiotics for individual pig farms. However,
more studies are needed to further refine the use of the ex
vivo assay in terms of on-farm processing of samples and
validation of farm specific pathogenic strains.
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ABSTRACT

Beneficial effects of pro- and prebiotics in weanling piglets are of great interest in livestock production. Similarly, the use of specific vaccines is
of interest as alternative to antibiotics to reduce postweaning performance losses. The aim of this study was the assessment of the effect of a
dual-strain probiotic (Bacillus subtilis and Bacillus licheniformis) and a prebiotic (fructo-oligosaccharides) as well as the additional vaccination with
an autogenous inactivated Escherichia coli vaccine on the performance of newly weaned piglets after experimental infection with an enterotoxi-
genic E. coli. Forty piglets at the age of 28 d were randomly allotted to one of five groups: nonchallenged control (NC); challenged positive control
(PC); challenged and vaccinated (CV); challenged and diet supplemented with pre- and probiotic mix (CM) and challenged, diet supplemented
with pro- and prebiotic mix and vaccinated (CMV). Piglets of CV and CMV were vaccinated parenterally prior to the trial at the age of 17 d.
Compared to NC, the experimental infection with E. coli resulted in a significant reduction of body weight gain in both vaccinated groups (P =
0.045), which was associated with an impaired gain to feed ratio (P = 0.012), but not feed intake. In contrast, piglets in the group supplemented
with pro- and prebiotics (group CM) were able to maintain their weight and had an average daily gain, which was not significantly different from
groups NC and PC. No differences regarding body weight gain, feed intake, gain to feed ratio and fecal score were observed between groups
during the 3rd and 4th week of the trial. A significant impairment of fecal consistency and frequency of diarrhea was observed related to the
oral challenge when comparing PC and NC treatments (P = 0.024). Neither vaccine, nor supplementation with pro- and prebiotics were able to
significantly improve fecal consistency, nor did they have a positive effect on the prevalence of diarrhea. The results show no positive synergistic
effect of the specific combination of vaccine and pre- and probiotics used in this trial on performance and diarrhea. The results show that the
concept of a combination of a specific vaccination and a probiotic with a prebiotic needs further investigation. In the sense of avoiding the use
of antibiotics, this seems to be an attractive approach.

Key words: challenge trial, Escherichia coli, prebiotic, probiotic, vaccine, weaning piglets

INTRODUCTION growth depression. The most common pathogen causing
PWD are enterotoxigenic Escherichia coli (E. coli; ETEC;
Fairbrother et al., 2005). ETEC strains produce adhesins and
enterotoxins, which are crucial to the development of PWD.
The predominant fimbrial adhesins in weaning piglets, which

Weaning is one of the most critical periods in intensive swine
production. Piglets are stressed due to separation from their
mother, absence of milk, new environment, grouping and

mixing of litters and the supply of solid feed. The interruption . ; . dh N I
of the supply of maternal antibodies with the milk represents are important for ETEC strains to adhere to the small intes-

a challenge for the immature immune system of young piglets tinal epithelial cells, are F4 (45.1%) and F18 (33.9%; Luppi
(Bailey et al., 1992; Salak-Johnson and Webb, 2018). The €t al., 2016). After colonization, the ETEC strains produce
switch from highly digestible milk to less digestible, more heat labile and_ heat stable enterotoxins w!nch are respon-
complex solid feed is another factor that contributes to sible for secretion of electrolytes into the intestinal lumen,
reduced or completely discontinued feed intake (FI), which thus creating a hypf:rtonlc ﬁnwronlrarient mn thbe gutl.)The HLOSt
then leads to morphological changes, microbial dysbiosis,and ~ OMMON €nterotoxins are eat;sta € toxin (,ST > 5,9'1 0)s
inflammation in the intestine (Lalles et al., 2007). In addi- heat-stable toxin a (STa, 38.1%) and heat-labile toxin (LT,
b * 0, .

tion, the digestive tract undergoes numerous physiological, 31.9%) (Lupp Let al.,hZOlG). ) ‘ imicrobial resi

immunological, and microbiological changes during this crit- Concerns a olut the promotion o antln?liro 1a lre_smt-
ical postweaning period (Lalles et al., 2004). These alterations fu:ice due to se ective lpressures on bactercia polpq ations
in the digestive tract associated with weaning and infections ed many states to implement measures and regulations in
with enteropathogens can result in a high prevalence of order to limit the use of antibiotics in farm animals. The
postweaning diarrhea (PWD). Clinical signs of PWD are wa-  consequence of this was the ban on antibiotics as growth

tery diarrhea associated with inappetence, dehydration, and promoters in the European Union since 2006 (Regu.la.tio.n
(EC) No. 1831/2003). Following the ban, other nonantibiotic
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feed additives were becoming more interesting regarding re-
duction of ETEC load, improving intestinal health and per-
formance of weaned piglets (Halas et al., 2009). Within this
group, probiotics either alone or combined with prebiotics
and the use of autogenous vaccines have great potential to
become important alternatives in developing antibiotic-free
feeding strategies (Hedegaard and Heegaard, 2016).

Probiotics are defined as “live micro-organisms that, when
administered in adequate amounts, confer a health benefit
on the host” (FAO, 2006). However, the use of probiotics
provides contradictory results. Many studies report beneficial
effects on piglets health and impact on the gut e.g. with some
trials showing increased weight gain and improved feed con-
version in piglets as reviewed by Barba-Vidal et al. (2018),
while others have not shown any effects especially on growth
performance (Kreuzer et al., 2012;Hu et al., 2019). Bacillus
spp. have a high potential to serve as probiotic feed additives
and are therefore widely used in the feed industry (Larsen
et al., 2014). It has been demonstrated, that Bacillus subtilis
and Bacillus licheniformis can be used to prevent diarrhea,
improve gut barrier function, modify immunity of weaned
piglets and beneficially influence the intestinal microbial com-
position and metabolic activity (Lu et al., 2018; Kim et al.,
2019;Wang et al., 2021).

Prebiotic carbohydrates are indigestible to the host and are
fermented and utilized by the intestinal microbiota (Gibson
and Roberfroid, 1995). They can help to enhance the growth
of beneficial bacteria selectively, such as Lactobacilli and
Bifidobacteria (Kolida et al., 2002; Zhou et al., 2021) and
alter the composition of gut microbiota (Zhou et al., 2021).
Fructo-oligosaccharides (FOS) occur naturally in a variety of
fruits and vegetables, such as artichokes or chicory, and can
stimulate the growth of beneficial bacteria in the intestine. In
mice, it is reported that FOS can strengthen the immune func-
tion by regulating immune parameters, e.g. increased fecal
IgA and decreased production of IL-1f (Delgado et al., 2012).
In piglets, FOS supplementation increased relative abundance
of Bifidobacterium spp. and Lactobacillus spp. (Zhao et al.,
2019) and improved growth performance due to reduction of
diarrhea, improved feed intake (FI), and feed conversion (Xu
et al., 2005).

As passive lactogenic protection is rapidly lost after
weaning, vaccines can help stimulating the active immunity to
prevent E. coli induced piglet losses. Farms having problems
with recurring ETEC infections are often recommended to
vaccinate piglets. Vaccines can be administered orally or par-
enterally (Melkebeek et al., 2013). Products are commercially
available and have been successfully tested in weaned piglets
(Melkebeek et al., 2013). It was demonstrated that signifi-
cant reduction of diarrhea, ileal colonization, and fecal shed-
ding of ETEC F4 in challenged piglets after weaning can be
achieved (Fairbrother et al., 2017).

Pre- and Probiotics were selected specifically for the E. coli
strain used in this trial using a novel established ex vivo assay
method (Zeilinger et al., 2021). Thus, the recommendations
of the consensus committee on the definition of prebiotics
were implemented as far as possible, namely the selection of
fermentable carbohydrates acting effectively with the pro-
biotic (Swanson et al., 2020). The concurrent combined use
of vaccination and pro- and prebiotics may be a promising
approach for the future control of PWD, but has not been
studied for this purpose. Therefore, the aim of this study was
to investigate whether probiotic and prebiotic-based diets
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combined with an autogenous parenteral vaccine have a ben-
eficial effect on the growth performance and prevalence of
diarrhea of newly weaned piglets challenged with an ETEC
strain.

MATERIALS AND METHODS

The study was approved by the State Office of Health and
Social Affairs (Landesamt fiir Gesundheit und Soziales,
Berlin; registration G 0109/20). The institutional and national
guidelines for animal welfare were followed.

Animals and Experimental Design, Vaccine, and
Challenge Bacterium

Prior to the trial, piglets were tested for their F4ab/F4ac
receptor status. DNA extraction was performed according
to the manufacturer protocol (DNeasy Blood & Tissue
Kit, QIAGEN). Tissue samples for DNA extraction were
obtained from piglets on the 1st day of life during ear tag-
ging. Single-nucleotide polymorphisms (SNPs) genotyping,
according to the protocol of Kreuzer et al. (2013) was used
to determine the receptor status for F4ab/F4ac fimbriae
of a total of 145 piglets. Only F4ab/F4ac sensitive piglets
were selected for the trial. For the parenteral vaccination,
an inactivated whole-cell vaccine (5S20-0171) for pigs spe-
cifically developed for the E. coli challenge strain was used.
The vaccine contained aluminum hydroxide as adjuvant and
was used at a dosage of 1 mL/piglet (Ripac Labor GmbH,
Potsdam, Germany). Two weeks prior to the infection, 20
F4ab/F4ac sensitive piglets (17 = 3 d old) were randomly
selected and vaccinated. A total of 40 piglets (German
Landrace, initial BW of 6.42 = 0.50 kg, weaned at 28 + 3
d of age) were randomly allocated (considering the vaccina-
tion status) to one of five treatment groups (N = 8 animals/
treatment): nonchallenged control (NC); challenged positive
control (PC); challenged and vaccinated (CV); challenged
and diet supplemented with pre- and probiotic mixture
(CM) and challenged, diet supplemented with pro- and pre-
biotic mixture and vaccinated (CMV). Piglets were housed
individually and observed over a period of 29 d. Feed and
water were provided ad libitum. After a 5 d period of adap-
tation, piglets belonging to the treatment groups PC, CM,
CV, and CMV were orally challenged with 2 mL of an E. coli
isolate (IMT 203/7, serotype O149:K91, hemolytic; positive
for F4, F6, paa, LTI, STL, STII, and EAST toxins) at 3 x 10°
cfu/mL. The E. coli suspension was prepared on the day of
the infection following a standard protocol (Schroeder et
al., 2006). In short, a preculture of the strain was incubated
overnight at 37 °C with intermediate shaking (~150 rpm) in
10 mL LB medium followed by a second preculture with 8 h
incubation. The main culture was cultivated in 150 mL LB
medium for 11 h at 37 °C with intermittent shaking. After
centrifugation (3,000 x g for 15 min at 20 °C), cells were
diluted in sterile 1% peptone water and density adjusted to
5 x 10°/mL. Syringes were filled with 2 mL cell suspension
and orally applied to the piglets. Piglets of group NC re-
ceived 2 mL sterilized water as placebo. For quality control,
the actual cell count of 3 x 10° cfu/mL was determined by
serial dilution on LB broth (Lennox) agar plates (Carl Roth
GmbH + Co. KG, Germany). During the trial, the piglets
were monitored daily including general condition, FI, fre-
quency of respiration, behavior, and presence of pain. Fecal
consistency was assessed every morning according to a
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scoring system ranging from 0 to 2 (0 = normal feces, 0.5 =
pasty feces, 1 = soft feces with liquid parts, 1.5 = pasty feces
with great liquid parts, 2 = liquid diarrhea). Body weight
(BW) and FI were recorded weekly to calculate average daily
gain (ADG), average daily feed intake (ADFI), and gain to
feed (G:F) for each piglet.

Experimental Diets, Prebiotic, and Probiotic

A basal diet was formulated to meet the nutrient
recommendations for weaning piglets (GfE, 2006). The main
ingredients and complete diets were analyzed via proximate
analysis: dry matter (DM; Method III 3.1); crude protein
(Method TI 4.1.1 modified after Makro-N-determination,
Vario Max CN); crude fiber (Method III 6.1.4); fat (Method
II 5.1.1); ash (Method III 8.1); starch (Method III 7.2.1)
(VDLUFA, 2012). Calcium concentration was analyzed after
dry ashing using atomic absorption spectrometry (AAS Vario
6, Analytik Jena GmbH, Germany). Phosphorus was measured
by the vanadate molybdate method. Sugar content in the diets
was analyzed by LUFA Nord-West, Germany. The energy con-
tent was calculated using the “Prediction of metabolizable en-
ergy of compound feeds for pigs” of the Society for Nutrition
(GfE, 2008). The composition and nutritional characteristics
of the basal diet are given in Tables 1 and 2. The basal diet was
supplemented with either pro- and prebiotics or corn starch ac-
cording to the treatment group. The treatment group NC, PC,
and CV received the basal diet with additional corn starch. The
two groups CM and CMYV received the basal diet with the pro-
and prebiotic. A detailed description of the treatment groups
is shown in Table 3. A dual-strain commercial probiotic mix-
ture in powder form containing B.s licheniformis DSM 5749
and B. subtilis DSM 5750 (3.25 x 10° cfu/g) in a ratio of 1:1
(BioPlus, Biochem, Germany) was used at a dose of 400 g/t feed
according to the manufacturer recommendation. Both strains
are licensed in the EU as feed additives for piglets. A commer-
cial prebiotic product, produced by partial enzymatic hydrol-
ysis from chicory inulin (Orafti P95, beneo, Belgium) was used
as source of FOS.

Statistical Analysis

The statistical analyses were performed using the soft-
ware package SPSS (IBM SPSS Version 25). Zootechnical
parameters were analyzed by one-way ANOVA based on
treatment groups. Prior to this, all data were tested for normal
distribution and variance homogeneity using Shapiro-Wilk
test and Levene’s test. Treatment groups were compared to
each other either using Tukey test or Games-Howell test
depending on variance homogeneity. Daily fecal score was
analyzed using the Kruskal-Wallis test. The average number
of days with diarrhea (fecal score > 0.5) and days without di-
arrhea (fecal score = 0) as a metric variable was analyzed by
ANOVA and Tukey test. All statistical tests used are noted in
the footnotes of the respective data tables. Mean differences
with a probability of P < 0.05 were accepted as statistically
significant.

RESULTS

Zootechnical Performance

The effects of the bacterial challenge and the different dietary
treatments on BW, ADG, and G:F are presented in Table 4.
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Table 1. Ingredients and analyzed nutrient composition of the basal diet’
and basal diet supplemented with pre- and probiotics? (as-fed)

Ingredients, %

Corn 21.03
Wheat 25.00
Soybean meal 23.30
Rye 15.00
Skim milk powder 10.00
Limestone 1.46
Mineral pre-mixture? 1.20
Mono calcium phosphate 1.05
Soya oil 1.00
L-lysine HCI 0.53
pL-methionine 0.19
L-threonine 0.18
L-tryptophan 0.06

'Diet for NC, PC and CV supplemented with 1% cornstarch.

*Diet for CM and CMV supplemented with 1% Fructo-oligosaccharides
and 400 g/t BioPlus.

3Contents per kg premix: 400,000 IU Vit. A (acetate); 120,000 IU Vit. D3;
8,000 mg Vit. E (a-Tocopherol acetate); 200 mg Vit. K3 (MSB); 250 mg
Vit. B1 (Mononitrate); 420 mg Vit. B2 (cryst. Riboflavin); 2,500 mg Niacin
(Niacinamide); 400 mg Vit. B6 (HCl); 2,000 pg Vit. B12; 25,000 pg Biotin
(commercial feed grade); 1000 mg pantothenic acid (Ca d-Pantothenate);
100 mg folic acid (commercial feed grade); 80,000 mg choline (chloride);
5,000 mg zinc sulfate; 5,000 mg iron carbonate; 6,000 mg manganese
sulfate; 1,000 mg copper sulfate-pentahydrate; 20 mg sodium selenite;

45 mg calcium iodate; 130 g sodium chloride; 55 g Mg magnesium sulfate.
NC, nonchallenged control; PC, challenged positive control; CV,
challenged and vaccinated; CM, challenged and diet supplemented with
pre- and probiotic mixture and CMYV, challenged, diet supplemented with
pro- and prebiotic mixture and vaccinated.

Piglets in vaccinated groups CV and CMV had significantly
lower ADG than NC in the first week after infection (P =
0.045).

However, the mean BWs of the groups were not significantly
different (P = 0.558), although weight loss was observed in
groups CV and CMYV during the first week after the chal-
lenge. The NC, PC, and CM groups had positive but similar
ADGs during the first week after challenge.

Neither supplementation with pre- and probiotics nor vac-
cination showed significant effects on piglet growth perfor-
mance. Final BW was similar among all treatments.

Significant differences in G:F ratio were observed during
the first week after infection. Except for CM all treatment
groups displayed a reduced G:F ratio (P = 0.012) compared
to NC. Additional statistical analysis using a 2 x 2 design
(with-without pre-/probiotic supplementation x with-without
vaccination) were used to analyze main effects of pre- and
probiotic, vaccine and their interaction (Supplementary Table
S1). Except for one outcome regarding ADFI during week 1
(P = 0.028), no significant differences were noticed regarding
the variables.

Fecal consistency and diarrhea

During the first 2 wk postchallenge, the fecal consistency
differed significantly among the nonchallenged and the chal-
lenged control groups. Treatment groups had a mean fecal
score of 0.5 but did not differ significantly from NC (Table
5). PC piglets had the highest number of days with pasty
feces, which is represented by a fecal score above 0.5. The
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Table 2. Analyzed nutrient composition of the basal diet’ and basal diet supplemented with pre- and probiotics? (as-fed)

Basel Diet! Supplemented Diet?

Analyzed nutrient composition, g/kg (as-fed)
Dry matter

Crude ash

Crude protein

Crude fiber

Crude fat

Starch

Sugar

Calcium

Phosphorus

Calculated metabolizable energy, MJ/kg

889.0 893.0
51.5 54.0
189.0 184.0
23.9 23.7
26.4 26.5
413.0 400.0
6.9 6.9
8.3 9.0
5.8 5.8
13.9 13.8

"Treatment groups NC, PC, CV; diet supplemented with 1 % Cornstarch.

*Treatment groups CM, CMYV; diet supplemented with 1 % Orafti P95 (beneo, Germany) and 400 g/t BioPlus (Biochem, Germany).
NC, nonchallenged control; PC, challenged positive control; CV, challenged and vaccinated; CM, challenged and diet supplemented with pre- and probiotic
mixture; CMYV, challenged, diet supplemented with pro- and prebiotic mixture and vaccinated. PC, CV, CM, CMV were challenged with 3 x 10 cfu/mL E.

coli IMT 203/7.

Table 3. Experimental design to test combinations of pre-/probiotics and
an autogenous vaccination in an Escherichia coli challenge model with
piglets

Treatment group Combined Vaccination Challenge with E. coli

pro-/prebiotic

NC No No No
PC No No Yes
CV No Yes Yes
CM Yes No Yes
CMV Yes Yes Yes

NC, nonchallenged control; PC, challenged positive control; CV,
challenged and vaccinated; CM, challenged and diet supplemented with
pre- and probiotic mixture; CMYV, challenged, diet supplemented with pro-
and prebiotic mixture and vaccinated.

Number of piglets for each treatment N = 8.

Probiotic: Bacillus licheniformis DSM 5749 and Bacillus subtilis DSM
5750 (3.25 x 10° cfu/g) in a ratio of 1:1, 400 g/t (BioPlus, Biochem,
Germany); Prebiotic: 1% Fructo-oligosaccharides (Orafti P95, beneo,
Germany); Vaccine: autogenous vaccine (Ripac Labor GmbH).
Challenge strain: E. coli isolate (IMT 203/7, serotype O149:K91,
hemolytic, 2 mL infection dose per animal, 2.95E+09 CFU/mL).

difference to the other treatment groups was only numerical
(P = 0.059). The treatments had no effect on the incidence
of diarrhea. An additional presentation of the average fecal
scores over the entire experimental period of 4 wk (Table
6) revealed a significant difference between the NC and PC
groups during the first week (P = 0.009). During the subse-
quent 3 wk, no differences in the fecal score between groups
were detected. Individual fecal scores of all piglets can be
found in Supplementary Table S2.

DISCUSSION

The data from the trial suggest, that the use of an autoge-
nous vaccine had no positive effect on piglet growth per-
formance and diarrhea incidence. Contrary to expectations,
the pre- and probiotic combination either alone or in com-
bination with the vaccine also had no significant effect on
the clinical symptoms after the E. coli infection. Growth of
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the animals was numerically better than in the vaccinated
groups, but was not significantly different from the control
groups. Since our experimental approach represents a novel
strategy of combining pre- and probiotics and vaccination,
comparison with existing literature is difficult. However,
many studies dealing with either the use of prebiotics or
probiotics or vaccinations show positive effects on weaning
piglets, mostly in terms of improving performance (Nadeau
et al., 2017;Lu et al., 2018; Kim et al., 2019), reduced in-
cidence of diarrhea (Lin et al., 2013; Fairbrother et al.,
2017;Nadeau et al., 2017) or positive impact on microbiota
composition regarding diversity and relative abundance of
beneficial species (Hu et al., 2019; Ding et al., 2021;Wang
et al., 2021). Regarding the pre- and probiotic groups, we
had expected a similar effect as in the studies mentioned
above. However, the CM group only had a positive effect
on the performance parameters during the first week of
the trial in direct comparison with the vaccinated groups.
In comparison with the control groups, no clear effect was
observed. In contrast, vaccination did not appear to have
a stabilizing effect on performance parameters, as all an-
imals in the vaccinated groups had significantly reduced
growth. The question arises to what extent vaccination ac-
tually affected the performance of piglets in the CMV group.
Considering these results, it is only speculative to assume
that there was an influence. However, due to the lack of fur-
ther analysis, a direct impact of the vaccine on the health
of the piglets remains speculation. An alternative factorial
analysis of the data was also unable to demonstrate effects
of the treatments. However, a biological effect between the
groups is evident, as weight loss during the first week of
the experiment was observed in the vaccinated animals. On
farms, it matters greatly in terms of animal welfare and prof-
itability whether piglets gain weight after weaning or lose
weight due to diarrhea or infection. There is a risk that af-
fected piglets will not recover after the growth retardation
and will be severely underdeveloped (Rhouma et al., 2017).
If many piglets are affected on a farm, this can lead to major
economic losses (Niemi, 2021). In the experiment conducted
here, all vaccinated animals showed decreased performance,
but recovered during the course of the experiment. Even
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Table 4. Effects of dietary supplementation of a probiotic mixture (B. subtilis and B. licheniformis) and fructo-oligosaccharides (FOS) and/or an E. coli
autogenous vaccination on the growth performance of weanling piglets infected with an E. coli strain 1 wk after weaning
Parameter Week NC PC CV CM CMV SEM P-value
Body weight, kg 0 6.9 6.9 7.4 6.5 7.2 0.12 0.214
1 7.8 7.1 7.0 7.2 6.9 0.19 0.558
2 9.6 9.2 9.6 9.4 9.0 0.25 0.935
3 13.9 13.6 14.7 14.0 13.4 0.31 0.795
4 18.1 16.9 17.9 17.3 17.9 0.37 0.845
Daily gain, g/d 12 125% 23b -61° 96> -422 28.7 0.045
2 268 306 382 323 309 31.1 0.873
3 603 625 723 651 619 23.7 0.612
603 474 460 467 640 38.9 0.450
Average daily gain, g/d 1-4 386 345 363 371 368 12.0 0.879
Feed intake, kg/w 1 1.34 0.99 1.62 1.35 1.13 0.088 0.178
2.95 3.42 2.96 2.87 3.29 0.220 0.928
6.30 5.67 5.94 5.73 5.15 0.303 0.828
6.20 5.54 5.69 5.95 5.83 0.221 0.843
G:F 12 0.61° -0.27¢ -0.29° 0.32b -0.420 0.126 0.012
0.67 0.63 0.98 0.85 0.64 0.074 0.562
0.69 0.78 0.87 0.75 0.80 0.038 0.602
0.69 0.50 0.57 0.53 0.80 0.046 0.478
Average G:F 1-4 0.69 0.64 0.65 0.67 0.66 0.012 0.639

Piglets were weaned at 28 = 3 d of age with an initial body weight of 6.42 + 0.50 kg; Body weight at week 0: Initial weight 1 d before challenge, G:F = gain

to feed.

NC, nonchallenged control; PC, challenged positive control; CV, challenged and vaccinated; CM, challenged and diet supplemented with pre- and probiotic
mixture; CMYV, challenged, diet supplemented with pro- and prebiotic mixture and vaccinated. PC, CV, CM, CMV were infected with 3 x 10° cfu/mL E. coli

IMT 203/7.

'Data are presented as means. Means were compared using ANOVA. Values within a row with different superscripts differ significantly at P < 0.05.

2Kruskal-Wallis test.

Table 5. Effects of dietary supplementation of a probiotic mixture (B. subtilis and B. licheniformis), a fructo-oligosaccharide (FOS) and an E. coli
autogenous vaccination on the fecal consistency of weanling piglets during the first 2 weeks postchallenge

Parameter NC PC CvV CM CMV SEM P-value
Median 0.18° 0.59% 0.47%b 0.45%b 0.51%b 0.047 0.024
Days with score > 0.5 1.88 5.50 4.20 4.67 4.17 0.445 0.059

Median = average fecal score (0 = normal feces, 0.5 = pasty feces. 1 = soft feces with liquid parts, 1.5 = pasty feces with great liquid parts, 2 = liquid

diarrhea).
Days > 0.5 = average number of days with a score above 0.5.

NC, nonchallenged control; PC, challenged positive control; IV, challenged and vaccinated; CM, infected and diet supplemented with pre- and probiotic
mixture; CMYV, challenged, diet supplemented with pro- and prebiotic mixture and vaccinated. PC, CV, CM, CMV were additionally infected with 3 x 10°

cfu/mL E. coli IMT 203/7.

The average number of days with diarrhea (fecal score > 0.5) was analyzed by ANOVA and Tukey test, means with different superscripts in a row differ
significantly (P < 0.05) and fecal score was analyzed using the Kruskal-Wallis test.

though the alternative analysis of the data did not show a
significant difference here, it is still an interesting fact in the
overall assessment. Why the data show a significant differ-
ence in daily FI during the first week of the experiment is
not clear. However, it is possible that the rather small sample
and the high variability of the data led to this result.
Contrary to expectations, the study did not detect bene-
ficial effects of vaccination on the parameters studied. The
piglets received one parenteral vaccination around 17 d of
age without additional boostering. Piglets are born with a
limited immune competence as there is no significant transfer
of maternal antibodies in utero (Rooke and Bland, 2002).
Passive immunization of piglets occurs up to 48 h after birth
through the high concentrations of immunoglobulins in the
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colostrum. Over the next 2 to 3 d, there is the transition
from colostrum to milk (Langel et al., 2016), associated with
a decline in immunoglobulins. However, a certain level of
immunoglobulins is retained in the milk. A possible influence
on the process of active immunization by maternal antibodies
cannot be excluded (Snoeck et al., 2003), as the timing of vac-
cination was relatively early at 17 d. It can be assumed that
colostral and milk antibodies deliver a transient passive pro-
tection but are rapidly degraded making piglets susceptible
to ETEC infection after weaning (Haesebrouck et al., 2004;
Hedegaard and Heegaard, 2016; Tizard, 2020). Parenteral
vaccination of sows can effectively prevent the occurrence of
ETEC diarrhea in neonates until weaning. The dams in this
study, however, were not vaccinated against ETEC. Parenteral
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Table 6. Average weekly fecal scores of treatment groups during the trial period’

Parameter Week NC PC CV CM CMV SEM P
Average fecal score 12 0.11° 1.072 0.93%b 0.91+b 0.93%b 0.097 0.009
0.26 0.19 0.07 0.30 0.12 0.043 0.398
3 0.02 0.12 0.03 0.23 0.08 0.032 0.147
0.00 0.00 0.00 0.06 0.00 0.010 0.117

NC: nonchallenged control; PC: challenged positive control; CV: challenged and vaccinated; CM: challenged and diet supplemented with pre- and probiotic
mixture and CMV: challenged, diet supplemented with pro- and prebiotic mixture and vaccinated. PC, CV, CM, CMV were additionally challenged with

3 x 10° cfu/mL E. coli IMT 203/7.

Fecal score (0 = normal feces, 0.5 = pasty feces, 1 = soft feces with liquid parts, 1.5 = pasty feces with great liquid parts, 2 = liquid diarrhea).

'Data presented as means.

“*Values within a row with different superscripts differ significantly at P < 0.05.

2Kruskal-Wallis for rank variable.

ETEC vaccines, as used in the current trial, do not always re-
sult in a long-term intestinal mucosal IgA response and rather
tend to stimulate the systemic immune response (Melkebeek
et al., 2013; Matias et al., 2017). In a study conducted by
Bianchi et al. (1996), parenterally immunized piglets showed
a lack of enteric immune response after subsequent oral in-
fection with E. coli. Oral vaccines should be preferred to
parenteral vaccines, especially in young animals, not only
because of cost effectiveness and adjuvants used, but also
because booster vaccinations, if needed, are easier to admin-
ister (Dubreuil, 2021). Oral vaccination provides more effec-
tive protection for weaned piglets, as demonstrated in several
ETEC challenge models, and therefore appears to be a more
reliable method of protecting piglets from ETEC infection
(Fairbrother et al., 2017; Nadeau et al., 2017). Oral vaccines
can be manufactured more cost-effectively, are easy to admin-
ister, safe, stable, and suitable for large-scale use (Dubreuil,
2021). In addition to the route of administration, ETEC
vaccines differ greatly in their composition. Autogenous
vaccines, as used here, are simple to produce and have eco-
nomic advantages. They have the benefit of presenting a range
of complex antigens to the immune system and, unlike live
attenuated vaccines, provide a high level of safety (Ramjeet
et al., 2008). Ideally, vaccines should contain fully inactivated
cells that retain their antigenic properties to provide adequate
immunity (Kaminski et al., 2014). An autogenous vaccine
should therefore be able to induce a strong immune protec-
tion against specific pathogens. However, the efficacy and
safety of autogenous vaccines in the field has not been conclu-
sively elucidated (Hoelzer et al., 2018). Autogenous vaccines
often provide only partial protection against one serotype and
limited cross-protection (Jolie et al., 1995). In addition, it is
possible that the antigens may be altered or destroyed by heat,
irradiation, or chemical treatments during the manufacture of
the vaccine, thereby compromising its efficacy (Haesebrouck
et al., 1997). Problems during manufacturing can also lead
to reduced efficacy. Pace et al. (1998), found that the main
reason for the unacceptable performance of many whole-cell
vaccines is that the bacteria used for manufacture have not
yet been able to develop the spectrum of required antigens
at the time of their inactivation. It is unlikely that a vaccine
containing these bacteria can elicit sufficient immunity. Still,
the observed reduction in performance after vaccination was
unexpected. We assume that the vaccination led to an inten-
sive immune reaction, which expressed itself in a reduced
growth performance and increased incidence of diarrhea. The
exact reasons for this remain unclear, as the vaccine used in
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the trial was made specifically for the study and was not pre-
viously tested for potential effects on performance or health.

Another promising approach for improving the perfor-
mance and health of weaning piglets is the use of probiotics.
In order to perform this study, probiotic strains were used
which have already led to positive results in other studies,
e.g., regarding growth or feed conversion. Bacillus spp. are
probiotic strains that are often used in weaning piglets (Lu
et al., 2018; Luise et al., 2019; Wang et al., 2021). The inhib-
itory activity of the Bacillus spp. strains against pathogenic
bacteria (e.g., E. coli) is species and strain dependent. Strains
belonging to the species B. subtilis have great potential to in-
hibit the growth of pathogens in the intestine.

Bacillus subtilis showed better probiotic potential in terms
of pathogen inhibition, sporulation, production of glycosyl
hydrolases and biofilms compared to B. licheniformis (Larsen
et al., 2014). However, other studies have shown that the
combined dietary supplementation withBacillus subtilis and
B. licheniformis can further enhance the positive effect on the
composition of the microbiota by increasing microbial diversity,
metabolic activity and intestinal mucosa (Wang et al., 2021). In
our study, improved zootechnical performance by dietary sup-
plementation with prebiotics and probiotics was evident only in
direct comparison to the two vaccinated groups and the CM
group. Comparison with the control groups showed that pre-
and probiotics did not result in comparable growth performance
and feed conversion. Effects were only visible during the first
week after challenge. For the remaining 3 wk of the trial, no sig-
nificant differences in piglet performance were observed between
the treatment groups. Results are in line with trials conducted by
Kim et al. (2019) and Luise et al. (2019), as no effects beyond the
first week of infection were observed there either.

The question arises whether an alternate use of the pre- and
probiotics could have yielded better results. Whether the short-
term intake of the supplemented diet only after weaning was
sufficient to stabilize the intestinal health of the piglets or to suffi-
ciently improve their protection against infection cannot be con-
clusively assessed. An equal intake of prebiotics and probiotics
cannot be ensured among all piglets as FI after weaning may vary
considerably due to nutritional, environmental, and psycholog-
ical stress (Dong and Pluske, 2007; Lalles et al., 2007). Due to
the unique relationship between sow and offspring in terms of
microbiota and gut health (Luhrmann et al., 2021), altering the
sow’s microbiota with probiotics may be a way to improve gut
health and reduce the incidence of PWD in weanling piglets. This
approach in combination with an autogenous vaccine should be
further investigated in future studies.
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To minimize stress to the animals, the trial was designed
to be as noninvasive as possible. Retrospectively, additional
analyses e.g., collecting blood samples to measure titers of
specific antibodies would probably have provided a more
profound insight into the immune response triggered by the
vaccine. Indirect ELISA is an easy way to monitor specific [gM
and IgA levels in serum and observe modifications occurring
after immunization and infection. Moreover, an additional
booster vaccination shortly before or after weaning might
have triggered a stronger immune response to the infection.
To realize the practical application of autogenous vaccines
and feed additives on pig farms, an inactivated whole cell
vaccine was chosen for this study. Since the use of live atten-
uated vaccines is subject to strict regulations, it makes sense
to use inactivated vaccines also in future trials. However, oral
use of the vaccine should be favored. With regard to the re-
cent literature, it would have been particularly interesting to
investigate whether the administration of the vaccination led
to any remarkable alteration of the microbial community
compared to the nonvaccinated animals. This approach could
be pursued through further research.

Under the specific conditions of the study conducted here,
the efficacy of the pre- and probiotic combination was not
convincing although recent literature often reports benefi-
cial effects on intestinal health. Vaccination was also not
convincing and instead resulted in reduced performance
and increased incidence and severity of diarrhea in chal-
lenged piglets possibly indicating a strong immune inter-
action. Accordingly, synergistic effects were not observed
either, however, the potential synergistic effect needs to
be verified on a broader basis. The application of the vac-
cine by the oral route is possibly more promising than the
parenteral approach tested in this study and also strain-
specific characteristics of the infectious pathogen should
be taken more into consideration. Therefore, a general
conclusion on the efficacy of such combinations cannot be
drawn from one single study, as other combinations and
an alternative experimental design may affect the intestinal
response differently.

SUPPLEMENTARY DATA

Supplementary data are available at Translational Animal
Frontiers online.
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General discussion and conclusion

5 General discussion and conclusion

The aim of this study was to develop a method to determine tailored combinations of pre-and
probiotics to allow for targeted use in practice. For this, a novel ex vivo assay was tested. The
findings obtained were verified in an in vivo challenge trial. In addition, a strain-specific vaccine
was tested. It was hypothesized that the individual or farm-dependent composition of the gut
microbiome of piglets influences the efficacy of pre- and probiotics. Therefore, it should be
possible to improve gut health and growth performance using tailor-made pre- and probiotic
combinations. The additional implementation of a strain-specific vaccination was meant to
further enhance this effect. Using the ex vivo assay, strain-specific combinations of pre- and
probiotics were identified. Based on these findings, a tailor-made combination was determined
for the challenge trial. However, no positive effects on growth performance and fecal score
were observed during the trial. The additional testing of a strain-specific vaccinedid not provide
any additional improvement but rather led to a deterioration in the animals’ health and
performance.

Pre- and probiotics, as well as their combination, are considered a promising way to improve
the health and performance of animals of different age groups in the modern swine husbandry.
This study was part of a large-scale project (OptiBIOM) to optimize the gut health of livestock
through microbiome analysis and tailored prophylactic strategies. For this purpose, a novel ex
vivo assay was developed and tested. FOS and B. subtilis | B. licheniformis were identified as

the most promising combination and tested in an in vivo challenge trial with weaned piglets.

The idea of the project “OptiBIOM” was the development of a farm-specific prophylactic
strategy to reduce intestinal disorders after weaning. The focus was on stabilizing a healthy
gut microbiome while considering farm-specific conditions to prevent the spread of gut
pathogenic bacteria and minimize the use of antibiotics. In various sub-studies of the project,
large-scale metadata were collected, microbiome data were analysed and a novel ex vivo
laboratory approach was established. Based on these analyses, a concept was developed for
the targeted selection of pre- and probiotic combinations. It is likely that farm management,
genetics and the feeding regime of the animals mainly influence the composition of the
intestinal microbiome. The presence of distinct differences in porcine fecal microbiota
composition between differentfarms was also reconfirmed within OptiBIOM (Luhrmann et al.
2021). Therefore, a key factor for the successful use of pre- and probiotics seems to be the
predominant intestinal microbiota of the host. To date, there is no sound scientific data
indicating the characteristics of a healthy microbiome in pigs. The addition of pre- and

probiotics often leads to a shift in the microbial communities. However, an interpretation is
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difficult, as results from different studies may differ considerably. Often, the selection of
probiotic strains is based on empirical experience (Barba-Vidal et al. 2019). Additionally, there
is no uniform protocol for conducting pre- and probiotic-based studies. Each institution usually
follows its own implementation protocols and the selection of tested pre- and probiotics and
animals is also highly diverse. This might provide an explanation why the use of pre- and
probiotics often leads to inconsistent results. Some studies demonstrate a positive efficacy on
the microbiota (Chang et al. 2018; Kiros et al. 2019; Wang et al. 2019b), while others fail to
detect any effects (Kreuzeret al. 2012; Sato et al. 2019; Menegat et al. 2020). Due to different
probiotic strains and different study designs, the results obtained from various studies are
usually not comparable with each other. For example, there are studies that have not found
any positive effects of E. faecium and therefore doubt the suitability of the strain as a probiotic
(Kreuzer et al. 2012). In contrast, a few years later another study was able to demonstrate
positive efficacy for this strain (Peng et al. 2019). A closer look reveals significant differences
in the design of both studies. The first study involved weaned piglets infected with a Salmonella
enterica serovar Typhimurium (Kreuzer et al. 2012), while the other study infected suckling
piglets with an E. coli K88 (Peng et al. 2019). Furthermore, it must be considered whether the
results of a study are based on in vitro or in vivo experiments. In vitro experiments with porcine
intestinal epithelial cells (IPEC-J2 cells), for example, were able to demonstrate a positive
effect of E. faecium in piglets (Lodemann et al. 2015; Pezsa et al. 2022). This example is
intended to illustrate the extent to which external factors, such as study design, can influence
the view on the efficacy of a feed additive. Individual solutions in the application of pre- and

probiotics therefore seem more successful than the ‘one-size-fits-all’ approach.

5.1 Critical evaluation of the novel ex vivo assay

We considered an ex vivo experimental set-up to be more appropriate for the implementation
of a new laboratory method than an in vitro experiment. In vitro models are artificial
experimental settings, whereas ex vivo models incorporate living matrices (e.g., tissue, blood,
or digesta). While in vitro models have some advantages such as high reproducibility and high
adaptability (e.g., to different media and temperatures), they can only simulate in vivo
conditions to a limited extent. It is not certain whether the efficacies of probiotics tested
primarily in vitro will maintain their viability in vivo. To assess this, the bioactivity of the tested
compounds can be evaluated. Bioactivity describes any effects, interactions or responses of
living tissue triggered by the uptake of the targeted compounds and is largely determined by
bioaccessibility (nutrients that are released after gastrointestinal digestion and are available
for further absorption) and bioavailability (nutrients that are absorbed into systemic circulation
and trigger a metabolic or physiologic effect) (Dima et al. 2020). The highly acidic pH of the

gastric acid present in the stomach poses a major challenge. It is possible that only a small
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number of probiotic bacteria remain viable after the gastric passage. This can resultin reduced
efficacy and limited functionality in the intestine (Cook et al. 2012). In vitro digestion models
are helpful when studying the impact of bioactive compounds on health. Considering the
complexity of the gastrointestinal tract, itis questionable whether all physiological processes
can be fully represented in in vitro models. The models provide a first impression and are
therefore useful for an initial screening of the bioactive potential of new compounds tested.
However, it is not possible to assess whether the substances might have any further influence
on e.g. the endocrine or immune system or the intestinal microbiota. However, they enable
standardization and comparison with the current literature. One in vitro model which, despite
its limitations, shows the best correlation to in vivo animal studies is INFOGEST (Brodkorb et
al. 2019). Although INFOGEST is designed to mimic human digestion, in vivo — in vitro
correlation studies with pigs have shown that the INFOGEST protocol could also work for
research topics regarding porcine digestion (Egger et al. 2017). Other in vitro models that are
mainly used in the field of human medical/nutritional research are e.g. the TNO Gastro-
Intestinal Model (TIM), the Human Gastric Simulator (HGS), The Dynamic Gastric Model
(DGM) or SHIME (Dupont etal. 2019). The above-mentioned models all focus mainly on the
upper digestive tract (simulating both stomach and small intestinal digestion). Regarding the
potential effect of pre- and probiotics, however, the focus is more based on the lower digestive
tract. This is why established human in vitro methods appear rather unsuitable for testing the
efficacy of pre- and probiotics. There are approaches in which a pre-selection of probiotics has
been investigated using porcine in vitro assays. One model that is well suited for evaluating
the efficacy of probiotics is the porcine enteric epithelial cell model (IPEC-J2). The expression
of pro-inflammatory genes is assessed, which is of particular interest for trials and assays
involving pathogenic bacteria and infection. Some studies indicate a positive efficacy of e.g.
probiotics containing lactic acid bacteria by showing antagonistic activity against pathogenic
bacteria or by reducing the expression of proinflammatory cytokines (Jin et al. 2000; Yin et al.
2020). However, subsequent in vivo testing is often still required. In a further study, in vitro and
ex vivo methods for the pre-selection of probiotics were combined. For an initial screening, a
cell viability assay was performed with IPEC-J2 cells. Subsequently, a novel assay was used
to successfully test the survival rate of Caenorhabditis elegans after administration of the
preselected probiotics with subsequent ETEC infection (Zhou etal. 2014). The studies outlined
above show that there are interesting approaches for evaluating probiotics using in vitro
models. However, besides a lack of further conclusive studies in the field of in vitro animal

models there is also a fundamental lack of standardization in general.

In vivo experiments (animalmodels) are highly time and costintensive and strongly associated

with animal welfare concerns and ethical restrictions. Since the 1950s, increased attention has
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been devoted to the welfare of laboratory animals (Gorzalczany and Rodriguez Basso 2021).
To ensure animal welfare and to reduce the number of laboratory animals the 3Rs (Reduce,
Replace, Refine) were introduced (Flecknell 2002). The rational and respectful treatment of
laboratory and experimental animals is paramount. A key driver is the strong public opinion
and the resulting intense pressure on government and business. Consumers demand
transparency, alternative methods and often completely animal-free research approaches
(Petetta and Ciccocioppo 2021). There are intense debates about the relevance of animal
trials. While one half of the population appearsto be in favour of animal testing, the other half
opposes it. In particular, the dissemination of emotional based arguments and misleading
information by individuals or groups who strongly oppose animal trials can lead to a strong bias
in public opinion (Petetta and Ciccocioppo 2021). Even though the protection and welfare of
laboratory animals is a major concern these days, regarding the current research technologies
available and the current state of knowledge, it is not possible to completely abandon in vivo
animaltrials or replace them entirely with alternative methods. Nevertheless, researchers have
the responsibility to continuously develop and advance alternative approaches. When carrying
out animal trials, a prior assessment of the necessity is essential (3Rs). If an animal trial is
inevitable, particular attention should be devoted to animal welfare during the trials. When
conducting animal trials with livestock, especially the animal husbandry during the trials can
contribute positively to animal welfare. Established systems such as the "Five Domains Model"
can be applied in this context (Johnson et al. 2022). Ex vivo models combine the artificial
environment of in vitro models with cells, tissues or organs taken from animals or humans and
arethereby able to bridge the gap between in vitro and in vivo. Furthermore, they can preserve
structure of the native tissue, which allows them to mimic in vivo conditions better than in vitro
assays. The Ussing chamber and the “Porcine ex vivo intestinal segment model" are among
the well-established ex vivo assays in nutritional and digestiveresearch. The assays aremainly
used to study the transport of ions, nutrients and other substances absorbed via the digestive
tract across various epithelial tissues and for assessing gut integrity. Each model has its
advantages and disadvantages, which will not be discussed further here (Verhoeckx et al.
2015). A direct examination of the intestinal microbiota using either the Ussing chamber or the
intestinal segment model does not appear to be possible or there are no conclusive studies
available to date. However, by measuring intestinal permeability, conclusions can be drawn
about the state of the microbiota (e.g. reduced intestinal integrity may indicate the presence of
dysbiosis) (Thomson et al. 2019; Stolfi et al. 2022). Measuring gut integrity by using e.g. the
Ussing chamber could therefore provide further information on the effectiveness of tested pre-
and probiotics. However, there are no conclusive studies on this subject either, which is why
the establishmentof a practice-oriented ex vivo assay for evaluating the efficacy of pre- and

probiotics is a promising approach.
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In the present study, a total of 60 fecal samples from sows of 20 different farms were tested
with 16 different ex vivo assays performed per fecal sample. This results in a total of 960
assays, a number that would be very difficult or impossible to perform in vivo. Ex vivo assays
contribute to furtherreducingthe number of animal trials carried out. In addition, ex vivo models
are also suitable for screening possible adverse effects and potential negative health effects
under normal or pathological conditions (Tsilingirietal. 2012). Verification by using subsequent
in vivo trials is nevertheless necessary, albeit to a lesser extent. Pre-selection of biochemical
substances, feed additives or suchlike by appropriate ex vivo methods can significantly help
to reduce the number of animals used and increase the chance of a successful outcome.

To allow a direct and simple implementation of the ex vivo method into practice, pre- and
probiotics were selected that are already approved for sows and suckling piglets in the EU
within the “Catalogue of feed materials” and the “Additives for use in animal nutrition” (EUR-
Lex2003; EUR-Lex2022b). Among the prebiotics, three commonly used types in practice were
selected: Inulin, FOS and MOS. The main focus in the selection of the three prebiotics was
their ability to promote the number of beneficial bacteria and their positive properties in the
digestive tract (Roberfroid 2007;Liu etal. 2023). Inulin has shown to increase the Lactobacillus
population in the caecum of both suckling and weanling piglets (Wang et al. 2020) and reduce
the relative abundance of E. coli and Enterobacteriaceae in the digesta (Li et al. 2018).
Regarding intestinal health and microbial modulation, the concentration in which inulin is
administered also matters. Adose-dependent effect has beendemonstrated in different studies
(Kimetal.2010; Li etal. 2018; Barszczetal. 2020). The results here are not always consistent,
as in some studies lower concentrations (Li et al. 2018) and in other studies higher
concentrations (Barszcz et al. 2020) were more effective. Dose-dependent effects were also
observed in the present study. During the pre-tests, different concentrations (1, 5, 10, 20
mg/mL) of the selected prebiotics were tested in combination with the three selected probiotics
for all three pathogens used. The concentration at which inhibition of the growth of the
pathogenic strain could be detected was investigated. In our experiments, the highest
concentration usually showed the best efficacy. FOS (produced by partial enzymatic hydrolysis
from chicory inulin) was selected as the second prebiotic. In recent literature, FOS appears to
be one of the most popular prebiotics and is often promoted as a suitable alternative to
antibiotics in many studies (Csernus and Czegledi 2020; Liu et al. 2023). Similar to inulin, it is
able to promote beneficial bacteria (e.g. Lactobacillus spp., Bifidobacterium spp., Prevotella
spp.) (Chang et al. 2018; Zhao et al. 2019) and improve immune function by increasing
intestinal integrity, suppressing mucosal inflammation and bioactive metabolites e.g. SCFA
(Zhao et al. 2019). However, a particularinterest of the present project was the ability of FOS

to improve performance and gut health after a challenge with an enteropathogenic E. colistrain
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that was demonstrated in prior studies (Liu et al. 2020; Luo et al. 2022). FOS has been shown
to be involved in the suppression of inflammatory responses induced by pathogenic E. coli,
leading to improved intestinal integrity and epithelial function following ETEC exposure (Liu et
al. 2020; Luo et al. 2022).

MOS was chosen for its mode of action, which is different from that of the other prebiotics.
MOS has been shown to prevent adhesion of pathogenic bacteria to intestinal epithelial cells,
because it is able to attach to the mannose-binding proteins of bacterial fimbriae (Halas and
Nochta 2012; Spring et al. 2015), although it can also act as a direct nutrient for the intestinal

microbiota (Jana et al. 2021).

Prebiotics can also possess anti-inflammatory and antioxidative properties that help improve
gut health and consequently animal performance (Teferra 2021; Luo et al. 2022; Zha et al.
2023). Some representatives are able to prevent the attachment of pathogenic bacteria to
enterocytes (Saeed et al. 2017).

The selected probiotics (B. subtilis/ B. licheniformis, E. faecium and S. cerevisiae) are regularly
used in both experimental and practical pig feeding. Bacillus-based probiotics are particularly
resistant and stable in storage due to their ability to form spores. Studies also suggest that
multi-strain probiotics have greater efficacy due to suspected synergistic effects (Chapman et
al. 2011), which is why such a probiotic product was included in the present study. E. faecium
has been shown in previous studies to have a positive effect on both suckling and weaning
piglets, particularly on fecal consistency (Zeyner and Boldt 2006; Zhang etal. 2021). The yeast
S. cerevisiae boulardii is particularly heat tolerantand resistant to gastric acid, which makes it
well suited as a probiotic (Lazo-Vélez et al. 2018). Furthermore, beneficial effects on the gut
microbiota and alleviation of antibiotic-induced diarrhea following C. difficile infection were
observed in human studies (McFarland 2006; Al Sharaby et al. 2022). Recent studies have
demonstrated the efficacy of the corresponding probiotics in case of infection with E. coli
(Trevisi et al. 2015; Kim et al. 2019; Peng et al. 2019; Ferreres-Serafini et al. 2023; Xu et al.
2024).

The three chosen pathogens (E. coli, C. difficile and C. perfringens) were selected due to their
great importance for both suckling and weaning piglets. All three play an important role in
practice in terms of health and zootechnical performance (Mertenset al. 2022). No suitable
antibiotic mix could be found for the C. perfringens strainto ensure selective growth. The use
of a combination of antibiotics, specific media and the use of specific carbon sources might

have been a possibility to alleviate the problem. However, this could not be attempted due to
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the short time available. For this reason, the final ex vivo assays were only performed with the

E. coli and C. difficile strains.

Fecal samples were used as living matrices for the ex vivo assays. Although fecal samples
inadequately reflect the bacterial conditions in the gut, the fecal microbiota is most comparable
to that of the hindgut (Quan et al. 2020). Fecal samples have similar metabolites compared to
other intestinal sections, which is why general conclusions can be drawn about the
fermentation of carbohydrates and how it affects them. In addition, feces can be obtained with
comparatively little effortand are therefore advantageous for large-scale screenings. Besides
that, this type of sampling causes the least stress to the animals, which in turn contributes to
overall animal welfare. For the "OptiBIOM" project, nearly 1000 fecal samples were taken
rectally from sows, suckling and weaned piglets. Due to the large number of sampled animals,
time constraints of the project and logistical effort, the collection of digesta samples at this

scale was not possible.

The exvivo assay was able to confirm the presence of farm-dependent differences. Depending
on the pre- and probiotics tested and on the pathogenic strain used, individual combinations
could be identified for individualfarms. The reasons why some pre- or probiotics showed better
or lower efficacy in the different samples (farms) were intensively discussed in the first
publication. Since an infection with the existing E. coli was planned for the in vivo experiment,
the selection of a suitable pre- and probiotic combination was focused on the ex vivo
experiments performed with this strain. In this regard, FOS showed the most consistent,
positive effect in most farms (both as a single additive or in combination with all three
probiotics). In contrast, none of the tested probiotics could significantly influence the residual
fitness of the E. coli. Only the Bacillus probiotic was convincing for one farm tested. It is
possible that the mode of action of probiotic bacteria plays a significant role in this process.
Some probiotics can act directly on the host microbiota or pathogenic bacteria present in the
gut (Chaucheyras-Durand and Durand 2010). In some cases, the probiotic bacteria may not
be able to adapt to the prevailing conditions. In this context, the composition of the existing
microbiota seems crucial, which in turn explains why some combinations worked better in
some farms than in others. It was often observed that the effects of the combinations were
similar in samples from the same farms, but sometimes had an opposite effect in other farms.

5.2 Critical evaluation of the challenge trial

Using the ex vivo method, a promising combination (Bacillus probioticand FOS prebiotic) was
determined for an enterotoxigenic E. coli. strain serotype O149:K91. This strain was
specifically chosen for the challengetrial as there is already a well-established challenge model
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for weaned piglets (Schroeder et al. 2006; Spitzer et al. 2014). Among E. coli, F4 fimbriae-
positive ETEC, such as the strain used here, is considered a major cause of diarrhea in
weaned piglets in commercial pig farms (Mertens et al. 2022). The severity of experimentally
induced symptoms depends on the challenge strain used. The E. coli strain used here is
characterized by mild diarrhea and the infection is usually self-limiting (Schroeder et al. 2006).
Symptoms range from subclinical PWD to a moderate mortality rate of 13 - 40%, although this
can be strongly influenced by the treatment of the animals (Spitzer et al. 2014). Similar results
were observed in the present study. The greatest drop in performance appeared during the
first few days after infection. One piglet died shortly after infection, while another died during
the first week of the trial. A total of six additional piglets had to be treated due to acute
symptoms and were therefore excluded from the trial. Only one week after infection, most of
the piglets had recovered. This was also reflected in daily gains, which were no longer
significantly different between treatment groups one week after infection until the end of the

experiment.

The challenge trial was conducted with a total of 40 piglets. At the beginning, the piglets were
divided into five treatment groups (n = 8). Using an appropriate statistics software and
considering the three influencing variables dietary intervention, infe ction and vaccine, the total
number of piglets required was determined during the design of the experiment. In this context,
animal welfare issues (Reduce) were also considered. To reduce the total number of piglets,
double occupancy of the experimental units was omitted. The idea behind this was that the
infection of the animals and the potentially resulting reduction in general well-being would have
a greater impact on animal welfare than individual husbandry for a period of four weeks. Other
studies with a similar experimental approach have demonstrated that individual animal
husbandry has no detrimental effect on experimental results (Kim et al. 2019; Liu et al. 2020;
Luo et al. 2022a). During the trial, no negative effects due to the individual housing of the
piglets were detected. Piglets were housed in open stalls with low walls. The design of the
pens allowed both visual as well as physical contact (touching of snouts through the bars) of
piglets from neighbouring pens. This allowed social contact of individual animals. To avoid
contamination, the control group was kept separate from the infected animals in a separate
barn. In addition, a strict hygiene regime was maintained. Sample sizes of comparative studies
usually range from 8-12 experimental units per experimental group (Kim et al. 2019; Becker et
al. 2020; Liu et al. 2020). Therefore, the sample size of the study conducted is in line with
comparable study designs. In retrospect, however, the sample size of eight piglets per
experimental group was found to be rather small. Our hypothesis was that by using an E. coli
strain with a mild progression of symptoms, there would be no animal losses that might

negatively affect the sample size and thus the statistical analysis. Nevertheless, by the end of
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the experimental period, a total of eight animals were withdrawn from the experiment for
various reasons. In the negative control group, the sample size was maintained atn =8. The
final sample sizes of the other four additionally challenged treatment groups were n = 7
(prebiotic/probiotic combination only), n =6 (positive control; vaccinated and prebiotic/probiotic
combination), and n = 5 (vaccinated only). Despite the reduced sample size, valid statistical
results were obtained, which were presentedin a second publication. However, based on the
experience gained, it is advisable to include a larger number of animals or a certain number of

backup animals in future studies.

In the present study, the effects of the variables under investigation (prebiotic/probiotic mix and
vaccine) were assessed using as performance parameters growth rate and feed intake.
Additionally, the impact on fecal consistency was considered as another criteria. Previous
studies have frequently demonstrated that zootechnical performance parameters are a valid
benchmark for assessing the efficacy of pre- and probiotics, which is why the trial conducted
here was planned as a performance trial with corresponding health monitoring (Lu et al. 2018;
Menegat et al. 2020; Sureshkumar et al. 2022).

In addition, the efficacy of an autogenous vaccine specially produced for the challenge trial
was investigated. The vaccine contained bacterial antigens of the challenge strain and was
manufactured by a company with a license to produce strain-specific vaccines and long-term
expertise in this field. During the trial, individual animals in the vaccinated groups showed a
greatly reduced well-being and an increased fecal score. Daily gains during the first week of
the trial were also significantly lower than in the uninfected piglets and differed numerically
from the infected, non-vaccinated groups. The data indicate that the vaccinated piglets on
average lost weight during the first week of the trial. Therefore, the vaccination proved to be
an additional challenge, which would explain why the vaccinated piglets showed poorer
performance. To draw a conclusion about the underlying cause, further immunological
parameters should have been investigated. Other studies have examined antibody production
and response (e.g. using systemic IgAimmune response) before and after vaccination, as well
as after infection (Corsaut et al. 2020; Ramis et al. 2022). In addition, it is possible that the
effectiveness of the vaccine was influenced by the maternal antibodies contained in the milk
(Snoeck et al. 2003). Consequently, an additional booster vaccination shortly before weaning
might lead to stronger immunity. Both points have already been discussed comprehensively in

the published study.

Regarding the data collected, neitherthe pre- and probiotic mix nor the additional vaccination
with a strain-specific vaccine were able to produce a health benefit in piglets infected with E.

coli after weaning. There was no synergistic effect of prebiotic, probiotic and vaccine on
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intestinal health. Therefore, neither of the two hypotheses could be confirmed. However, it is
possible that other products and combinations may yield different results. This should be

further investigated in future studies with alternative study designs.

5.3 Critical evaluation of the study design and implications for further research

To perform the ex vivo method, fecal samples were collected rectally and snap-frozen in liquid
nitrogen immediately aftercollectioninthe barn. Samples were shipped on dry ice to guarantee
that samples arrived at the laboratory in frozen condition. In the lab, samples were sp it for
further analysis (approx. 1 g sample for each aliquot). Care was taken to avoid thawing of the
samples as far as possible. For optimal results, it is important to prevent changes in the
microbial composition of fecal samples after sampling until processing. In addition, care should
be taken to keep the storage conditions as consistent as possible for all samples within a study.
Although the sampling of "OptiBIOM" extended over the period of one year, a consistent
implementation of sampling was ensured to a large extent on the basis of a standardized
protocol. Since fecal samples maintain a stable microbial community for up to 2 years after
freezing at -80°C (Shaw et al. 2016), it was no problem to temporarily store the samples after
arrival at the lab until the time of further processing. However, to prevent interference with the
microbial community, it would have been advisable to aliquot the samples prior to shock
freezing to avoid the risk of freeze-thaw cycles during shipping and further processing (Wu et
al. 2019). This would have required a considerable additional effort during sampling,
significantly increasing the workload due to the large number of fecal samples collected and
therefore extending the sampling period considerably. Many studies suggest large effects of
freezing and thawing cycles especially on microbial DNA. Therefore, it is recommended to
avoid thawing and refreezing of fecal samples (Cardonaet al. 2012; Tedjo et al. 2015). Some
studies recommend extracting DNA from fresh feces immediately after sampling (Metzler-
Zebeli et al. 2016). The results indicate that freezing porcine feces prior to DNA extraction
significantly reduces the resulting DNA yield and absolute bacterial abundance and alters the
bacterial profile compared to immediate DNA extraction from fresh feces. However, there
seems to be a difference in whether bacterial data are presented as relative or absolute
abundance. In contrast, a further study demonstrated thatfreezing and thawing had little to no
effect on QPCR detection of bacterial taxa (Gorzelak et al. 2015). The data suggest that fecal
samples can be thawed up to four times without causing significant changes in microbial
composition. Nevertheless, defrosting cycles should not exceed a time of ten minutes. Mo st
importantly, implementing a standardized protocol for handling and storing fecal samples
appears to be essential to ensure comparability of gPCR data within and between studies
(Metzler-Zebelietal. 2016). In this context, the freezing method and storagetemperature seem

to have only a minor influence on bacterial abundance, as qPCR results are broadly
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comparable even under varying freeze storage conditions (Metzler-Zebeli et al. 2016). For the
study discussed here, the question remains whether the use of fresh fecal samples would have
been preferable for the ex vivo assays. Using classical culturing (compared to next-generation
sequencing), freezing of samples shows a tremendous impact on the structure of culturable
bacterial communities (Bilinski et al. 2022). There is high variability at lower taxonomic levels
(genera and families) and in a few cases, there may be shifts in species level between fresh
and frozen samples. In contrast, for next-generation sequencing, a comparison of selected
biodiversity indices (Shannon Diversity index, Pielou's Evenness index, and Faith's
Phylogenetic Diversity index) revealed no significant differences between fresh and frozen
samples (Bilinski et al. 2022). However, the study was performed with human fecal samples.
Whether a transfer of the results to pig fecal samples is possible, remains to be conclusively
clarified (Metzler-Zebeli et al. 2016). Since the ex vivo assay presented here is based on
bacterial growth, it might have been better to perform the assays with fresh fecal samples to

avoid variability of the bacterial community by freezing and thawing to a large extent.

The main idea behind "OptiBIOM" was to characterize the farm-specific microbiota to develop
tailored combinations of pre- and probiotics. In retrospect, it can be debated whether it was
justified to rely on the results of the ex vivo test when selecting a suitable combination for the
challenge trial. An additional study conducted as part of "OptiBIOM" was able to confirm not
only that the microbiota of different age groups differs from one another, but was also able to
identify farm-specific differences in microbiota composition (LUhrmann et al. 2021).
Accordingly, the combinations effective for the sow feces from the ex vivo assays were not
necessarily expected to produce a beneficial effect in piglets enrolled in the infection trial (as
these animals did neither correspond to the age group nor belonged to the same farm).
Therefore, it would have been advisable to perform ex vivo assays with fecal samples from
piglets selected for the challenge trial or with sows from the experimental herd beforehand.
This might have resulted in a different beneficial pre- and probiotic combination. Instead, we
focused on the most effective combination regarding the pathogenic E. coli strain. Previous
studies with similar experimental designs have already determined the beneficial effects of B.
subtilis and FOS on various performance and immune parameters (Kim et al. 2019; Liu et al.
2020). During the infection experiment, these beneficial properties were not detected. The
selected combination was not convincing. Future infection trials should consider a more
precise selection using the newly developed ex vivo method by considering the selected

pathogen and the animals to be used.

No beneficial effects of the pre- and probioctics combination or the strain-specific vaccine after

previous infection with the E. coli were detected in the infection trial. Measurement of
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performance parameters and documentation of fecal consistency provide a reliable method for
assessing the efficacy of pre- and probiotics, which are commonly used for evaluationin recent
studies (Kim et al. 2019; Luise et al. 2019a; Rybarczyk et al. 2021; Sun et al. 2021). Yet, the
guestion remains whether the consideration of further e.g. immunological or histological
parameters would have yielded different or additional findings. A study, focusing on the effects
of orally administered E. faecium on the intestinal development, immunological parameters
and gut microbiota of newborn piglets after previous infection with a pathogenic E. coli strain,
failed to detect any effects on piglet performance (Peng et al. 2019). However, a positive
influence on other intrinsic parameters including villus height, crypt depth and effect on tight
junctions was observed. A similar effect would also be conceivable in the piglets of the present
challenge trial. There is no standard protocol on what analyses should be used to assess the
efficacy of pre- and probiotics. With regard to the current literature, the following parameters
are often used for assessment: 1) DNA extraction and 16 S rRNA Sequencing; 2) Small
intestine morphology (especially villi height, crypt depth); 3) Intestinal barrier function (mucin-
2; zona occludens-1, claudin-1, occludins); 4) Innate immunity and cytokine analysis
(interleukins, TNF-a); 5) serum immunoglobulins (e.g. secretory IgA concentration); 6) SCFA
and plasma metabolites; 7) Oxidative stress; 8) Fecal shedding of the pathogenic bacteria.
Future studies should consider the collection of corresponding parameters. For the challenge
trial presented here, the performance of appropriate laboratory tests could have helped to
make an even more substantiated statementabout the efficacy of the combination. This would
have required a considerably higher additional effort during the execution of the experiment,
as slaughter of the animals would have had to be carried out at the end of the experimental
period. This would not only have significantly increased the cost of the experiment but would
also have raised animal welfare concerns. Regarding the 3Rs (especially "Reduce"), additional
slaughter of the animals was therefore omitted, since many recent studies show that beneficial
effects are mostly reflected in the intrinsic parameters as well as in the performance of the

animals.

5.4 Conclusion

The study showed that the ex vivo method is suitable for identifying farm-specific responses
to pre- and probiotics to subsequently determine tailor-made combinations for individual farms
or animal groups. The targeted use of pre- and probiotics helps to avoid cost-intensive trial-
and-error approaches and contributes to further improve animal welfare aspects by specifically
enhancing the intestinal health of piglets while reducing the use of antibiotics. However, more
studies are needed to further simplify the application of the ex vivo test. The aim is to establish
a system that is more convenient in its application and fast to perform.
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The challenge trial did not confirm the efficacy of the combination of pre- and probiotics
previously identified ex vivo. However, this does not invalidate the efficacy of the ex vivo
method, as the experimental design used showed significant weaknesses. In particular, the
simultaneously tested, strain-specific vaccine appeared to have a majorimpacton the immune
system ofthe piglets. It is therefore possible that an alternative experimental design (especially
an adjustment of the vaccination) and the test of other pre- and probiotics, as well as

pathogenic strains, may lead to different results.
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6 Summary

Optimizing the intestinal health of piglets using tailor-made prophylaxis strategies.

Weaning is still considered one of the most critical times in intensive pig farming. Due to the
often still immature immune system, piglets often develop diarrhea which indicates microbial
dysbiosis and intestinal inflammation. This conditionis referredto as PWD and can cause huge
economic losses for farms. Until 2006, antibiotics were often used to treat PWD and to help
promote piglets’ growth during weaning. After this practice was banned throughout the
European Union, the industry was faced with finding suitable alternatives. Pre- and probiotics
are considered promising candidates. Studies have shown that probiotics can have positive
effects on the health and performance of piglets by influencing the composition of the intestinal
microbiome and promoting the abundance of beneficial bacterial species. Prebiotics in tum
serve as a substrate for the intestinal microbiota promoting the colonization of potentialy
beneficial bacteria. Much research is conducted on the effectiveness of pre- and probiotics,
butthe results are often inconsistent and difficult to compare. Thereis no generalized approach
regarding the application of pre- and probiotics. Depending on the probiotic strains and
prebiotics used, potential effects highly depend on the dosage used, host-specific factors,
genetic aspects and other environmental factors (e.g. husbandry and feeding).

The aim of this study was to develop a method to determine tailored combinations of pre-and
probiotics to allow for targeted use in practice.

A novel ex vivo assay was established using a total of 60 fecal samples obtained from 20
German pig farms. Three commercially available probiotics (B. licheniformis/ B. subtilis, S.
cerevisiae boulardii, E. faecium) and prebiotics (inulin, FOS, MOS) were selected alone or in
combination to test their effectiveness to inhibit growth of three pathogenic strains (E. coli, C.
difficile, C. perfringens)in fecal samples. Lag time was measured by using growth curves to
estimate the effect of the feed additives on residual fitness of the pathogenic strains.
Subsequently, the efficacy of the most promising combination was tested in an in vivo ETEC
challenge trial. Forty piglets were weaned at 28 days of age and randomly assigned to one of
five experimental treatment groups: Nonchallenged control (NC); challenged positive control
(PC) challenged and vaccinated (CV), challenged and diet supplemented with pre- and
probiotic mix (CM) and challenged, diet supplemented with pre- and probiotic mix and
vaccinated (CMV). Piglets of CV and CMV were vaccinated parenterally prior to the trial at the
age of 17 days. Piglets of PC, CV, CM and CMV were challenged five days after weaning with
the ETEC strain (serotype O149:K91). The trial was conducted over a period of 29 days.
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Efficacy of dietary treatment against challenge was assessed by evaluation of growth

performance, feed conversion and fecal score.

Using the novel ex vivo assay, farm-specific differences were identified regarding the pre- and
probiotics used, as well as the pathogenic strains. FOS and its combination with probiotics
reduced the residual fitness of the E. coli strain in some farms. In other farms FOS lead to
increased fitness of the E. colistrain. Combinations of pre- and probiotics did not show additive
effects but displayed farm dependent differences. The effects of pre- and probiotics on the
residual fithess of the C. difficile strain were less pronounced. Distinct differences were found
between the use of prebiotics alone and their combination with probiotics. During the
preliminary assays, there had been insurmountable problems with the C. perfringens strain,
which is why this strain was excluded from the subsequent assays.

The in vivo challenge resulted in a significant reduction of body weight of vaccinated piglets
(p = 0.045) during the first week of the trail when compared to NC. It was also associated with
an impaired gain to feed ratio (P = 0.012). Piglets of the pre- and probiotic group (CM) were
able to maintain their body weight. Their ADG was not significantly different from the control
groups. Between the 3@ and 4" week of the trail, no differences were observed between
groups. Neither supplementation of pre- and probiotics, nor vaccination had a significant
impact on fecal consistency or prevalence of diarrhea. No positive synergistic effect on
performance or diarrhea were observed between vaccination and pre- and probiotic

supplementation.

In conclusion the study has demonstrated that the novel screening method represents a
promising approach for determining farm-specific responses to pre- and probiotics to identify
customized combinations forindividual farms. Yet the effectiveness of the specially determined
combination of pre- and probiotics was not confirmed by the challenge trial. Vaccination was

also not convincing and rather resulted in reduced performance and increased diarrhea.

Based on our findings further research is warranted to verify potential synergistic effects of
tailored combinations on a broader basis. An alternate study design and the use of different
pre- and probiotics, as well as pathogenic bacteria may affect the intestinal response

differently.

70



Zusammenfassung

7 Zusammenfassung

Optimierung der Darmgesundheit von Ferkeln durch maRgeschneiderte

Prophylaxestrategien.

Das Absetzen gilt weiterhin als eine der kritischsten Phasen in der intensiven
Schweinehaltung. Aufgrund des oft noch unreifen Immunsystems entwickeln Ferkel haufig
Durchfall, der auf eine Dysbiose bzw. Infektion hinweist. Dieser Zustand wird als
Absetzdurchfall bezeichnet und kann auf den Betrieben zu groRen wirtschaftlichen Verlusten
fuhren. Bis 2006 wurden Antibiotika haufig zur Behandlung von Absetzdurchfall und zur
Fdérderung des Wachstums der Ferkel wahrend des Absetzens eingesetzt. Nachdem diese
Vorgehensweise in der gesamten Europaischen Union verboten wurde, sah sich die Industrie
mit der Notwendigkeit konfrontiert, geeignete Alternativen zu finden. Pra- und Probiotika sind
hierbei vielversprechend. Studien haben gezeigt, dass Probiotika positive Auswirkungen auf
die Gesundheitund die Leistung von Ferkeln haben kénnen, indem sie die Zusammensetzung
des Darmmikrobioms beeinflussen und die Menge an nutzlichen Bakterienarten fordem.
Prabiotika wiederum dienen als Substrat fur die intestinale Mikrobiota und fordern die
Besiedlung mit potenziell niitzlichen Bakterien. Uber die Wirksamkeit von Pra- und Probiotika
wird intensiv geforscht, jedochsind die Ergebnisse oft uneinheitlichund schwer zu vergleichen.
Es gibt kein einheitliches Vorgehen bei der Anwendung von Pra- und Probiotika. In
Abhangigkeit verwendeten probiotischen Stammen und Prabiotika hangen die mdglichen
Wirkungen stark von der verwendeten Dosierung, wirtsspezifischen Faktoren, genetischen
Aspekten und anderen Umweltfaktoren (z. B. Haltung und Futterung) ab.

Ziel dieser Studie war es, eine Methode zur Bestimmung maRgeschneiderter Kombinationen
von Pra- und Probiotika zu entwickeln, um einen gezielten Einsatz in der Praxis zu

ermaoglichen.

Ein neuartiger Ex-vivo-Versuch wurde mit insgesamt 60 Kotproben von 20 deutschen
Schweinebetrieben durchgefihrt. Drei kommerziell erhaltliche Probiotika ( B. licheniformis/ B.
subtilis, S. cerevisiae boulardii, E. faecium) und Prabiotika (Inulin, FOS, MOS) wurden allein
oder in Kombination ausgewahlt, um deren Wirkung zur Hemmung des Wachstums von drei
pathogenen Stammen (E. coli, C. difficile, C. perfringens) in Kotproben zu untersuchen. Die
Latenzzeit wurde mithilfe von Wachstumskurven gemessen, um so den Einfluss der
Futterzusatze auf die verbliebene Lebensfahigkeit der pathogenen Stdmme zu bewerten.
AnschlielRend wurde die Wirksamkeit der vielversprechendsten Kombination in einem In-vivo-
Versuch mitzusatzlicher ETEC-Infektion getestet. Vierzig Ferkelwurden im Alter von 28 Tagen
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abgesetzt und nach dem Zufallsprinzip einer von flnf experimentellen Behandlungsgruppen
zugeteilt: Nicht infizierte Kontrolle (NC); infizierte Positivkontrolle (PC), infizierte und geimpfte
(CV), infizierte und mit pra- und probiotischer Kombination erganzte Diat (CM) und infizierte,
mit pra- und probiotischer Kombination erganzte Diat und geimpfte (CMV). Die Ferkel von CV
und CMV wurden vor dem Versuch im Alter von 17 Tagen parenteral geimpft. Ferkel von PC,
CV, CM und CMV wurden finf Tage nach dem Absetzen mit dem ETEC-Stamm (Serotyp
0149:K91) infiziert. Der Versuch erstreckte sich Uber einen Zeitraum von 29 Tagen. Die
Wirksamkeit der diatetischen Malinahme gegen die Infektion wurde durch die Evaluierung der
Wachstumsleistung, der Futterverwertung und der Kotkonsistenz bewertet.

Mithilfe der neuen Ex-vivo-Methode wurden betriebsspezifische Unterschiede hinsichtlich der
getesteten Pra- und Probiotika sowie der pathogenen Stamme festgestellt. FOS und seine
Kombination mit Probiotika verringerten die verbliebene Wachstumsfahigkeit des E. coli-
Stamms in einigen Betrieben. In anderen Betrieben flihrte FOS zu einer erhdhten
Wachstumsfahigkeit des E. coli-Stammes. Die Kombinationen von Pra- und Probiotika zeigten
keine zusatzlichen Effekte, sondern wiesen betriebsabhdngige Unterschiede auf. Die
Auswirkungen von Pra-und Probiotika auf die verbliebene Wachstumsfahigkeit des C. difficile-
Stammes waren weniger ausgepragt. Es wurden deutliche Unterschiede zwischen der
Verwendung von Prabiotika allein und deren Kombination mit Probiotika festgestellt. Bei den
Vorversuchen gab es unuberwindbare Probleme mit dem C. perfringens-Stamm, weshalb

dieser Stamm von den weiteren Versuchen ausgeschlossen wurde.

Die Infektion flhrte zu einer signifikanten Verringerung des Korpergewichts der geimpften
Ferkel (p = 0,045) innerhalb der ersten Woche des Versuchs im Vergleich zur NC. Sie war
auch mit einem schlechteren Verhaltnis zwischen Zuwachs und Futter verbunden (p = 0,012).
Die Ferkel der CM-Gruppe konnten ihr Kdorpergewicht halten. lhre tagliche Zunahme
unterschied sich nicht signifikant von dem der Kontrollgruppen. Zwischen der 3. und 4.
Versuchswoche wurden keine Unterschiede zwischen den Gruppen festgestellt. Weder die
Erganzung mit Pra- und Probiotika noch die Impfung hatten einen signifikanten Einfluss auf
die Kotkonsistenz oder die Pravalenz von Durchfall. Es wurde kein positiver, synergetischer
Effekt auf die Leistung oder den Durchfall zwischen der Impfung und der Pra- und Probiotika-
Erganzung beobachtet.

Zusammenfassend zeigt die Studie, dass die neuartige Screening-Methode ein
vielversprechender Ansatz fir die Bestimmung der betriebsspezifischen Wirkung von
Prabiotika und Probiotika ist, um maligeschneiderte Kombinationen flr einzelne Betriebe zu

ermitteln. Allerdings konnte die Wirksamkeit der speziell ermittelten Kombination von Pra- und
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Probiotika durch den Infektionsversuch nicht bestatigt werden. Auch die Impfung konnte nicht

Uberzeugen und fihrte eher zu Leistungseinbulzen und vermehrtem Durchfall.

Auf der Grundlage unserer Ergebnisse sind weitere Forschungsarbeiten erforderlich, um
potenzielle synergistische Wirkungen von maflgeschneiderten Kombinationen in groRerem
Umfang zu Uberprufen. Ein alternatives Studiendesign und die Verwendung anderer Pra- und
Probiotika sowie pathogener Bakterien konnten die Reaktion des Verdauungssystems auf
andere Weise beeinflussen.
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