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PREFACE 
This thesis is submitted to the Graduate School of Science and Technology (GSST) and serves to 
meet the requirements of obtaining a PhD degree. The work presented in this thesis is part of the 
industrial PhD project “RobustPig – Early inoculation of probiotics to newborn piglets”, which is a 
collaboration between Chr. Hansen A/S, Animal Health Innovation and Commercial Development 
and Aarhus University, Department of Animal Science, Animal Health. The Innovation Fund Den-
mark financially supported the PhD project. All in vivo experimental work was carried out at the 
facilities in Foulum at the Department of Animal Science, Aarhus University. The majority of the in 
vitro studies were conducted at Chr. Hansen A/S in Hørsholm. As part of my external stay, an in vitro 
experiment was conducted and bioinformatic consultations were received at the University of Copen-
hagen, Department of Food Science, Microbiology and Fermentation.    

The overall objective of this thesis was to develop a probiotic product for early inoculation to newborn 
piglets in order to establish a healthy microbiota leading to a long-lasting imprinting, whereby the 
piglet becomes less susceptible to enterotoxigenic Escherichia coli post-weaning diarrhea. The pro-
ject included both a rational selection phase of probiotic strains and two animal experiments evaluat-
ing the proof of concept.  

The PhD thesis is divided into several sections including 1) A short introduction, 2) A thorough 
state of art describing the research area, 3) Objectives and hypotheses, 4) Justification of methods 
and selection of probiotic strains, 5) A brief summary of the included papers, 6) Results presented 
in the form of four papers, 7) An overall discussion of the project, followed by 8) Concluding words 
and 9) Future perspectives.  

Lea Hübertz Birch Hansen, April 2021 
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SUMMARY 
Intestinal diseases in nursery pigs constitute a risk for development of antimicrobial resistance be-
cause of antimicrobials being frequently prescribed as a treatment approach. Beside multiple stressors 
encountered at the event of weaning, gut microbiota dysbiosis and an immature immune system are 
leading causes to the development of post-weaning diarrhea. The neonatal period has been proposed 
as a time of physiological plasticity, where the consequences of perturbations are development of 
immune and metabolic related disorders later in life. However, it is also regarded as a window of 
opportunity, where programming events allow for shaping an eubiotic gut microbiota with long-term 
benefit. Considering that immune maturation is directly influenced by the microbes present in the 
gastro-intestinal tract, it thus seems evident to investigate if supplementation of beneficial microbes 
– such as probiotics – during this time window would make the piglet more robust for the event of
weaning. Hence, the overall objective of this thesis was to develop a probiotic product for early in-
oculation to newborn piglets in order to establish a healthy microbiota leading to a long-lasting im-
printing, whereby the piglets become less susceptible to enterotoxigenic Escherichia coli (ETEC)
post-weaning diarrhea. The project consisted of a rational selection phase of probiotic strains and two
animal experiments evaluating the proof of concept.

During the in vitro selection phase, ten probiotic strains were evaluated for their ability to: enhance 
intestinal epithelial barrier function, reduce adherence of ETEC to intestinal cells, inhibit growth of 
ETEC, and grow on porcine milk oligosaccharides. Strains included in the screening were of the 
species Lactobacillus, Enterococcus, Bifidobacterium, Faecalibacterium, and Bacillus. Results 
showed that all tested probiotics exerted inhibitory properties towards ETEC F18, and that B. longum 
subsp. infantis was superior in utilizing porcine milk oligosaccharides. Furthermore, E. faecium en-
hanced intestinal epithelial barrier function to a high extent and seemed to be the best candidate for 
competitively excluding ETEC F18 adherence to intestinal epithelial cells. Four of the ten probiotic 
strains were investigated using an in vitro model simulating the small intestine of suckling piglets. 
Due to high variation in piglet digesta, it was difficult to identify specific MoAs of the tested probi-
otics and their potential as a prophylactic measure against ETEC infections in pigs. Based on these 
in vitro studies, four probiotic strains, complementing each other’s health effect, were selected.  

Early inoculation of the multi-species probiotic product consisting of L. rhamnosus, E. faecium, B. 
breve and B. longum subsp. infantis to suckling piglets was investigated in two animal experiments. 
The first experiment focused on the effect on the gut microbiota composition and immune responses, 
and the results showed that oral probiotic inoculation to newborn and suckling piglets altered micro-
bial diversity in intestinal content and tissue as well as in feces on day 35 post-weaning and after 
cessation of probiotic administration. After weaning, the probiotic inoculated pigs had a higher ex-
pression of genes in small intestinal mucosa accounting for local immune responses, whereas the 
acute phase protein SAA was downregulated. Incidence of diarrhea during the first week after wean-
ing was lower in probiotic administered pigs. The second experiment assessed the effect of early 
probiotic inoculation in ETEC F18 challenged weaned piglets. Results showed that pigs supple-
mented with probiotics early in life and challenged with ETEC F18 post-weaning had fewer days 
with diarrhea and a significantly reduced number of pigs shedding ETEC F18 and STb toxin in feces 
compared with the non-probiotic supplemented pigs challenged with ETEC F18. In conclusion, the 
results from this project indicate that early probiotic inoculation to suckling piglets drives a long-term 
immunomodulation through changes in specific microbial antigens leading to higher resilience during 
challenging situations such as weaning or pathogen challenges.  
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SAMMENDRAG (DANISH SUMMARY) 
Tarmrelaterede sygdomme i smågrise udgør en risiko for udvikling af antibiotikaresistens, eftersom 
antibiotika ofte bliver anvendt som en del af behandlingsstrategien. Foruden de mange stressfaktorer, 
som smågrisen bliver udsat for efter fravænning, så er ubalance i tarmens mikrobielle økosystem samt 
et underudviklet immunsystem fremtrædende årsager ved udviklingen af fravænningsdiarre. Den ne-
onatale periode er blevet beskrevet som en periode med fysiologisk plasticitet, hvor forstyrrelser kan 
medvirke til udviklingen af immun og metabolisk relaterede sygdomme senere i livet. Denne periode 
anses dog også som en mulighed for at intervenere på en sådan vis, at det mikrobielle økosystem 
forbliver sundt og balanceret i det lange løb. Eftersom modning af immunsystemet er direkte påvirket 
af tilstedeværelsen af bakterier i tarmen, er det interessant at undersøge om tildeling af sunde bakterier 
såsom probiotika i denne neonatale periode kan gøre grisen mere robust, så den kan 
overkomme fravænning uden at udvikle diarre. Derfor var det overordnede formål med dette projekt 
at udvikle et probiotisk produkt, som kan tildeles tidligt i grisens liv, således at et sundt økosystem 
i tarmen kan etableres og have langsigtet gunstig effekt. Dermed forventes det, at den nyfravænnede 
gris er mindre modtagelig for at udvikle fravænningsdiarre forårsaget af Enterotoxigenic 
Escherichia coli (ETEC). PhD projektet inkluderede en rationel selektionsfase af probiotiske 
stammer samt to dyreforsøg som evaluering af konceptet.  

Ti probiotiske stammer var inkluderet i in vitro selektionsprocessen. De blev evalueret på basis af 
deres evne til at forbedre tarmbarrierefunktionen, reducere adhæsion af ETEC til tarmceller, inhibere 
ETEC vækst samt udnytte mælkeoligosakkarider til vækst. Screeningen inkluderede arterne: Lacto-
bacillus, Enterococcus, Bifidobacterium, Faecalibacterium, og Bacillus. Resultaterne viste, at alle de 
testede probiotiske stammer inhiberede vækst af ETEC F18. Derudover var B. longum subsp. infantis 
bedst til at udnytte mælkeoligosakkarider som substrat til vækst. E. faecium var til gengæld bedst til 
at forbedre tarmbarrierefunktionen, og stammen fremstod som den bedste kandidat i adhæsionsfor-
søget. Fire af de probiotiske stammer blev ligeledes evalueret i en in vitro model, som simulerede 
tyndtarmen på en pattegris. Desværre var det svært at evaluere stammernes virkningsmekanisme i 
denne model, eftersom tarmindholdet variererede i høj grad blandt grisene. Baseret på disse in vitro 
forsøg blev fire probiotiske stammer, som komplimenterede hinandens fordelagtige effekter, udvalgt 
til de to in vivo forsøg.  

Tidlig tildeling af det probiotiske produkt, som bestod af stammerne L. rhamnosus, E. faecium, B. 
breve, og B. longum subsp. infantis, blev undersøgt i to dyreforsøg. Det første forsøg fokuserede på 
effekten af tidlig probiotika-tildeling på tarmens mikrobielle sammensætning samt immunreaktioner. 
Resultaterne viste, at tidlig tildeling af probiotika til pattegrise ændrede den mikrobielle diversitet i 
tarmindhold og -væv samt fæces på dag 35 efter fravænning og efter ophør af probiotika-tildeling. 
Efter fravænning havde probiotika-tildelte grise en højere ekspression af gener, som er vigtige for 
lokale immunreaktioner i mucosa fra tyndtarmen, hvorimod SAA, som er et akutfaseprotein, var ned-
reguleret. Forekomsten af diarre i ugen efter fravænning var lavere hos grise, som tidligt havde fået 
tildelt probiotika. Det andet forsøg undersøgte effekten af probiotika-tildeling før fravænning i små-
grise podet med ETEC F18. Resultaterne viste, at de grise, som var tildelt probiotika før fravænning 
samt podet med ETEC F18 efter fravænning, havde en lavere diarreforekomst. Derudover var der 
signifikant færre grise med ETEC F18 og STb toksin i fæces sammenlignet med grise, som ikke 
havde fået tildelt probiotika, men podet med ETEC F18. Resultaterne fra dette projekt indikerer, 
at tidlig tildeling af probiotika til pattegrise medfører en langsigtet modulation af immunsystemet, 
muligvis gennem ændringer i specifikke mikrobielle antigener. Dette udmønter sig i mere robuste 
grise ved fravænning samt i situationer, hvor grisene er i høj risiko for tarminfektioner.  
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Intestinal diseases remain a challenging problem in the swine industry. Especially diarrhea in the 
weaning period constitutes a major constraint by complicating management, inducing welfare issues 
and poor performance, and with it having a negative economic impact (Moeser and Blikslager, 2007). 
In commercial pig production, weaning is associated with stress factors such as change in diet from 
milk to solid feed, separation from the sow and littermates, mixing with unfamiliar pigs and new 
housing in a chilled environment (Pluske et al., 1997). This typically results in a short period of 
starvation followed by a period with overeating (Hopwood et al., 2006). Consequently, alterations in 
the intestinal microbial community increase the risk of pathogen proliferation and intestinal diseases. 
Maternal antibody supply is withdrawn at weaning 3-4 weeks post-partum, and since the active 
immunity is not fully developed at this time, the newly weaned pig is highly vulnerable to infections 
(Pluske et al., 1997).  Enterotoxigenic Escherichia coli (ETEC) is the most common pathogen causing 
post-weaning diarrhea (PWD) in pigs (Nagy and Fekete, 2005). 

In several European countries, medical zinc oxide (ZnO) is used for controlling PWD. However, the 
European Medicines Agency has banned all authorizations for veterinary medicinal products 
containing zinc within all European member states from June 2022 (European Medicines Agency, 
2017). It is generally presumed that a removal of zinc from the post-weaning diet will lead to a 
substantial increase in the use of antibiotics for nursery pigs in Denmark. Kjeldsen et al. (2017) 
estimated an increased cost of 4 DKK per pig (due to reduced performance and increased labor related 
to inspection and medical treatments) if no alternative is found (SEGES, 2017). Even though the use 
of antibiotics for food-producing animals in Denmark is generally low (Bisgaard et al., 2020), the 
majority of the consumption per kg active compound is attributable to weaned piglets with intestinal 
diseases (Hybschmann et al., 2011). Extensive use of antibiotics increases the development of 
bacterial resistance thus posing a risk of inadequate antibiotic treatments of both animal and human 
diseases in the future (Aarestrup, 1999). Consequently, it is very important to find new strategies to 
control and avoid PWD.  

Probiotics have been suggested as a promising dietary strategy helping the newly weaned pig to 
overcome challenges post-weaning, and a recent literature review revealed that probiotic 
supplementation to pigs influences gut microbiota and has immunomodulatory effects (Roselli et al., 
2017). Probiotics are defined as “live microorganisms, which when administered in adequate 
amounts, confer a health benefit on the host” (Gilliland et al., 2001; Hill et al., 2014). Probiotics are 
generally administered to pigs after weaning, but studies have found inconsistent results in regards to 
probiotics’ effect on diarrhea incidences post-weaning (Maribo, 1999; Giang et al., 2010; Hu et al., 
2015; Kjeldsen et al., 2017). Research indicates that the establishment of the gut microbiota and 
maturation of the immune system have long-term impact on host health (Mulder et al., 2011; 
Merrifield et al., 2016). The neonatal period may thus be a window of opportunity for introducing 
interventions that support shaping of an eubiotic gut microbiota and host resilience. Interestingly, 
Dou et al. (2017) found a correlation between fecal microbiota composition of suckling piglets during 
the first week of life and their susceptibility to PWD, underlining the need to investigate how 
interventions during the neonatal period may exert beneficial effect later in life.  

Lately, an increasing number of studies have assessed the effect of early life administration of 
probiotics. Overall, administration of probiotics to neonatal piglets has shown to modulate the 
microbiota (Liu et al., 2014; Hayakawa et al., 2016; Xin et al., 2020), reduce pathogen load (Gebert 
et al., 2011; Hou et al., 2015; Xin et al., 2020), and improve intestinal maturation (Hou et al., 2015; 
Liu et al., 2017; Sayan et al., 2018; Haupenthal et al., 2020). Yet, most studies did not evaluate the 
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effect of early probiotic administration after its cessation and after the event of weaning. No studies 
have investigated the effect of oral administration of a multi-species probiotic product immediately 
after birth on susceptibility to PWD in pigs. A test for robustness of the probiotic administered pigs 
against ETEC compared to non-probiotic fed pigs is crucial. If early inoculation of probiotics to pigs 
is to become part of the solution of replacing medical ZnO and antibiotics in the battle against PWD, 
the effect of this strategy must be proved. In a commercial and practical perspective, it is thus 
important to look more into the effect of early inoculated probiotics on resistance to intestinal 
infections.   
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Post-weaning diarrhea and ETEC infection are the two aspects that served as motivating factors for 
this PhD project. Considering the coming ban on medical ZnO and the increased focus on antimicro-
bial resistance, the industry and research community are working hard to discover future solutions 
applicable for preventing and/or treating PWD. In this regard, both PWD and ETEC infection in pigs 
have been reviewed in detail (Dubreuil et al., 2016; Heo et al., 2013; Lallès et al., 2007; Luise et al., 
2019), why a review of these is not included in this thesis. Interventive strategies such as probiotics 
are often applied as a direct remedy to overcome the challenges related to weaning. Given the ambig-
uous effects of in-feed administration of probiotics to weaned piglets, this project aimed to change 
the perspective and investigate the impact of inoculating probiotics early in life. Therefore, this chap-
ter features a review of the critical period early in life including a basic understanding of the interplay 
between early gut colonizers and the immature immune system. Furthermore, this chapter aims to 
account for the mechanisms behind the so-called window of opportunity, and how a probiotic inter-
vention during this time window may be beneficial for long-term host health. 

2.1. The neonatal period – a time of physiological plasticity 
2.1.1. Succession of the gut microbiota and immune maturation 
The gastro-intestinal tract (GIT) harbors mainly bacteria, but also fungi, viruses, and protozoans 
(Mackie et al., 1999). So far, research has been very bacteria-centric, and the focus of this thesis will 
likewise be on gut bacteria. Early colonizers of the GIT can be considered as part of a pioneer micro-
biome, whose task is to provide favorable conditions for future colonizers and to educate the immune 
system. The GIT is believed to be sterile at birth, however, already 6 hours post-partum, the number 
of species detected can be in similar quantities as in 20-days old piglets (Petri et al., 2010). According 
to a study by Chen et al. (2018), microbes originating from the floor and from the sow’s milk and 
nipples were the first members of the microbial gut community in the newborn piglet. Subsequently, 
the majority of microbes found in feces of suckling piglets stemmed from the sow’s feces. During the 
first couple of days after birth, the GIT is aerobic, why the first settlers are aerotolerant microbes such 
as Escherichia, Clostridium, Enterococcus, Streptococcus, and Fusobacterium (Bian et al., 2016). 
These bacteria reduce the oxygen tension in the GIT, making it favorable for microbes sensitive to 
oxygen. Anaerobic bacteria such as Lactobacillus, Bacteroides, Ruminococcus, and Prevotella thus 
start to emerge in the gut when the pig is 2-3 days old (Bian et al., 2016; Kubasova et al., 2017). The 
composition of the microbial community is similar in the small and large intestine one day after birth. 
Hereafter, it evolves and the composition differentiates to a high extent in the different intestinal 
segments (Kelly et al., 2017). The succession of the microbial population continues until the estab-
lishment of the so-called ‘climax community’, which can be described as a stable population com-
munity over time (Isaacson and Kim, 2012). Even though the climax community is characterized as 
stable, changes in the microbial composition still occur and are influenced by the host, including its 
genetics, and other factors like stress, disease, and antibiotic treatment (Isaacson and Kim, 2012).  

The intestinal microbiota contributes to physiological functions including structural, metabolic and 
protective functions, which support a healthy GIT functionality. Structural functions include devel-
opment of the immune system and gut barrier fortifications (Celi et al., 2017). Metabolic functions 
comprise fermentation, synthetization, and absorption capacities, whereas protective functions in-
volve production of antimicrobial factors and competition for nutrients and receptors (Celi et al., 
2017). Hence, the gut microbiota composition influences overall functionality and well-being of the 
host. However, a precise definition of a healthy gut microbiota is lacking. In accordance with Döring 
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et al. (2015), the term resilience is an important criterion in regards to a healthy gut microbiota, be-
cause the term takes into account that the gut ecosystem of pigs is highly dynamic. Thus, the capacity 
of the microbiota to respond to an external disturbance, while fulfilling basic functionalities, is of 
high importance when discussing the term of a healthy and well-functioning gut microbiota. Still, a 
microbiota which may defined as healthy due to high diversity or presence of ‘beneficial’ microbes 
is insignificant if it is not correlated with life-time performance and health data.  

Responding to external disturbances requires a well-developed immune system, and the early colo-
nizers of the gut have been proposed to contribute to the development of the immune system (Mulder 
et al., 2011). Yet, it is not fully understood whether the presence of external microbes early in life 
influences the establishment of the immune system in a way so that it can withstand infections or 
overcome extensive changes in the gut microbiota triggered for instance by weaning. The main role 
of the immune system is to detect and respond to a variety of invading pathogens to protect the host 
from disease (Bailey et al., 2005). The ability of the immune system to discriminate between self and 
non-self is paramount for sustained host health, why it is important to understand the mechanisms 
that maintain a balance between protection from infection and autoimmune reactions. It is equally 
important to avoid infections and to prevent unnecessary and damaging inflammatory responses 
(Pluske et al., 2018a). The immune system of the newborn piglet is underdeveloped due to missing 
antibody supply from the placenta, and acquisition of passive immunity through colostrum and milk 
is therefore crucial for survival (Gaskins and Kelley, 1995). Colostral and maternal antibodies provide 
the first source of immune protection. However, the maternal supply of antibodies under commercial 
pig production is withdrawn at weaning, leaving the newly weaned pig in a vulnerable state as the 
active immune system is not yet developed (Gaskins and Kelley, 1995). Indeed, both birth and wean-
ing account for two important periods in the pig’s life, where it experiences maximum exposure to 
novel antigens (Bailey et al., 2005). Therefore, these two periods are considered as critical points in 
the development of proper immune responses towards harmless commensal and dietary antigens or 
harmful pathogenic antigens. 

The active immune system is extremely complex and is comprised of two branches: the innate and 
the adaptive immunity (Figure 2.1). The innate immune response is the first line of defense against 
pathogen exposure. Innate immunity is characterized by immediate maximal and antigen-independent 
responses yet lacking immunological memory (Janeway and Medzhitov, 2002). Elements of the in-
nate immunity include physical barriers and production of secretory molecules, and it is mediated by 
macrophages and dendritic cells (Janeway and Medzhitov, 2002). The physical barrier of the intesti-
nal epithelium is the central coordinator for mucosal immunity (Allaire et al., 2018). Differentiated 
cell types such as M cells, enterocytes, goblet, and Paneth cells carry out specialized functions im-
portant in the establishment of intestinal tolerance and induction of mucosal immune responses 
(Allaire et al., 2018).  

Originally, the innate immune system was thought to be non-specific, however, research has estab-
lished that the innate immune response is in fact capable of distinguishing between commensal bac-
teria and pathogens (Akira et al., 2006). Microorganisms can be recognized through microbial com-
ponents called pathogen-associated molecular patterns (PAMPs), which are produced by both patho-
genic and commensal microorganisms (Iwasaki and Medzhitov, 2015). Examples of PAMPs include 
lipopolysaccharides, flagellin or peptidoglycan fragments (Iwasaki and Medzhitov, 2015). PAMPs 
are not produced by the host, but only by microbes, enabling the host to discriminate between self 
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and non-self. Germline-encoded pattern-recognition receptors (PRRs) can detect microbes expressing 
PAMPs (Akira et al., 2006). Toll-like receptors (TLRs) are part of the PRRs and are expressed on 
various immune cells (i.e. macrophages and dendritic cells) (Akira et al., 2006). Through epithelial 
sensing, TLRs elicit responses that aim to distance intestinal microbes from the epithelial barrier via 
antimicrobial production of e.g. defensins or mucin secretion, or the responses aim to recruit immune 
cells through expression of various cytokines (Allaire et al., 2018). If local defenses are insufficient, 
inflammatory cytokines and chemokines are produced by monocytes and neutrophils which in turn 
will activate the production of acute phase proteins in the liver (Iwasaki and Medzhitov, 2015).  

Figure 2.1. Overview of microbial recognition of structural and functional features and the activation of the 
innate and adaptive immune system. Tissue damage induces an innate tissue repair response. Functional fea-
tures such as toxins or virulence factors are recognized by intracellular censors. Structural features are recog-
nized by germline-encoded pattern-recognition receptors (PRRs) via pathogen-associated molecular patterns 
(PAMPs). The recognition by different sensors or receptors on dendritic cells stimulates T cell responses which 
in turn activate B cells. Clonal expansion and differentiation of T and B effector cells lead to a defensive 
response or tolerance. Memory T and B cells ensure immunological memory for future exposure.  
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The microbial recognition plays a key role in the interplay between the innate and adaptive immune 
systems, and it supports why early intervention with external microbes may have substantial effect 
on the immune maturation. The adaptive immune system, also referred to as acquired immune system, 
acts as the second line of defense. Opposite the innate immunity, adaptive immune responses are 
slower, antigen-dependent, and result in immunological memory (Janeway and Medzhitov, 2002). 
The major cell components in the adaptive immunity are the two lymphocytes: B-cells, which pro-
duce antibodies, and T cells, which control immune reactions (helper T cells) or recognize and kill 
infected cells (cytotoxic T cells) (den Haan et al., 2014). According to Stokes et al. (2004), the new-
born piglet has almost no lymphocytes, and only when the piglet is 2-4 weeks old, lamina propria 
starts being colonized by CD4+ T cells (helper/inducer T cells). B cells expressing IgM also start to 
appear during week 2-4 (Stokes et al., 2004). Five weeks post-partum, CD8+ T cells (cytotoxic T 
cells) start to appear in the intestinal epithelium and in the crypt area, B cells expressing IgA start to 
appear (Stokes et al., 2004). It can be speculated if exposure with external microbes early in life can 
accelerate the appearance of lymphocytes. Considering that the pig is weaned already at 3-4 weeks 
of age under commercial production practices, a fully functioning innate immunity is crucial if the 
pig is to combat potential infections post-weaning. Especially if the mechanisms related to develop-
ment of tolerance are impaired by weaning, as suggested by Stokes et al. (2004). 

Recent advances stress the importance of the cross-talk between the host immune system and micro-
bial inhabitants of the intestinal tract (El-Aidy et al., 2013; Hooper et al., 2012). Early life exposure 
to microbial antigens promotes the immune tolerance to commensal microbes (Knoop et al., 2017). 
Based on a mouse study, Knoop et al. (2017) suggest that establishment of goblet cell-associated 
antigen passages (GAPs) pre-weaning provides delivery of bacterial antigens from the intestinal lu-
men to lamina propria, inducing the generation of regulatory T (Treg) cells (Figure 2.2). Treg cells act 
to suppress immune responses by maintaining self-tolerance and homeostasis, and a dysregulation of 
this specialized subpopulation of T cells can lead to development of autoimmune diseases (Vignali et 
al., 2008). The establishment of GAPs may determine a time window of opportunity, where tolerance 
is ensured to microbes present during this time window, but not to future encounters (Knoop et al., 
2017). Thus, microbes re-encountering the gastro-intestinal tract later in life will not promote inflam-
mation or disrupt homeostasis. Whether there is a specific time window for the establishment of GAPs 
and induction of naïve T cells is not certain. When you take into consideration that T cell subsets are 
not developed during the neonatal period, this time window of opportunity for microbial tolerance 
may not be immediately after birth, but rather when the pig is 2-4 weeks old.  

Secretion of microbial metabolites also plays a major role in the development and regulation of the 
immune system. Metabolites such as short-chain fatty acids (SCFA) interact with the innate immunity 
by contributing to maintenance of the epithelial layer and affecting dendritic cell dependent immun-
ity, i.e. antigen uptake via GAP (Levy et al., 2017). In the preservation of tolerance, secretion of 
SCFAs and vitamins promote the regulatory function of Tregs (Levy et al., 2017). Furthermore, toler-
ance is not only generated to commensal bacterial antigens, but also to feed antigens, i.e. oral toler-
ance (Bailey et al., 2005). Hence, encountering of antigens early in life is critical for the development 
of the immune system, a theory which is defined as the hygiene hypothesis.   
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Figure 2.2. Intestinal epithelium and immune cells. Antigens and pathogen-associated molecular patterns 
(PAMPs) present in the same phagosome are detected by dendritic cells (DC) through Toll-like receptors 
(TLRs). TLR stimulation induces naive T cell activation into regulatory (Treg) and effector T cells. In addition, 
antigen recognition through TLR triggers secretion of cytokines which aims to recruit other immune cells 
capable of performing diverse effector functions such as production of antimicrobial peptides or mucin pro-
duction (figure created using BioRender).   

2.1.2. Microbial exposure in neonates and the long-term consequences   
According to the hygiene hypothesis, microbial exposure early in postnatal life is important for a 
proper development of immune-regulatory mechanisms (von Mutius, 2007). Research has suggested 
that reduced early life exposure to microbes increases the susceptibility to immune-mediated diseases 
later in life (von Mutius, 2007). This is possibly linked to the aforementioned establishment of im-
mune tolerance during the specific time window of opportunity. The hygiene hypothesis comprises a 
complex interaction of factors such as phenotype, environmental exposures, timing of exposure, and 
susceptibility to react to the exposures (von Mutius, 2007). In human studies, the hygiene hypothesis 
has been proposed to explain why some humans have a high risk of developing asthma while others 
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do not (Robinson, 2010). Indeed, the theory has been verified using germ-free mice, and, in general, 
the results have shown that germ-free mice have increased susceptibility to auto-immune diseases 
(Hooper et al., 2012; Olszak et al., 2012). Interestingly, the state of increased susceptibility was re-
versible if the germ-free mice were exposed to microbes during the neonatal period. According to a 
human study by Stokholm et al. (2016), a reduced microbial exposure early in life due to delivery by 
caesarian section is associated with alterations in the neonatal gut microbiota composition and with 
it higher risk of developing asthma later in life. A recent study by the same research group concluded 
that the changes in the gut microbiota composition caused by cesarean section delivery had to be 
retained one year after birth to constitute a risk for development of asthma (Stokholm et al., 2020). 
These findings suggest that changes caused by microbial exposure early in life may have to be main-
tained for them to have an effect later in life. Interestingly, this theory of the microbial fingerprint 
having to be sustained to cause long-term effect is opposing the hygiene theory, which emphasizes 
the importance of early life events independently of future events. It can be speculated whether the 
microorganisms associated with caesarian section in fact have induced tolerance, rendering them to 
re-encounter the GIT during future exposure. In this way, potential harmful microbes are, due to them 
being tolerated by the GIT, free to operate without activating immune responses, which in the end 
can cause detrimental damage for the host.   

Pig studies have likewise established the significance of early life exposure to microbes on gut mi-
crobiota assembly and immune development. According to Mulder et al. (2011), natural colonization 
from outdoor rearing during the early neonatal period influences immune-related genes and prompts 
immune homeostasis. Corresponding the findings by Stokholm et al. (2020), the immune related ef-
fects required continuous microbial exposure from outdoor rearing after the early postnatal period – 
possibly because the external microbes were not capable of establishing themselves in the GIT. Fur-
thermore, Vo et al. (2017) concluded that exposure to soil during suckling accelerated maturation of 
the gut microbiota, indicated by increased diversity, higher abundance of ‘beneficial’ microbes and 
lower abundance of harmful microbes at the end of the nursery period. Another study established the 
importance of the early post-natal period on the composition and function of the adult microbiota 
(Merrifield et al., 2016). Merrifield et al. (2016) demonstrated that piglets kept under the same con-
trolled conditions following the first day of life had significant different intestinal colonization pat-
terns and urinary metabolic phenotypes later in life (day 35 post-partum). Their findings suggest that 
metabolic differences had already been established during the first day of life, and that the varying 
microbial acquisition during the first 24 hours after birth may have been due to differences in the 
microenvironment or maternal microbiota composition (piglets originated from different litters). Ac-
cording to the study by Merrifield et al. (2016), interventions ought to be implemented as early as 
possible in the animal’s life to have a significant impact on the establishment of the gut microbiota. 
This may reflect that the effects are not due to increased tolerance via GAP.  

Supporting the theory of the early gut microbiota composition having an impact on development of 
disease later in life, Dou et al. (2017) showed that early dynamics of fecal microbiota determine 
whether the piglet is susceptible to PWD. Pigs developing diarrhea had a high abundance of Entero-
bacteriaceae one week prior to diarrhea, whereas pigs with decreased susceptibility to PWD had 
higher diversity indices and a high abundance of Prevotellaceae, Lachnospiraceae, Ruminocacaceae, 
and Lactobacillaceae on day 7 after birth as well as a higher abundance of Bacteroidetes one week 
before the occurrence of diarrhea. Accordingly, another study showed that low bacterial diversity 
during the neonatal period is associated with a delayed colonization of Bacteroidetes (Jakobsson et 

12

Chapter 2. State of the art 



al., 2014). Members of the Bacteroidetes phylum interact with the immune system, and a delayed 
colonization of these ‘beneficial’ microbes has been shown to reduce T helper cell type 1 (Th1) re-
sponses in infants born by caesarian section (Jakobsson et al., 2014). Th1 responses are induced by 
high doses of antigens, whereas a low antigen stimulation leads to T helper cell type 2 (Th2) responses 
(Ruedl et al., 2000). These studies exemplify the importance of microbial diversity and presence of 
specific microbes early in life and their impact on immune homeostasis. However, determination of 
these specific antigens and the optimal time point for their encounter in the GIT warrants further 
investigation.  

2.1.3. A window of opportunity facilitates programming events 
The term ‘programming events’ has recently been proposed when referring to “critical points of de-
velopmental plasticity where changes in environmental factors have long-term effect on physiological 
development” (Lewis et al., 2017). As mentioned above, the hygiene hypothesis is well established, 
however, practical implications from this hypothesis, which can be used as preventative strategies 
towards disease development, are rare. As an example of such implications, the concept of adminis-
tering maternal feces to caesarian delivered infants to mimic the microbial exposure of a vaginal 
delivery has been shown to be promising (Korpela et al., 2020). Hence, research points towards a 
window of opportunity during early postnatal life, where programming events in the GIT can be 
carried out and are expected to have life-long impact on the host. It can be hypothesized that inter-
vening with a ‘beneficial’ cocktail of microbes during this vulnerable developmental period may de-
crease susceptibility to diseases later in life.  

When measuring gut health, absence of disease or maintained functionality is often used. It is rather 
difficult to identify and program for a healthy intestine, especially if the healthy intestine is to be 
programmed through early life priming. If we, for example, were to prime the neonatal pig to prevent 
ETEC-induced PWD, would the approach be to expose the neonatal pig for microorganisms pos-
sessing inhibitory capacities towards ETEC, or would the approach be to expose with microorganisms 
capable of accelerating the development of the immune system? With respect to the reviewed studies 
by Stokholm et al. (2020) and Mulder et al. (2011), choosing which microorganisms to expose with 
is not insignificant. To answer this question, a deeper insight into the mechanisms of immune toler-
ance and the interplay between the gut microbiota and both the innate and adaptive immune system 
is needed. As reviewed above, the paramount impact of early microbial exposure has been estab-
lished. However, reasons as to how and why these early introduced microbes entail long-life imprints 
are uncertain. Based on the reviewed literature, three theories behind microbial priming can therefore 
be outlined. 

1. Establishment in the intestine is promoted
- Early introduced microbes establish themselves and/or induce tolerance for future es-

tablishment in the GIT. As soon as the gut microbiota is assembled, it is difficult to
introduce new microbes due to colonization resistance. By introducing ‘beneficial’
microbes early in life, permanent persistence can be achieved diverting the establish-
ment of the gut microbiota.

2. The gut microbiota composition is influenced
- Early introduced microbes provide favorable conditions for other microbes (i.e. ace-

tate production or reduction in pH or oxygen), and with it, beneficially influence the
microbial composition in the long run.

13

Chapter 2. State of the art



3. The development of the immune system is accelerated
- Merely the presence of the early introduced bacteria and their antigens render the es-

tablishment of GAPs, accelerating the immune maturation for example through the
production of Treg cells. This would protect the host from pathogens. Further, inducing
the mucosal immune system early in life to develop tolerance can be hypothesized to
reduce the energy expenditure in inappropriate inflammatory responses later in life, or
it may make the host more responsive towards pathogenic encounters.

All three theories – or a combination of them – may be reasons as to why early life serves as a period 
of physiological plasticity rendering interventive strategies. Several programming events can be con-
sidered, yet probiotics, being defined as beneficial microorganisms, seem evident as candidates for 
early interventions, and their use as an early inoculation product for future health of pigs have been 
investigated to some extent. 

2.2. Probiotic intervention in early life for health promotion and disease prevention 
2.2.1. Definition and mechanism of action of probiotics 
Probiotics have emerged as a popular strategy delivering healthy food, sustainable agricultural pro-
duction and health benefits to humans and animals. Probiotics are defined as ‘live microorganisms 
which, when administered in adequate amounts, confer a health benefit on the host’ (Gilliland et al., 
2001; Hill et al., 2014). Live microbes (probiotics) can be added to dairy products as well as other 
fermented foods and administered to plants, humans, and animals. Probiotics can be categorized as 
bacterial and non-bacterial (yeast and fungi). However, most microorganisms used as probiotics are 
bacteria. Furthermore, probiotics can either be spore forming or non-spore forming (FAO, 2016), 
where spore forming bacteria are able to produce spores, making them highly resistant to physical 
and environmental factors. Spore-forming bacteria are thereby capable of surviving processes like 
pelleting, but also handling and storage. Some microorganisms used as probiotics are already mem-
bers of the microbiota in the GIT of animals. These microorganisms are referred to as autochthonous 
probiotics and an example of such could be bacteria of the genus Lactobacillus. Microorganisms, 
which are normally not present in the indigenous gut microbial community (e.g. Bacillus), are char-
acterized as allochthonous probiotics (FAO, 2016). Bacterial strains used as probiotics can be isolated 
from various sources such as traditional fermented products, soil, plants as well as digesta, feces or 
milk from human and animal subjects. Microorganisms used as probiotics have to be non-pathogenic, 
non-toxic and not be carrying any transferable antibiotic resistance genes (Borchers et al., 2009). At 
the same time, it is paramount that the microorganisms are able to survive and grow in the GIT. 
Nevertheless, it has been suggested that probiotics provide health benefits to the hosts even without 
colonizing or replicating in the intestine (Bezkorovainy, 2001).  

When selecting probiotic strains for a specific purpose, in vitro screening of candidates is thought to 
provide insight into their in vivo functionality. During such a selection phase, it is necessary to estab-
lish rational selection criteria relevant for the specific health target. Probiotics exert strain-specific 
activities, why it cannot be assumed that the activity of one probiotic strain is the same as another 
probiotic strain. As of today, the specific mechanisms underlying the health and nutritional benefits 
of probiotics are only partially understood. Still, the mechanisms of action (MoA) of probiotics are 
assumed to be multi-factorial, and overall functionalities of probiotics have been proposed.  
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Overall functionalities of probiotics in regard to animal application can be divided into the features: 
immune modulation, improvement of nutrient digestion and absorption, enhancement of barrier func-
tion, and antimicrobial activity (Figure 2.3). 

Figure 2.3. Mechanisms of action of probiotics in the intestine. (A) Modulation of the immune system, (B) 
Improvement of nutrient digestibility and absorption. Antimicrobial activity of probiotics include: (C): En-
hancement of barrier function through stimulation of mucus secretion and modulation of tight junctions, (D): 
pH reduction, (E): Secretion of antimicrobial substances, and (F): Inhibition of pathogen adhesion to mucus 
and epithelial cells. (Modified after Ng et al. (2009) using BioRender).  

Immune modulation 
Research has established probiotics being capable of both stimulating and suppressing immune re-
sponses. Dependent on the situation (e.g. allergy or infection), both functions are considered benefi-
cial for the host. Several studies have found probiotics being capable of activating cells to secrete 
both anti- and pro-inflammatory cytokines. For example, Zhou et al. (2014) observed L. reuteri to 
inhibit ETEC-induced pro-inflammatory cytokine expression in IPEC-J2 cells; and, Murata et al. 
(2014) showed that B. breve was capable of increasing IL-10 levels in lymphocytes co-cultured with 
intestinal porcine cells and challenged with ETEC-associated PAMPs. Furthermore, an in vitro study 
demonstrated that B. breve influenced porcine intestinal cells and immune cell interactions, inducing 
stimulation of Treg cells (Fujie et al., 2011). The intestinal microbial community is thought to protect 

15

Chapter 2. State of the art



the host by priming immunological defense mechanisms. During the neonatal period, immune matu-
ration is directly influenced by the presence of bacteria (Mulder et al., 2011), implying that the pres-
ence of early inoculated probiotic strains also contributes to immunological priming. Indeed, it seems 
that the probiotics mainly influence the innate immune responses, which in turn also impact the adap-
tive immunity. Supplementation of B. breve early in life has shown to improve the development of 
mucosal immunity through enhanced intestinal IgA synthesis (Del Mar Rigo-Adrover et al., 2016). 
Secretory IgA is an important facilitator part of the innate immune response as they can bind to the 
surface of potential pathogens through immune exclusion, blocking their adherence to epithelial re-
ceptors, or they can opsonize the pathogens (Mantis et al., 2011).  

Improvement of nutrient digestion and absorption 
Another functionality of probiotics is their capability of enhancing digestion and absorption of nutri-
ents. Probiotics may enhance nutrient digestion by increasing the enzyme activity – either directly by 
producing the enzymes themselves or indirectly by modulating the microbiota and with it, the enzyme 
production (Plaza-Diaz et al., 2019). In a study by Jaworski et al. (2017), administration of a multi-
strain Bacillus product to weaned piglets increased the expression of glucagon-like peptide-2 recep-
tors in the liver. The authors suggested that increased levels of glucagon-like peptide-2 may induce 
expression of digestive enzymes such as maltase-glucoamylase and sucrose-isomaltase, which partly 
could explain the improved gain to feed ratio observed in the Bacillus supplemented pigs. Enhanced 
absorption of nutrients by probiotics is attained through improved epithelial morphology, expressed 
as enlarged surface area (i.e. increased villus height and crypt depth) (Di Giancamillo et al., 2008). 
Research has shown that administration of probiotics to pigs stimulates Na-dependent glucose ab-
sorption in jejunum (Breves et al., 2000; Lodemann et al., 2006), which is considered crucial during 
infection with ETEC, since LT and STa toxins produced by ETEC reduce the absorption of glucose 
through Na-dependent glucose transporters (Dubreuil et al., 2016).   

Enhancement of barrier function 
One of the MoA of probiotics is the enhancement of intestinal barrier function, which also can be 
considered as an immunomodulatory effect. The intestinal barrier constitutes an essential determinant 
in prevention of infectious diseases (Farhadi et al., 2003), and an increased permeability through the 
intestinal barrier is detrimental for host health. Studies have established that one of the harmful effects 
of ETEC is its ability to increase intestinal permeability in the small intestine (Lodemann et al., 2015; 
Wu et al., 2016). The enhancement of barrier function by probiotics can be realized through stimula-
tion of mucus secretion, whereby the protective layer of the epithelial cells is refined (Mack et al., 
1999). This can be achieved by increasing the number of goblet cells through acetate production 
(Allaire et al., 2018), which reinforces the mucus layer, or by a direct impact on the secretion of mucin 
genes in the intestinal epithelial cells (Galdeano et al., 2019). Additionally, some probiotic bacteria 
sustain the gut barrier function through modulation of epithelial cell tight junction proteins such as 
zonula occludens-1 (ZO-1) or actinin (Ng et al., 2009; Resta-Lenert and Barrett, 2003). According to 
Roselli et al. (2007), inoculation of L. sobrius to ETEC infected cells prevents occludin dephosphor-
ylation, possibly by signaling through specific host cell pathways important for the regulation of tight 
junction proteins.  
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Antimicrobial activity 
Probiotics can exert their antimicrobial activity through competition with, exclusion and/or displace-
ment of pathogenic bacteria. Adherence of pathogenic bacteria to intestinal epithelial cells is a pre-
requisite for their colonization (Servin, 2004). Exclusion of pathogenic bacteria by probiotics can be 
accomplished by adhering to intestinal mucus and/or epithelial cells through specific receptors and 
thus preoccupying the space. According to an in vitro study by Li et al. (2008), it seems that the higher 
adhesion ability of a probiotic, the higher competitive exclusion against pathogenic bacteria. Probi-
otics can also displace pathogenic bacteria already adhering to mucus and/or epithelial cells (Lee et 
al., 2003). Proliferation of pathogens can be averted by probiotics through secretion of antimicrobial 
substances like bacteriocins and lipopeptides (Caulier et al., 2019; Ng et al., 2009). Furthermore, 
probiotics are thought to inhibit pathogenic bacteria through competition for nutrients such as iron, 
which is necessary for pathogen survival (Malago and Koninkx, 2011; Skrypnik et al., 2019). Some 
probiotic strains are thought to affect the small intestinal environment, for instance by decreasing pH, 
making it unfavorable for pathogens to colonize. Both Enterococcus and Lactobacillus genera are 
lactic acid bacteria, and they produce lactic acid as the end product of carbohydrate fermentation, 
which contribute to an acidic environment (Yang et al., 2015a). This is especially important for young 
pigs as their acid producing capacity in the stomach is limited (Manners, 1976).  

As reviewed above, there are several MoAs of probiotics, and the list will only grow as new probiotic 
strains emerge and as our ability of designing in vitro studies with physiologically relevant results 
improve. Probiotics’ MoAs are indeed multi-factorial, and a combination of strains may open on to 
synergistic properties. Research has established how these probiotic properties transpire in improved 
performance and health in probiotic-administered pigs (Roselli et al., 2017; Zimmermann et al., 
2016). When selecting probiotic strains for early inoculation of piglets, one may have to change the 
perspective and reevaluate the MoAs desirable for such an intervention.   

2.2.2. Early inoculation of probiotics to piglets 
The idea of administrating probiotics to piglets early in life has been studied to a low extent. Yet 
already in 1995, Abe et al. (1995) conducted a study with the objective of improving health of new-
born piglets by administering probiotics via a milk-replacer. The authors demonstrated improved 
weight gain and reduced mortality in suckling piglets supplemented with B. thermophilum and B. 
animalis. An overview of published studies investigating early inoculation of probiotics to suckling 
piglets is presented in Table 1. This literature review is constrained by not including studies where 
both the dam and the piglets were administered with probiotics. In the following bullet points, several 
aspects considered important for early probiotic intervention are reviewed; the probiotic product, 
dosage, application method, first time of administration, period of administration, and impact after 
cessation of administration. Overall, most studies have established a beneficial effect of early inocu-
lation of probiotics to suckling piglets.  

 Most commonly Lactobacillus and Enterococcus were chosen for the probiotic product, but
Bifidobacterium, Bacillus, Clostridium, and Saccharomyces were also explored. Most studies
evaluated the effect of single-strain probiotics. Looking at the overall results of the reviewed
studies, multi-species probiotic products do not appear to entail additional effects compared
with single-strain products. Yet, Liu et al. (2017), being the only research group investigating
probiotic strains alone and in combination as an early inoculation product, implied that the
combination of L. casei and E. faecalis exerted a more pronounced effect compared with the
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two strains administered individually. According to Timmerman et al. (2004), the use of multi-
strain or -species probiotic product should be encouraged due to the possibility of combining 
different strains or species that complement each other’s MoA. If the combination of probiotic 
species or strains display synergistic effects, it only constitutes additional health benefits.  

 The probiotic dosage in the different studies varied to some extent, with the lowest dosage
being 106 colony-forming units (CFU)/dose (Xin et al., 2020) ranging to the highest dosage
being 1.7x1010 CFU/dose (Hou et al., 2015). Two of the lower dose studies found minor or no
effect of early probiotic inoculation to suckling piglets (Menegat et al., 2020; Xin et al., 2020).
According to Xin et al. (2020), administration of L. johnsonii (1x109 CFU/day orally from day
1 to 10 and 1x106 CFU/g feed from day 11 to 35) improved daily growth and beneficially in-
fluenced immune parameters and microbial composition in feces six days following weaning.
In the same study, the effect of administrating B. subtilis (1x106 CFU/day orally from day 1 to
10 and 1x106 CFU/g feed from day 11 to 35) was investigated, and the authors concluded that
L. johnsonii exerted more pronounced beneficial health effects as compared with B. subtilis. In
agreement with these findings, Menegat et al. (2020) found no effect of orally administrating
B. subtilis (4.5-7.75x107 CFU/day) to suckling piglets from day 2 to 19. The authors speculated
whether the lack of effect was due to conditions under which the piglets were kept not being
stressful enough. Probiotics are normally believed to have greatest effect, when administered
during stressful events (FAO, 2016). However, the MoA of the early inoculated probiotic prod-
uct is believed to be different since the live microbes are expected prime the GIT of newborn
piglets to prepare for stressful events. Furthermore, the probiotic dosage of B. subtilis in these
two studies (Menegat et al., 2020; Xin et al., 2020) was lower than the probiotic dosage used in
the other reviewed studies. Indeed, it can also be speculated that the Bacillus genus is not suit-
able in an early inoculation product, since Bacillus species are considered allochthonous mi-
croorganisms (Hong et al., 2005).

 Application methods used in the studies presented in Table 1 include oral inoculation, through
milk-replacer or in the feed. Direct oral inoculation facilitates controlled application immedi-
ately after birth. Another advantage is that the exact dosage is ensured to each individual piglet.
Indeed, the disadvantage of oral inoculation is that it is labor-intensive and invasive. Babińska
et al. (2005) investigated the effect of orally administrating either L. acidophilus or a combina-
tion of B. breve and B. animalis from day 3 to 35. Even though the authors observed beneficial
effect on proliferation of connective tissue and number of lymphocytes, daily oral application
for 33 days would not be feasible under commercial production practices. Application of pro-
biotics through milk-replacer or feed is less labor-intensive, however, it is well established that
there is a high variation between piglets’ eating/drinking behavior (Pluske et al., 2018b;
Sørensen, 2017). If the hypothesis is that the window of opportunity is immediately after birth,
a disadvantage of administrating the probiotics through the feed, is that feed is often introduced
at day 10-14 after birth (Pluske et al., 1995), and that the significant feed intake is often ob-
served from week 3-4 (Bruininx et al., 2002). Milk-replacement can, on the other hand, be
introduced right after birth. The consequence of high intake variation is of course a varying
probiotic dosage between piglets. Nevertheless, the studies shown in Table 1 did not indicate
additional beneficial effects when the probiotic products were administrated orally as compared
with in feed or through milk-replacer.
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 The first time of probiotic application in the reviewed studies also varied from immediately
after birth to day 8 post-partum. Even though probiotic administration was not initiated before
day 7 or 8 in the creep feed, both Rondón et al. (2013) and Hayakawa et al. (2016) found pro-
biotic administration to improve weight gain and decrease occurrence of diarrhea. In fact,
Hayakawa et al. (2016) demonstrated a beneficial effect of probiotic administration after its
cessation, expressed by decreased incidences and severity of diarrhea post-weaning and in-
creased abundance of Bifidobacterium in ileum five days post-weaning. Findings from these
two studies indicate that the window of opportunity is not necessarily immediately after birth.

 The period of probiotic administration in the reviewed studies varies. Some of the studies
administrated the probiotics daily, others every 4th or 7th day, and single dose administration
was also evaluated. In a study by Hou et al. (2015), short-term and long-term intermittent ad-
ministration of L. reuteri was evaluated, with the latter exerting most pronounced effects. Yet,
as reported by Haupenthal et al. (2020), a single dosage of multi-species probiotic products
administered on the day of birth increased daily weight gain by 28-36 g/day in the 18 days study
period. The authors also concluded that the probiotics improved intestinal health by signifi-
cantly increasing villus height in duodenum on day 18 compared with pigs not inoculated with
probiotics. However, probiotic administrated piglets also had significantly decreased villus
height in ileum on day 18, and other morphological parameters were not affected. Likewise,
probiotic administration did not influence incidences of diarrhea. More studies are still needed
to establish whether a single dose of probiotic administration is adequate to observe beneficial
effects.

In a recent study by Wang et al. (2019), the authors concluded that oral administration of L.
rhamnosus on day 1, 3, and 5 post-partum had positive impact on performance and health by
improving daily weight gain with 30 g/day and reducing diarrhea incidences with 2%. Jejunal
mucosa of probiotic administered pigs on day 25 had increased levels of the antimicrobial pep-
tides, pBD-1 and PMAP-37, and TLRs critical for activation of DCs were upregulated. The
authors also detected a modulation of phyla in jejunal mucosa, indicative of increased abun-
dance of Firmicutes and decreased abundance of Bacteroidetes and Fusobacterium. In a study
by Zhang et al. (2011), L. salivarius was administered orally on day 0, 7, 11, and 26. The authors
observed increased levels of the antimicrobial peptide, pBD-2, in saliva on day 14 and 28 and
duodenal mucosa on day 28 in pigs inoculated with probiotics. In another study, E. faecium was
orally administrated immediately after birth until day 24, where the experiment ended (Zeyner
and Boldt, 2006). Early administration of this probiotic strain improved daily weight gain by
17 g/day and reduced diarrhea incidences, however, once a piglet suffered from diarrhea, pro-
biotic inoculation failed to reduce duration of infection.

Two studies have investigated the effect of administering either L. reuteri or L. fermentum
orally from day 4 after birth and the following 14 days (Liu et al., 2014; Yang et al., 2015b).
Besides improving daily weight gain with 36 g/day and reducing diarrhea incidences, admin-
istration of L. fermentum improved jejunal villus height, increased the concentration of
branched chain fatty and butyric acids in colon, plus modulated the colonic microbial commu-
nity at the end of the study on day 19 (Liu et al., 2014). Those findings indicated an accelerated
maturation of the intestines, and probiotic administration also modulated the immune responses
by reducing the level of the anti-inflammatory cytokine IL-10 in ileum on day 19. According
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to Yang et al. (2015b), oral inoculation of L. reuteri during suckling exerted beneficial effects 
on the expression of tight junction proteins, increasing the protein abundance of jejunal ZO-1 
as well as ileal claudin-1, occluding and ZO-1 on day 19. Interestingly, the authors looked into 
the MoA of the probiotic strain in vitro using intestinal porcine epithelial cell line-J2 (IPEC-
J2). They concluded that L. reuteri maintained transepithelial electrical resistance (TEER) of 
the IPEC-J2 cell line and that the probiotic strain prevented an increased expression pro-inflam-
matory cytokines and reduction of tight junction proteins caused by stimulating IPEC-J2 cells 
with lipopolysaccharides. It would be of great interest to investigate if this probiotic strain was 
able to sustain its beneficial effect on the barrier function post weaning and after the cessation 
of probiotic administration. In line with these results, Wang et al. (2019) concluded that daily 
oral administration of L. plantarum from birth until day 20 increased the expression of occludin 
and ZO-1 in jejunum and ileum on day 20, respectively. Furthermore, the gut microbiota com-
position was modulated and both host defense peptides and TLRs were higher in the probiotic-
administered pigs. These beneficial effects may have contributed to the probiotic administered 
piglets having lower diarrhea incidences. Host defensive peptides were likewise increased in 
24-day old piglets in a study by Liu et al. (2017), where the piglets were orally administered
with L. reuteri from day 4 to 24. However, in this study, the microbial composition of colon
was not influenced by probiotic inoculation. Still, butyric acid in colon was found in higher
concentrations and the daily weight gain was enhanced with 14 g/day. The authors speculated
that early probiotic inoculation rather changes the transcriptional profile of the microbiome
instead of its structure.

In a pig study carried out as a model for human infants, Lewis et al. (2017) investigated the 
effect of early administration of B. lactis through milk-replacer pre-weaning and in the nursery 
feed post-weaning. The authors likewise found an increased expression of the tight junction 
protein ZO-1 in distal jejunum at day 35. However, considerable variation was identified be-
tween the two experimental runs that were part of their study, most likely attributable to differ-
ences in acquisition of intestinal microbiota immediately after birth, which made it difficult to 
conclude on. Nevertheless, administration of B. lactis exerted a significant effect on the devel-
opment of the metabolic function, i.e. through decreased urinary phenylacetylglycine and in-
creased urinary formate excretion, and of the mucosal immune system, i.e. increased expression 
of antigen-presenting cell function in colonic mucosa. Interestingly, early probiotic inoculation 
influenced the metabolic function of the microbiota rather than the composition, indicating that 
early introduced probiotic strains do not have to establish themselves or affect the intestinal 
microbial composition to have pronounced beneficial effect. Furthermore, Lewis et al. (2017) 
observed that pigs with an inflammatory phenotype on the first day of life also had increased 
secretion of the cytokine IL-17 (cytokine linked to inflammatory gut disorders) on day 35. 
These inflammatory phenotype pigs identified on day 1 also secreted high levels of the regula-
tory cytokine IL-10 on day 35. The mucosal cytokine observations indicate that early life events 
(such as having increased IL-17 levels) may drive long-term immunomodulation. Based on the 
study by Lewis et al. (2017), it seems that immune-metabolic correlations may be of great im-
portance in the MoA of early life interventions. 

 When looking at the impact after cessation of probiotic administration, most studies (Table
1) followed the inoculated piglets during probiotic administration, some followed them after
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cessation of probiotic administration, and very few followed the piglets post-weaning and after 
cessation of probiotic administration. Strompfová et al. (2006) reported improved intestinal 
health seven days after cessation of E. faecium administration, by which duodenal pH was de-
creased and the concentration of lactic and propionic acid in colon were increased compared 
with non-probiotic administered piglets. After the cessation of probiotic administration, Enter-
ococci counts in feces decreased, yet they were still present in feces and intestinal content indi-
cating successful colonization of the inoculated probiotic strain or a modulation of the gut mi-
crobiota composition. On the contrary, Sayan et al. (2018) only detected high Lactobacillus 
counts in feces during administration of L. salivarius and not following the probiotic admin-
istration, pointing to no establishment of the inoculated probiotic strain. Nevertheless, the au-
thors still found beneficial effects of probiotic administration, even in the subsequent period. In 
their study, the authors evaluated the effect of early probiotic administration by challenging the 
suckling piglets with ETEC F4 on day 24. L. salivarius supplemented piglets had increased 
weight gain (28 g/day) and reduced diarrhea incidences during the entire study period as well 
as improved intestinal health on day 29. The study only followed the pigs until weaning, why 
it would be interesting to investigate if early probiotic inoculation of L. salivarius exerts bene-
ficial effects in pigs challenged with ETEC post-weaning.  

Both Davis et al. (2002) and Gebert et al. (2011) evaluated the effect of early administration of 
L. brevis through a milk replacer, and both studies demonstrated enhanced intestinal morphol-
ogy (increased villus:crypt ratio). However, some of the beneficial effects from probiotic sup-
plementation seemed to fade post-weaning and post cessation of probiotic administration. Yet,
the data evolution of mucin production and immune cell subsets during the experimental period
is lacking in the paper by Gebert et al. (2011), i.e. only mean values from day 9, 22, and 28
were presented. Mechanisms behind the promotion of intestinal homeostasis were suggested to
be related to a lower number of lymphocytes in the intestinal tissue, which during weaning may
be an expression of a low inflammatory state. Hu et al. (2018) assessed the effect of orally
administrating L. frumenti from day 6 to until weaning on day 20 on intestinal morphology,
microbiota and immune responses post-weaning. Six days post cessation of probiotic admin-
istration, small intestinal barrier function and morphology was improved. In addition, according
to the authors, the relative abundance of health-promoting microbes increased, and immune
responses were affected, indicative of higher secretion of intestinal sIgA and serum IgG. In line
with Strompfová et al. (2006), Hu et al. (2018) identified a higher abundance of the adminis-
tered probiotic species in intestinal content of the pigs six days post cessation of L. frumenti.

Kiros et al. (2018) assessed if early inoculation of the probiotic yeast S. cerevisiae influenced 
host health and performance compared with administration of the same probiotic post-weaning. 
Additionally, the authors looked into whether administration of the probiotic pre- and post-
weaning was necessary to exert beneficial and lasting effects. The authors established that sup-
plementation of yeast pre-weaning had beneficial effects on performance post-weaning and af-
ter cessation of the administration. In fact, yeast administration post-weaning did not affect 
performance of the weaned piglets. On the other hand, the composition of the hindgut microbi-
ota was influenced to higher extent in the group of pigs administered yeast post-weaning as 
compared with pigs only being supplemented with the probiotic during suckling (Kiros et al., 
2018). Nonetheless, the overall most pronounced effects were found in pigs being supplemented 
with yeast pre- and post-weaning. Beneficial effects of yeast administration were enhanced 
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performance and development of a homogenous microbial community with positive interac-
tions between members of the phyla Firmicutes and Actinobacteria. Richness and diversity 
were not influenced by yeast administration (Kiros et al., 2018).  

Overall, the reviewed studies found beneficial effect of early probiotic administration. The effects 
were most often expressed as a modulation of the gut microbiota or immune function, or as enhanced 
intestinal morphology and function as well as improved weight gain. However, it is difficult to con-
clude whether these effects were due to the probiotics being present through regular administration 
and thus exerting their MoAs in a direct way, or if the effects were an expression of the early admin-
istered probiotic strains indirectly affecting the establishment of the gut microbiota or accelerating 
the immune system. It seems that the probiotics exerted lower effect after cessation of administration. 
Furthermore, none of the reviewed studies elaborated on their choice of probiotic strain/s. Probiotic 
strains intended for an early inoculation product may have to be selected based on different MoAs as 
compared to an in-feed probiotic product. In addition, the oral inoculation approach generates an 
opportunity of choosing novel probiotic strains, because the strains do not have to be capable of sur-
viving feed processing. Based on this, it would be interesting to carry out a rational selection process, 
allowing to select probiotic strains intended for an early inoculation product. Additionally, it is of big 
interest to look more into the MoA of early probiotic inoculation, especially to assess the effect after 
its cessation post-weaning and in a disease picture.  
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The overall objective of this PhD project was to develop a probiotic product for early inoculation to 
newborn piglets in order to establish a healthy microbiota leading to a long-lasting imprinting, 
whereby the piglet becomes less susceptible to ETEC-induced PWD. The overall hypothesis was that 
early administration of a specific probiotic product modulates the gastrointestinal microbiota of the 
piglet making it more resilient towards PWD caused by ETEC. 

The PhD project consisted of three work packages for which the following objectives and hypotheses 
were formulated: 

Work package 1 (WP1): Screening of probiotic bacteria for early inoculation of new-
born piglets (Paper I & II) 
Objective: To screen probiotic strains from the Chr. Hansen databank in vitro for possessing charac-
teristics important for establishing and maintaining a healthy microbiota in pigs and for showing 
inhibitory potential towards ETEC. 

Hypothesis: Probiotic strains – possessing ability to grow on porcine milk oligosaccharides (PMO), 
produce SCFA, modulate the gut microbiota, and reduce the growth, colonization, and damaging 
effect of ETEC to the intestinal epithelium – are good candidates for being administered to piglets as 
a prophylactic strategy towards PWD. 

Work package 2 (WP2): Effect of early inoculation of probiotics to newborn piglets on 
gut microbiota composition and immune responses (Paper III) 
Objective: To investigate if early inoculation of a multi-strain probiotic product, selected in WP1, to 
newborn piglets leads to a healthy gut microbiota and ecosystem. 

Hypothesis: Early inoculation of the selected probiotic product to newborn piglets changes the suc-
cession of the microbiota in a favorable way and the rate to which the immune system develops, 
having a beneficial effect for the pig during and after cessation of administration.  

Work package 3 (WP3): Effect of early inoculation of probiotics to newborn piglets on 
resistance to PWD (Paper IV) 
Objective: To investigate if early inoculation of a multi-strain probiotic product to newborn piglets 
reduces the risk of suffering from PWD caused by ETEC. 

Hypothesis: Early inoculation of the selected probiotic product to newborn piglets reduces the number 
of ETEC and inflammation markers in ETEC F18 challenged weaned piglets. 
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4.1. Work package 1 – In vitro screening of probiotic strains 
A healthy microbiota is difficult to define, both because of a largely unknown number of bacterial 
species harbored in the GIT, and because the interplay among microorganisms and between the host 
and microbiota is complex and not fully understood. Celi et al. (2017) proposed that a healthy GIT 
involves a steady state and a symbiotic equilibrium of the microbiome and the GIT. Important 
characteristics determining the health of the GIT are barrier function, intestinal morphology, immune 
response, and microbial composition (Bischoff, 2011). When selecting probiotic bacteria capable of 
developing and maintaining a healthy microbiota in pigs, it is thus evident to assess their performance 
within each of these characteristics.  

Candidate microorganisms for an early inoculation probiotic product were investigated and selected 
based on a comprehensive screening that included both gathering of already known information and 
execution of in vitro assays to determine functionality of the strains. The first selection process 
included 22 probiotic strains from the Chr. Hansen databank. These strains were chosen from the 
animal and human strain bank and included both commercial and newly developed strains. The strains 
were initially selected during the first process if they fulfilled the requirements of having an antibiotic 
susceptibility statement, a safety data sheet and existing data on stability and other available in vitro 
data. Among the 22 strains, ten strains were carefully chosen for the second selection process. The 
ten strains were selected based on already known information on criteria such as stability and survival 
under acidic or bile conditions, pathogen inhibitory capabilities, barrier function, adhesion capacity 
to epithelial cells, and in vivo results in animals and humans. Furthermore, some of the ten strains 
were already commercially available with the advantage of decreasing time from development phase 
to market access. Others were newly developed strains, with the advantage of being novel, yet with 
the disadvantage of being difficult to produce and/or handle. The following ten probiotic strains were 
selected for the in vitro screening:  

- Enterococcus faecium (CHCC 10669)
- Lactobacillus rhamnosus (CHCC 11994)
- Lactobacillus acidophilus (CHCC 3777)
- Bifidobacterium animalis subsp. lactis. (CHCC 5445)
- Bifidobacterium longum subsp. infantis (CHCC 2228)
- Bifidobacterium longum (CHCC10548)
- Bifidobacterium breve (CHCC 15268)
- Bacillus subtilis (CHCC 15541)
- Bacillus subtilis (CHCC15076)
- Faecalibacterium prausnitzii (CHCC 28556)

Based on a literature review and already established and available in vitro assays at Chr. Hansen, six 
different in vitro assays were chosen for the final selection process: 

1. ETEC pathogen inhibition
2. Impact on TEER after ETEC challenge
3. Competitive exclusion of ETEC through adhesion to epithelial cells
4. Growth on porcine milk oligosaccharides (PMO)
5. Dendritic cell and T-cell responses to the probiotic strains
6. Gastro-intestinal tract simulated system with ETEC challenge
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Justification of the selected methods and supplementary results not included in the papers of this 
thesis are described below. Furthermore, the final selection of the probiotic product for the in vivo 
experiments and considerations in this regard are subsequently discussed. Three theories as described 
previously in Chapter 2 could be formulated to explain the expected MoA behind early 
probiotic priming. Based on these theories, in vitro assays were chosen for the probiotic screening 
process to be able to select promising strains for an early inoculation product to pigs:  

1. Establishment of the probiotic in the intestine is promoted
- When selecting probiotic strains capable of establishing themselves in the GIT, im-

portant MoAs could be adhesion abilities – also competitively – and utilization of nu-
trients such as PMOs. If the inoculated probiotic strains were to establish themselves
in the intestine, inhibitory capabilities towards ETEC seem essential.

2. The gut microbiota composition is influenced
- Identifying probiotic strains capable of having an impact on the gut microbiota in the

young piglet through in vitro assays is challenging. Testing some of the probiotic
strains in an in vitro model simulating the piglet small intestine was chosen to evaluate
their MoA in an intestinal microbial community. However, the many limitations of
this model with the chosen setup showed difficulties in evaluating the probiotic
strains’ MoA.

3. The development of the immune system is accelerated
- Identifying probiotic strains capable of accelerating the development of the immune

system through in vitro tests seems difficult. It was decided to evaluate the probiotic
strains’ ability on barrier function and their stimulation of DC and T-cell responses.

4.1.1. ETEC pathogen inhibition 
Since diarrhea caused by ETEC is one of the biggest threats to the newly weaned pig, it was decided 
to include ETEC infection as the main focus in the evaluation of probiotic strains and their antago-
nistic activities. The ETEC pathogen inhibition assay was therefore chosen as one of the assays in-
cluded in the in vitro screening. ETEC F18 is one of the two common fimbria types causing PWD 
(Luise et al., 2019), and this fimbria type was used for the challenge in vivo study in WP3. Thus, the 
probiotic strains included in the screening process were tested for their ability to inhibit growth of 
ETEC F18. The pathogen inhibition assays were carried out using three different methods according 
to the species of the screened probiotics: 1) Agar well diffusion assay (Bacillus), 2) Agar spot test 
(Bifidobacterium, Lactobacillus and Faecalibacterium) and 3) Broth based method with standard 
feed (Enterococcus).  

The agar spot test has repeatedly been used to test the inhibitory potential of lactic acid bacteria (LAB) 
and bifidobacteria (Jacobsen et al., 1999; Klose et al., 2010; Makras and De Vuyst, 2006). Bacillus 
are on the other hand more difficult to test in such an assay, because the bacteria tend to swarm, 
making it difficult to quantify the inhibition zones. Thus, the agar well diffusion assay has in our 
experience proven to be effective in preventing the Bacillus bacteria to swarm by spotting them in 
agar covered wells instead of on a flat layer of agar. Furthermore, in our experience, it has been 
difficult to evaluate the inhibitory effects of Enterococcus faecium towards pathogens using the agar 
spot and agar well diffusion methods. Therefore, the inhibitory capacity of this strain was evaluated 
using the broth-based method. Consequently, it was difficult to evaluate if some strains were better 
at inhibiting than others, both because of different methods and because of minor variation within 
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several experiments. Nonetheless, the results were used to assess whether the tested strains exhibited 
inhibitory activity towards ETEC.  

4.1.2. TEER with ETEC challenge 
The transepithelial/transendothelial electrical resistance assay was included in the screening to com-
pare the effect of the different probiotic strains and the ETEC strains F4 and F18 on TEER across 
monolayers of intestinal cell lines as a measurement of intestinal barrier function. The effect of the 
probiotic strains was measured as their ability to counteract increased permeability caused by ETEC. 
As described in Paper I, the TEER assay was first carried out by developing a model using the porcine 
intestinal cell line, IPEC-J2. ETEC F18 was chosen for the challenge because it was to be chosen for 
the in vivo challenge study in WP3 as well. A comprehensive study was performed to determine 
dosage of ETEC F18 and the probiotic strains. Regardless of the probiotic dosage, none of the strains 
caused a clear persistent TEER increase which is usually observed when using the humane Caco-2 
cell line. Some of the probiotic strains even caused a TEER decrease. In the challenge studies, none 
of the probiotic strains were able to counteract the ETEC F18-induced TEER decrease. Thus, the 
experiments indicated that IPEC-J2 cells were not suitable for screening probiotic strains using the 
TEER assay. Other laboratories have reported similar difficulties when using the IPEC-J2 cell line in 
TEER assays. Based on these observations, it was decided to carry out the TEER assays using humane 
Caco-2 cells instead, because this cell line is further developed and used in many research studies, 
and Chr. Hansen has more experience in working with this cell line. We first investigated the effect 
of probiotics in combination with ETEC F4, and eventually the assay was repeated using ETEC F18 
for the results to be included in Paper I.  

4.1.3. Competitive exclusion of ETEC through adhesion to epithelial cells 
The chance of survival and growth is higher when the probiotic is able to adhere to mucus and/or 
epithelial cells. At the same time the risk of ETEC infection is lower when the probiotic is capable of 
competing with the pathogen for adhesion. Therefore, an in vitro assay testing the ability of the pro-
biotic to compete with ETEC for adhesion to epithelial cells was included in the screening. The aim 
of this study was to compare the ability of the ten screened probiotic strains to competitively exclude 
adhesion of the ETEC F4 to intestinal cells. To begin with, the assay was developed using IPEC-J2 
cell lines and dose response experiments with ETEC F4 and F18 were carried out. However, due to 
the challenges experienced with the use of IPEC-J2 cells in the TEER assay, it was decided to con-
tinue screening the strains in the adhesion assay using humane Caco-2 cells. ETEC F4 was chosen 
for the competitive exclusion to be able to compare the results with the TEER experiments. Subse-
quently, the assay was repeated using ETEC F18 for the results to be included in Paper I.  

4.1.4. Growth on porcine milk oligosaccharides 
When inoculating probiotics to newborn piglets, survival and colonization of these probiotic strains 
were assumed to be of great importance if they are to perform their MoA and have a potential long-
term benefit. It was presumed that bacteria able to grow on porcine milk oligosaccharides (PMO) 
were more likely to colonize the intestine of the newborn piglet, why the growth of screened 
probiotics on different PMOs was measured. The two milk oligosaccharides included in this assay 
were 3´-sialoyllactose (3’-SL) and Lacto-N-Neotetraose (LNnT). The two PMOs were chosen 
because they are the most common oligosaccharides in porcine milk during the first days after 
farrowing (Salcedo et al., 2016; Tao et al., 2010).  
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4.1.5. Dendritic cell and T-cell responses to probiotic strains 
Dendritic cell and T-cell responses caused by the screened probiotic strains were evaluated in an 
immune assay carried out by a colleague from Chr. Hansen. Results from this assay were included as 
supplementary information in the evaluation of the screened strains because it was assumed that if 
the probiotic can influence the innate immune system early in life, then there is a higher chance of 
triggering an immune response when challenged later in life, or the bacterial antigen exposure would 
render future tolerance for that strain. To investigate if the screened probiotics exhibited 
immunomodulatory properties, cytokine release from stimulated DCs following a 20 hours’ co-
culture, with the included probiotics or cytokine release from activated T-cells following a 3-day co-
culture with stimulated DCs, were measured. Humane blood samples were used for this experiment. 
This in vitro assay was newly developed, why the number of replicates was low.  

For analyzing the data, it was decided to focus on DC cytokines stimulating polarization of specific 
T-cells and subsequently the signature cytokines secreted from these specific T-cells. The following
T-cells were considered: Treg cells for their homeostatic regulation, Th17 cells for their regulation of
extracellular pathogens, Th1 cells for their mechanisms related to cell mediated inflammation and
immunity to intracellular pathogens, and Th22 cells for their activities on mucosal immunity. Three
out of the ten screened strains showed interesting results in regard to the abovementioned focus area,
namely B. breve, L. rhamnosus, and E. faecium.

4.1.6. Selection of probiotic strains 
Following the in vitro screening, results were discussed, and the performance of the probiotic strains 
was rated against each other in each of the different in vitro assays (Table 4.1). As a clarification, for 
results obtained during the in vitro screening and included in the final selection process, ETEC F18 
was included in the pathogen inhibition assay, whereas ETEC F4 was included in the TEER and 
adhesion assays. Results from the TEER and adhesion assays including ETEC F18 were obtained 
post the selection process as a validating measure and were thus not available for the final selection 
process. However, it turned out that most of the results obtained in the TEER assay when using ETEC 
F4 were similar when using ETEC F18. The results were slightly different in the adhesion assay.   

As regards pathogen inhibition, all ten probiotic strains were capable of inhibiting ETEC F18, why it 
was decided to assign all ten probiotic strains the same score as an expression of all strains being 
capable of inhibition. Even though only two porcine milk oligosaccharides were included in the 
growth assay, additional milk oligosaccharides were tested on the Bifidobacteria sp. and Lactobacil-
lus sp. strains in another department of Chr. Hansen. When including these results, it was concluded 
that B. longum subsp. infantis not surprisingly grew on all tested milk oligosaccharides (2'-Fucosyl-
lactose, 3-Fucosyllactose, lacto-N-tetraose (LNT), LNnT, 3'-SL and 6'-Sialyllactose), why it received 
the highest score. B. breve grew on LNT and LNnT, leading to the second highest score. L. acidoph-
ilus and B. longum were assigned with one plus for growing on LNnT or LNT, respectively. Given 
that the immune assay was not fully developed at Chr. Hansen and that number of replicates was low, 
the different probiotic strains were not ranked against each other. Instead, the strains possessing es-
sential responses as previously mentioned received a star.  
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Table 4.1. Evaluation of the ten probiotic strains included in the screening. The performance of the probiotic 
strains was rated against each other in each of the different in vitro assays. The scores are as follows: 0 = no 
effect, + = small effect, ++ = clear effect, +++ = extensive effect, * = of interest. TEER: Transepithelial/tran-
sendothelial electrical resistance in Caco-2 cells with ETEC challenge; Adhesion: Competitive exclusion of 
ETEC through adhesion to Caco-2 cells, PMO: Growth on porcine milk oligosaccharides; Pathogen inhibition: 
ETEC F18 pathogen inhibition; Immune system: Dendritic cell and T-cell responses to probiotic strains. 

Strain TEER Adhesion PMO ETEC inhibition Immunity 

B. longum subsp. infantis 0 ++ +++ + 

B. animalis subsp. lactis +++ 0 0 + 

B. longum 0 ++ + + 

B. breve ++ 0 ++ + * 

L. rhamnosus +++ + 0 + * 

L. acidophilus 0 + + + 

E. faecium +++ +++ 0 + * 

F. prausnitzii ++ 0 - + 

B. subtilis (CHCC 15541) 0 0 0 + 

B. subtilis (CHCC 15076) 0 0 0 + 

Considering the fact that our hypothesis stressed the importance of investigating the effect of inocu-
lating probiotics to suckling piglets on gut microbiota composition, we decided to explore the impact 
of the most promising four probiotic strains included in the in vitro screening on microbiota compo-
sition in an in vitro model mimicking the small intestine of piglets (Paper II). However, most of the 
results from the CoMiniGut experiment were not ready for the final strain selection process and thus 
not included. Nevertheless, all four strains included in the CoMiniGut experiment ended up being 
selected for the probiotic product. 

For the selection of probiotic strains for the in vivo study in WP2 and WP3, several workshops and 
meetings were conducted – both with supervisors, but also with scientists and product managers in 
Chr. Hansen’s animal and human health departments. The first consideration was to decide whether 
to choose a single-strain product or a combination of strains. The advantage of choosing a single-
strain product is an increased insight in the MoA of the given strain, however, using a single strain 
may minimize the chance of seeing an effect, and it is further from a fully developed commercial 
product having a potential business impact. On the other hand, a combination of strains brings the 
advantage of combining different species and MoAs, which may increase the chance of seeing an 
effect. Additionally, the in vitro screening provides data to formulate the combination of strains. The 
disadvantages of choosing a combination of strains are the possible risk of antagonism, the challenge 
of explaining the MoA and the implication of not seeing an effect which necessitates to start over 
again. It was decided to go for a combination of strains, since the in vivo study was considered as a 
concept study investigating the concept of early inoculation of probiotics to newborn piglets. In order 
to increase the likelihood of success, the best probiotic strains identified in the in vitro screening and 
the best candidates in each of the different in vitro assays were chosen for the probiotic product.  
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A combination of five different strains were chosen for the probiotic product. E. faecium was chosen 
because it came out with the overall best results of the in vitro screening assays. L. rhamnosus was 
likewise chosen because of its qualities measured in the in vitro screening, and at the same time 
because the genus Lactobacillus is one of the first colonizers in piglets (Everaert et al., 2017). Addi-
tionally, Lactobacillus possibly stimulates growth of Bifidobacteria (de Moreno de LeBlanc et al., 
2008) which are considered as beneficial bacteria. Besides the two lactic acid bacteria, two Bifidobac-
teria were chosen for the probiotic product, namely B. longum subsp. infantis and B. breve. The two 
Bifidobacteria possess different MoAs, which was illustrated in the in vitro screening. B. longum 
subsp. infantis was selected due to its capability of growing on PMOs and competitively excluding 
ETEC F4 in the adhesion assay, increasing the chance of its own establishment in the intestine. Sup-
plementing the characteristics of B. longum subsp. infantis, B. breve was an interesting candidate by 
exerting beneficial effect in the TEER and immune assay. F. prausnitzii was chosen as one of the five 
probiotic strains, not because it was superior in the in vitro screening. This was not expected due to 
its sensitivity to oxygen, making most of the in vitro assays not suitable for this microorganism. F. 
prausnitzii was selected because the species is considered as a next generation probiotic and it is part 
of the commensal microbial community in colon of pigs (Bian et al., 2010; Castillo et al., 2007). 
Furthermore, the species utilizes acetate produced by, for example, Bifidobacteria and Enterococcus 
to produce butyrate, which is considered beneficial for intestinal health (Miquel et al., 2013).  

4.2. Work package 2 – Effect of early inoculation of probiotics to newborn piglets on 
gut microbiota composition and immune responses 
The probiotic product selected in WP1 included the following strains: 

- Bifidobacteriam longum subsp. infantis
- Bifidobacterium breve
- Lactobacillus rhamnosus
- Enterococcus faecium
- Faecalibacterium prausnitzii

The five probiotic strains were included in the product in a 1:1 ratio. All five selection criteria were 
regarded equally important, and we did not have evidence for including the five different strains at 
various dosages. The total daily dosage of 5x109 CFU/pig was determined based on a combination of 
knowledge from other swine probiotic products in Chr. Hansen and on other studies with the aim of 
administering probiotics to suckling piglets. As part of general practice in Chr. Hansen, the probiotic 
strains were freeze dried and grinded before they were mixed with maltodextrin in an anaerobic cham-
ber. To reduce the risk of killing the oxygen sensitive strains, an anaerobic PBS was prepared for the 
final solution. During the in vivo experiment, the final solution of probiotics or placebo (only malto-
dextrin) was prepared before each administration. For the application method, a market research re-
sulted in a drench gun system, making it possible to administrate an exact dosage of the probiotic 
product to the piglets. A soft rubber tube was attached to the drench gun, ensuring administration as 
close to the pharynx as possible without causing damage (Figure 4.1).  
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Figure 4.1. Illustration of the drench gun system used to inoculate placebo and probiotics to the suckling 
piglets.

F. prausnitzii is strictly anaerobic, why it requires a very specialized process to produce this strain.
Unfortunately, challenges regarding production of the F. prausnitzii strain in the necessary scale arose
after completion of round 1, and we were forced to complete round 2 and 3 without this strain. Con-
sequently, the probiotic product consisted of four strains at a dosage of 4x109 CFU/pig in round 2 and
3. It was decided to include results from round 1 and take the interaction between probiotic treatment
and round into account during the statistical analyses.

4.2.1. Experimental procedure and methodological approach 
Figure 4.2 illustrates the experimental procedures pre- and post-weaning. Three piglets per litter were 
followed by taking fecal samples through rectal swap during the entire experiment. The purpose of 
taking samples from the same piglets was to be able to determine the development of microbiota 
composition and the concentration of SCFA as well as biogenic amines. However, given that both 
the microbiota composition and concentration of fermentation products measured in feces do not 
represent those in the gut, especially the proximal gut (Zhao et al., 2015), two piglets per litter were 
selected to be slaughtered pre- and post-weaning for collection of intestinal content and tissue. Re-
search has shown that the microbial community differs between digesta and mucosa, primarily due 
to differences in oxygen concentration (Kelly et al., 2017) for which reason both digesta and mucosal 
tissues were collected for microbiome analysis. Pigs selected for slaughter were also chosen for blood 
sampling to analyze hematological parameters as a marker for infection, inflammation or other ad-
verse conditions (Washington and Van Hoosier, 2012).  

Even though we hypothesized early probiotic inoculation to exert long-term changes on the microbi-
ota composition, we also suspected that microbiome changes caused by early probiotic inoculation 
may not be long-lasting, yet beneficial effects of such an intervention may still be apparent in the 
immune system. Therefore, gene expressions in mucosal samples were determined using the Fluidigm 
microfluidic technology as an indicator of changes in immunological responses by the host (Myhill 
et al., 2018; Williams et al., 2017). During enteric infections and following the event of weaning, 
increased permeability of the intestinal barrier is often observed (Dubreuil, 2017; Moeser and 
Blikslager, 2007), and as a consequence, inflammation may occur and intensify secretion of fluids. A 
fluorescein isothiocyanate dextran (FITC-d) test was used to assess intestinal permeability both be-
fore and after weaning. Evaluation of gastrointestinal leakage by orally administrating FITC-d and 
subsequently measuring the FITC-d levels in blood is an established method in poultry studies (Gilani 
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et al., 2017; Kuttappan et al., 2015) but it has not been used in many pig studies. Intestinal permea-
bility can also be measured using methods with lactulose or mannitol (Gilani et al., 2017), yet given 
that studies have proven e.g. lactulose to impact gut microbiota composition (Zhai et al., 2018), FITC-
d was chosen for this test.  

Figure 4.2. Experimental procedure during the suckling (A) and nursery (B) period. 

Considering that the purpose of this animal experiment was to understand the MoA of the early ad-
ministered probiotic strains in piglets, most of the piglets in each litter were assigned to either be 
followed by taken feces samples, to be slaughtered, to be included in the permeability test or to be 
included in the WP3 challenge study. Consequently, it was decided not to include performance as a 
result parameter, and individual body weight and feed intake measurements were therefore used dur-
ing the study to assess general health status of the piglets. 

Housing of pigs during the WP2 experiment is described in Paper IV and the pen design pre- and 
post-weaning is illustrated in Figure 4.3. The loose housing system during nursing complicated the 
experiment by increasing number of crushed piglets and possibly by increasing number of piglets 
suffering from joint infections and bush feet. In general, antibiotics were only used to treat such in-
fections, since enteric infections during suckling were rare. Piglets were only treated with antibiotics 
if the reason for doing so was clear, otherwise, pain-relieving medicine was given the first couple of 
days while monitoring the pig. When a pig was treated with antibiotics, it was excluded from sample 
collection, except from measurements of body weight and feed intake.  

A 

B 
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Figure 4.3. Design of the loose farrowing pen (A) and nursery pen (B) used in the in vivo experiment. 

The most common fimbrial types characterized in the post-weaning period are F4 and F18 (Dubreuil 
et al., 2016). Adhesion of ETEC to the microvilli is only possible if the host possesses receptors for 
the fimbrial antigens (Fairbrother et al., 2005) and some pigs lack F4 and/or F18 receptors, as the 
presence of receptors varies between pig breeds (Baker et al., 1997). Breeding for resistance to E. coli 
bacteria with F4 fimbrial types through reduction in F4 receptors has been aimed for in Danish pigs 
(Nielsen and Svensmark, 2010). Consequently, sows included in both in vivo experiments were all 
tested positive for being homozygote carriers of the dominant gene coding for intestinal ETEC F18 
fimbriae receptors, however, they were not used to the loose farrowing system, why some sows were 
rather aggressive.  

4.3. Work package 3 – Effect of early inoculation of probiotics to newborn piglets on 
resistance to post-weaning diarrhea 
4.3.1. Experimental procedure and methodological approach 
Figure 4.4A exemplifies how piglets from WP2 were distributed in the treatment groups in WP3. The 
pen design is illustrated in Figure 4.4B. 

Figure 4.4. Illustration of distribution of piglets from WP2 to WP3 (A) and pen design (B). 

A B 

A B 

Chapter 4. Methods and selection of probiotic strains

41



Figure 4.5 illustrates the experimental procedure in WP3. During the experiment, feces samples were 
collected via rectal swaps from all pigs. Samples were used for microbiological enumeration of he-
molytic bacteria and Enterobacteriaceae, dry matter percentage as well as quantitative detection of 
genes encoding for ETEC F18 and its toxin, STb. All these parameters were monitored as indicative 
of the level of ETEC F18 infection. Additionally, blood samples were collected before ETEC F18 
challenge (day 28 at weaning), on day 4 (where challenge was considered most severe), and on day 
14 (where challenge was expected to be coped with). Blood samples were analyzed to detect a re-
sponse at the systemic level. Research has demonstrated increased levels of pro-inflammatory cyto-
kines during enteric infections and after the event of weaning (Gebru et al., 2010; Pié et al., 2004; Pié 
et al., 2004). Furthermore, both hematological parameters and acute phase proteins have been con-
sidered as biomarkers for enteric infections and inflammation (Drumo et al., 2016; Washington and 
Van Hoosier, 2012).  

Figure 4.5. Experimental procedure in WP3. 

Chapter 4. Methods and selection of probiotic strains

42



CHAPTER 5 
SUMMARY OF INCLUDED PAPERS 

43



44



Paper I 
Functional in vitro screening of probiotic strains for inoculation of piglets as a prophylactic 
measure towards Enterotoxigenic Escherichia coli infection 

Hansen L. H. B., Nielsen B., Boll E. J., Skjøt-Rasmussen L., Wellejus, A., Jørgensen L., Lauridsen 
C., and Canibe N.  
J. Microbiol. Methods 180, 106–126. https://doi.org/10.1016/J.MIMET.2020.106126

The objective of this study was to select probiotic strains intended for early life administration to 
piglets. Strains were tested for their ability to: enhance intestinal epithelial barrier function, reduce 
adherence of ETEC to intestinal cells, inhibit growth of ETEC, and grow on porcine milk oligosac-
charides. 

Results showed that all tested probiotics showed inhibitory properties towards ETEC F18, and that 
B. longum subsp. infantis was superior in utilizing porcine milk oligosaccharides. Furthermore, E.
faecium enhanced intestinal epithelial barrier function to high extent, and seemed to be the best can-
didate for competitively excluding ETEC F18 adherence to intestinal epithelial cells. As a conclusion,
it would be advantageous to choose a multi-species product including strains with different MoAs in
order to increase the likelihood of achieving beneficial effects in vivo.

Paper II 
Screening of probiotic candidates in a simulated piglet small intestine in vitro model 

Hansen L. H. B., Cieplak, T., Nielsen B., Zhang, Y., Lauridsen, C., and Canibe, N. 
FEMS Microbiology Letters 368:fnab045. https://doi.org/10.1093/femsle/fnab045

The objective of this study was to investigate the influence of four probiotic strains on gut microbiota 
composition and SCFA profile to counteract ETEC F4 infections, by using an in vitro model simu-
lating the small intestine of suckling piglets. 

Results showed that probiotic inoculation did not significantly influence SCFA and DL-Lactic acid 
production nor reduce coliform numbers in the ETEC F4 challenged treatment groups. Nevertheless, 
the probiotic strains did influence the gut microbiota composition to different degrees. Due to high 
variation among pigs, it was difficult to identify specific MoA of the tested probiotics and their po-
tential as preventive measure against ETEC infections in pigs. 

Paper III 
Early inoculation of a multi-species probiotic to piglets - impact on gut microbiome and 
immune responses 

Hansen L. H. B., Lauridsen C., Nielsen B., Jørgensen L., Schönherz, A. A., and Canibe N. 
Ready to submit to the Journal of Animal Science and Biotechnology (submission awaits patent ap-
plication). 

The objective of this study was to determine the effect of early inoculation of a probiotic multi-species 
product to newborn piglets on the gut microbiota composition and immune responses. 

Results showed that probiotic inoculated pigs had lower concentrations of SCFAs in feces, and ca-
daverine in intestinal content was found in lower concentrations post-weaning. Alpha diversity was 
higher in probiotic pigs prior to weaning, and beta diversity of the microbial community was 
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differentiating significantly between treatment groups one week post-weaning. The percentwise in-
crease in white blood cells from pre- to post-weaning was lower in probiotic pigs, and the acute phase 
protein, SAA, was down-regulated in small intestinal mucosa of probiotic pigs post-weaning. Fur-
thermore, pigs administered probiotics early in life had significantly lower incidences of diarrhea 
during the first week post-weaning.  

Early inoculation of a multi-species probiotic product may drive a long-term immunomodulation 
through changes in specific microbial antigens, leading to higher resilience in regards to challenging 
situations such as weaning. An interesting finding was that most of the effects of the early 
probiotic inoculation were observed after weaning and cessation of probiotic administration. 

Paper IV 

Impact of early inoculation of probiotics to newborn piglets on post-weaning diarrhea – a chal-
lenge study with Enterotoxigenic E. coli F18  

Hansen L. H. B., Lauridsen C., Nielsen B., Jørgensen L., and Canibe N.  
Ready to submit to the Journal of Animal Science and Biotechnology (submission awaits patent ap-
plication).  

The objective of this study was to assess the effect of administering a multi-species probiotic product 
to piglets early in life on ETEC fecal shedding, cytokine and acute phase protein concentration in 
blood in ETEC F18 challenged weaned piglets. 

Results showed that pigs supplemented with probiotics early in life and challenged with ETEC F18 
post-weaning had fewer days with diarrhea and a significantly reduced number of pigs shedding 
ETEC F18 and STb toxin in feces compared with the non-probiotic supplemented pigs challenged 
with ETEC F18. Early probiotic intervention did not influence weight gain or immune responses.  
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Functional in vitro screening of probiotic strains for inoculation of piglets as a prophylactic 
measure towards Enterotoxigenic Escherichia coli infection 

Hansen L. H. B., Nielsen B., Boll E. J., Skjøt-Rasmussen L., Wellejus A., Jørgensen L., Lauridsen C., 
and Canibe N.  
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a prophylactic measure towards Enterotoxigenic Escherichia coli infection 
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A B S T R A C T

Enterotoxigenic Escherichia coli (ETEC), being the major cause of post-weaning diarrhoea (PWD) in newly 
weaned piglets, induces poor performance and economic losses in pig production. This functional in vitro 
screening study investigated probiotic strains for use in suckling piglets as a prophylactic strategy towards PWD. 
Nine strains were evaluated based on their ability to: enhance intestinal epithelial barrier function, reduce 
adherence of ETEC F18 to intestinal cells, inhibit growth of ETEC F18, and grow on porcine milk oligosaccha-
rides. Strains included in the screening were of the species Lactobacillus, Enterococcus, Bifidobacterium and Ba-
cillus. Our in vitro screening demonstrated genus-, species and strain-specific differences in the mode of action of 
the tested probiotic strains. Some of the tested bifidobacteria were able to grow on the two porcine milk oli-
gosaccharides, 3′-sialyllactose sodium salt (3’SL) and Lacto-N-neotetraose (LNnT), whereas most lactic acid 
bacteria strains and both Bacillus subtilis strains failed to do so. All probiotic strains inhibited growth of ETEC F18 
on agar plates. All but the bifidobacteria reduced binding of ETEC F18 to Caco-2 cell monolayers, with the 
Enterococcus faecium strain having the most profound effect. All three lactic acid bacteria and Bifidobacterium 
animalis subsp. lactis counteracted the ETEC F18-induced permeability across Caco-2 cell monolayers with the 
E. faecium strain exhibiting the most pronounced protective effect. The findings from this in vitro screening study
indicate that, when selecting probiotic strains for suckling piglets as a prophylactic strategy towards PWD, it
would be advantageous to choose a multi-species product including strains with different modes of action in
order to increase the likelihood of achieving beneficial effects in vivo.

1. Introduction

Proliferation of Enterotoxigenic Escherichia coli (ETEC) in the small
intestine is the primary cause of nursery pigs developing post-weaning 
diarrhoea (PWD) (Nagy and Fekete 1998). PWD primarily appears 
during the first 14 days post-weaning and causes major economic losses 
due to mortality and impaired growth (Moeser and Blikslager 2007). Use 
of high levels of antimicrobials to treat the disease is widespread, which 
increases the risk of antimicrobial resistance development among bac-
teria, leading to inadequate antibiotic treatments of both animal and 
human diseases (Aarestrup 1999). 

Feed additives such as organic acids, prebiotics and probiotics have 
been proposed to prevent diarrhoea outbreaks in the early post-weaning 
period (Halas et al. 2007). In particular, the effect of probiotic admin-
istration has been extensively studied. Probiotics are defined as “live 
microorganisms which when administered in adequate amounts confer a 
health benefit on the host” (Gilliland et al. 2001). Research has shown 
contradictory results in regards to the effect of probiotics preventing 
PWD (Giang et al. 2012; Hu et al. 2015; Satessa et al. 2020; Veizaj-Delia 
et al. 2010). It has been speculated that one of the reasons for the 
inconsistent results reported in the literature may be that the probiotics 
have been administered too late in the animal’s life. In addition, strain- 

Abbreviations: AUC, Area under the curve; ETEC, Enterotoxigenic Escherichia coli.; LAB, Lactic acid bacteria.; LNnT, Lacto-N-neotetraose.; PMO, Porcine milk 
oligosaccharides.; PWD, Post-weaning diarrhoea.; TEER, Transepithelial electrical resistance.; 3’SL, 3′-sialyllactose sodium salt. 
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and species-specific properties of probiotics most probably also 
contribute to the inconsistent results, underlining the need for estab-
lishing appropriate criteria for selection of probiotic candidates. 

Pig studies suggest that the early life environment has great impact 
on the gut microbiota composition and disease development later in life 
(Schmidt et al. 2011; Thompson et al. 2008). The intestinal ecosystem is 
highly dynamic during early stages of life, which may represent a so- 
called window of opportunity (Lewis et al. 2017). During this time 
window, perhaps there is a higher probability of probiotic establishment 
in the gastrointestinal tract. Influencing the early development of the 
gastrointestinal tract with probiotic strains possessing inhibitory effects 
towards ETEC may thus be effective against development of PWD. 
Therefore, it is desirable to identify the best probiotic strains or com-
bination of strains for this specific health target. 

Studies have described in vitro strategies for testing probiotic strains 
with the objective of establishing mode of action or selecting the best 
strains to be used as additives in pig feed or as a preventive measure 
against salmonellosis (Abhisingha et al. 2018; Jensen et al. 2012; Larsen 
et al. 2014). Yet, no in vitro studies have focused on selecting probiotic 
strains for inoculation to piglets as a prophylactic strategy towards PWD. 
The objective of this functional in vitro screening study was to select 
probiotic strains intended for early life administration. Strains were 
tested for their ability to: enhance intestinal epithelial barrier function, 
reduce adherence of ETEC to intestinal cells, inhibit growth of ETEC, and 
grow on porcine milk oligosaccharides. Data obtained in this study will 
serve as selection criteria for probiotic strains to be used in an early 
inoculation product for suckling piglets as a preventive tool against 
PWD. 

2. Materials and methods

2.1. Bacterial strains and growth conditions

The in vitro screening included nine different probiotic strains; 
Enterococcus (E.) faecium (CHCC 10669), Lactobacillus (L.) rhamnosus 
(CHCC 11994), Lactobacillus (L.) acidophilus (CHCC 3777), Bifido-
bacterium (Bif.) animalis subsp. lactis. (CHCC 5445), Bifidobacterium 
(Bif.) longum subsp. infantis (CHCC 2228), Bifidobacterium (Bif.) lon-
gum subsp. longum (CHCC 10548), Bifidobacterium (Bif.) breve (CHCC 
15268) and two Bacillus (B.) subtilis strains (CHCC 15541 and 15076). 
The nine strains were selected from Chr. Hansen’s strain bank among 
commercial strains and strains showing high potential on improving 
gastrointestinal tract functionality of humans and pigs. The O138 F18- 
ETEC (9910297-2S™) strain, kindly provided by Professor Zentek, 
Institute of Animal Nutrition, Freie University Berlin, was chosen as the 
challenge strain for inhibition, transepithelial electrical resistance and 
adhesion exclusion assays. ETEC F18 is considered as one of two com-
mon fimbria types responsible for PWD in nursery pigs (Luise et al. 
2019), and the O138 serotype has previously been associated with 
diarrhoea in newly weaned pigs (Frydendahl 2002; Nadeau et al., 2017). 
The selected strains from this study are to be evaluated in an in vivo 
infection model, challenging weaned piglets with ETEC F18. 

Lactic acid bacteria (LAB; E. faecium, L. rhamnosus and L. acidophilus) 
and bifidobacteria were inoculated from frozen stocks and incubated 
aerobically overnight at 37 ◦C in De Man, Rogosa and Sharpe (MRS) 
broth, pH 6.5 (Difco™, 288,110, Chr. Hansen A/S Denmark). For bifi-
dobacteria, 0.05% cysteine hydrochloride monohydrate (CyHCl; Cas. 
No. 7048-04-6, Chr. Hansen A/S Denmark) was added to the MRS broth 
and the tubes were incubated under anaerobic conditions with Anaer-
oGen pads (AN0035A, Oxoid A/S, Denmark). Ten-fold dilution series 
were prepared from the overnight cultures and incubated under the 
same conditions as described above. For each strain, late exponential/ 
early stationary phase, reached after 18 h of incubation, was selected for 
the assays based on measures of optical density at 600 nm (OD600). 

The two B. subtilis strains and ETEC F18 were inoculated from frozen 
stock and incubated overnight in Luria-Bertani (LB) broth, pH 7.0 

(Difco™, 244,620, Chr. Hansen A/S Denmark) at 37 ◦C aerobically with 
shaking (170 rpm). The two B. subtilis strains were subsequently diluted 
1:100 in LB broth and grown with shaking (170 rpm) for 3 h to early- 
exponential phase. 

2.2. Growth on porcine milk oligosaccharides 

The two porcine milk oligosaccharides (PMOs) included in this assay 
were 3′-sialyllactose sodium salt (3’-SL), Cas no. 128596–80-5, and 
Lacto-N-neotetraose (LNnT), Cas no. 13007–32-4, kindly donated by 
Glycom A/S Denmark through their scientific donation program. Pro-
biotic strains were grown as described above (section 2.1.) and then 
washed twice in a modified MRS-based medium, named MRS-IM me-
dium (Johansen et al. 2013), with 0.05% CyHCl added for the bifido-
bacteria. The two PMOs were prepared as 20 g/L (2% wt/vol) solutions 
in MRS-IM. The solutions were sterile filtered using Steriflip Vacuum 
filtration tubes 0.22 μm (SCGP00525, Merck Germany) and for bifido-
bacteria 0.05% CyHCl was added to the final solution. 

Using a 96-well microtiter plate (F96, Costar CLS3595, Merck Ger-
many), 180 μL of PMO solution and 20 μL of washed bacteria were added 
to each well in triplicate. Twenty μL of washed bacteria and 180 μL MRS 
(for LAB and bifidobacteria) or brain heart infusion (BHI, Difco™, 
250,220, Chr. Hansen A/S Denmark) (for B. subtilis strains) were 
included as positive controls, whereas 180 μL of MRS-IM with PMO or 
washed bacteria were included in the assay as negative controls. The 96- 
well microtiter plate was incubated at 37 ◦C for 96 h anaerobically 
(bifidobacteria, L. rhamnosus and L. acidophilus) or for 48 h aerobically 
(E. faecium and B. subtilis strains). After incubation, OD600 was measured 
using a Synergy H1M plate reader (Biotek, USA) equipped with Gen5 
Software. The experiment was repeated twice in triplicate for each 
strain. 

2.3. Enterotoxigenic E. coli inhibition 

Two different agar methods were used to evaluate the inhibitory 
capacity of the tested probiotics towards ETEC F18: the agar spot test 
and the agar well diffusion test. The agar spot test has repeatedly been 
used to test the inhibitory potential of LAB and bifidobacteria (Jacobsen 
et al. 1999; Klose et al. 2010; Makras and De Vuyst 2006). Bacillus are on 
the other hand more difficult to test in such an assay, because the bac-
teria tend to swarm, making it difficult to quantify the inhibition zones. 
Thus, the agar well diffusion assay has in our experience proven to be 
effective in preventing the Bacillus bacteria to swarm by spotting them 
in agar covered wells instead of on a flat layer of agar. 

The agar spot test was used for the four Bifidobacterium spp. and the 
three LAB strains. Ten μL of probiotic overnight cultures were spotted on 
MRS agar plates and incubated aerobically (LAB) or anaerobically 
(bifidobacteria) at 37 ◦C overnight. An antibiotic; Ciprofloxacin (Sigma- 
Aldrich 17,850-5G-F, Merck Germany, 10 μg/mL solution) was used as a 
positive control, since many probiotic strains are considered to exhibit 
antibacterial activity by producing lipopeptides and/or bacteriocins 
(Caulier et al. 2019). An overlay of BHI agar containing ETEC F18 (5 ×
103 CFU/mL) was added. After 24 h of incubation at 37 ◦C under aerobic 
conditions, the diameter of ETEC F18 growth inhibition zones was 
quantified. The assay was repeated twice in duplicates for each strain. 

Inhibition properties of the two B. subtilis strains were tested using an 
agar well diffusion method. LB agar was inoculated with ETEC F18 (3 ×
104 CFU/mL) and poured into an OmniTray Single Well plate 
(734–0490, VWR, Denmark). A 96 well plate lid with 96 attached pins 
was placed over the agar plate and the pins were immersed in the agar to 
make 96 wells. Five μL of B. subtilis overnight cultures or 2 μL cipro-
floxacin (used as positive control) were applied to the wells. After 24 h of 
incubation at 37 ◦C under aerobic conditions, the diameter of ETEC F18 
growth inhibition zones was measured. The assay was repeated twice in 
triplicate for each strain. 
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2.4. Maintenance of Caco-2 cells 

Human colon Caco-2 epithelial cells (ACC 169, DSMZ Germany, 
passage 5 to 20) were routinely maintained in Dulbecco’s Modified 
Eagle Medium (Gibco™ DMEM, 21885-025,Thermo Fisher Scientific, 
Scotland) supplemented with Penicillin-Streptomycin-Amphotericin B 
Solution (03–033-1B, Biological Industries, Denmark), and 10% Fetal 
Bovine Serum (Gibco™ 10,500,064,Fisher Scientific, Sweden) at 37 ◦C 
and 5% CO2. For the transepithelial electrical resistance (TEER) assay, 
Caco-2 cells were seeded on transwells (0.4 μm pore diameter, 12 mm 
diameter, Corning, USA) at 5 × 104 cells/insert. Culture medium was 
changed every 3–4 days. After reaching full morphological differentia-
tion (20–22 days post-seeding) (Lodemann et al. 2006), the cell mono-
layers were used for the TEER assay. For the adhesion exclusion assay, 
Caco-2 cells were seeded in Nunclon Delta 12-well plates (200 mm 
diameter, 150,628 Thermo Fisher Scientific, Denmark) at 1.5 × 105 

cells/well. Culture medium was changed every 3–4 days and 9–10 days 
post-seeding the cell monolayers were used for the assay. 

2.5. Transepithelial electrical resistance (TEER) assay 

Caco-2 cell monolayers were equilibrated overnight in antibiotic-free 
cell culture medium with hourly TEER measurements using a CellZ-
scope2 system (NanoAnalytics, Germany). On the day of the experiment, 
probiotic strains grown as described in section 2.1. to either early- 
exponential phase (B. subtilis strains), late-exponential phase (LAB and 
bifidobacteria) or stationary phase (ETEC F18) were washed and 
resuspended in antibiotic-free cell culture medium. OD600-normalized 
bacteria were then added to the apical compartments of the cell 
monolayers at a concentration of approximately 108 CFU/well and 107 

CFU/well for probiotic strains and ETEC F18, respectively, after which 
hourly TEER measurements were carried out for 12 h. The assay was 
performed in triplicate and repeated twice. Results are expressed as 
relative to baseline values before addition of the bacteria to the 
epithelial cells. Area under the curve (AUC) was calculated under the 
relative TEER percentage curves as an overall measurement of the 
probiotic strains’ capability to inhibit and delay the ETEC-induced TEER 
decrease. 

2.6. Caco-2 pathogen adhesion exclusion assay 

On the day of the experiment, cultures of probiotic strains and ETEC 
F18 were prepared as for the TEER assay (section 2.5). Caco-2 cell 
monolayers were gently washed with Hank’s balanced salt solution 
(HBSS 1×, Gibco™ 14,175-095,Thermo Fisher Scientific, Denmark) 
after which 1 mL of antibiotic-free cell medium containing OD600nm- 
normalized probiotic strains was added to the cells at a concentration of 
approximately 108 CFU/well. After 1 h of incubation, 100 μL of ETEC 
F18 was added to the wells at a concentration of approximately 107 

CFU/well. After 2 h additional incubation, quantification of cell- 
associated ETEC F18 was performed by removing non-adhering bacte-
ria followed by gentle washing with HBSS, cell-lysis with 0.1% Triton X- 
100 (CAS 9036-19-5 Merck KGaA, Germany) in HBSS and plating of 
serial dilutions of lysed cells with bacteria on MacConkey agar plates. 
Percent ETEC F18 adherence was calculated by dividing the final 
number of CFU/mL by the initial number of CFU/mL and multiplying by 
100. The assay was performed in four replicates and repeated twice.

2.7. Statistics 

Statistical analyses were carried out using GraphPad Prism version 
8.4.2 for Windows, GraphPad Software, San Diego, California USA, 
www.graphpad.com”. QQ plots and D’Agostino-Pearson (for n > 8) and 
Shapiro-Wilk (for n = 3–8) tests were used to asses that the assumption 
of data being normal distributed was met. Brown-Forsythe and F tests 
were used to test for homogeneity of variance. Pathogen inhibition data 

were analysed using one-way ANOVA and unpaired t-test for the agar 
spot test and agar well diffusion method, respectively. Data from the 
TEER assay were analysed by calculating area under the curve (AUC) 
using 0% relative TEER as the baseline. The statistical analysis on AUC 
was then performed using one-way ANOVA followed by Dunnett’s 
multiple comparisons test. Analysis of data from the adhesion exclusion 
assay was performed using one-way ANOVA followed by Dunnett’s 
multiple comparisons test. Statistical significance was defined as p <
0.05, whereas p values between 0.05 and 0.10 were considered a trend. 

3. Results and discussion

Nine probiotic strains were screened for their ability to grow on
PMOs, to reduce the growth of ETEC F18, and to impair colonization and 
the damaging effect of ETEC F18 to the intestinal epithelium. It was 
hypothesized that strains possessing such properties are good candidates 
for being administered to piglets as a preventive measure against PWD. 
The effects of the tested strains were diverse, underlining the importance 
of characterizing genus-, species- and strain-dependent properties when 
selecting for a specific mode of action. 

3.1. Growth on porcine milk oligosaccharides 

Sow milk, and especially colostrum, is a rich source of oligosaccha-
rides (Tao et al. 2010; Wei et al. 2018). Oligosaccharides present in milk 
are relatively resistant to gastrointestinal degradation by host enzymes 
(Engfer et al. 2000). Therefore they can serve as prebiotics and stimulate 
growth of specific microorganisms (Asakuma et al. 2011; Thongaram 
et al. 2017) and thus modulate the microbiota of the piglet in a bene-
ficial way. It is presumed that probiotic strains able to grow on PMOs are 
more likely to colonize the intestine of the suckling piglet. Therefore, in 
a novel approach, we screened the probiotic strains for their ability to 
grow on PMOs. The two milk oligosaccharides included in the assay, 3’- 
SL and LNnT, were chosen because they are the most common and 
abundant oligosaccharides found in sow colostrum and milk in general 
(Salcedo et al. 2016; Tao et al. 2010). The results from this study showed 
species-dependent ability to ferment PMOs. The Bif. longum subsp. 
infantis strain grew well (OD600 > 0.750) on both 3’SL and LNnT 
(Table 1). The Bif. breve and L. acidopilus strains both grew well on LNnT 
(OD600 > 0.750), whereas the Bif. longum strain showed only minor 
growth on LNnT (OD600 = 0.200–0.500). The remaining probiotic 
strains did not grow on any of the two PMOs (OD600 < 0.200). 

The fact that Bif. longum subsp. infantis was the only strain showing 
high level of growth on both LNnT and 3’SL supports the common theory 
of Bif. longum subsp. infantis strains being superior milk oligosaccharide 
utilizers compared with other microorganisms (Asakuma et al. 2011; 
Garrido et al. 2015; Thongaram et al. 2017). Similar to this study, both 
Thongaram et al. (2017) and Ruiz-Moyano et al. (2013) observed that 
Bif. breve strains in general grew well on LNnT. In disagreement with 

Table 1 
Growth of the tested probiotic strains on two milk oligosaccharides; Lacto-N- 
neotetraose (LNnT) and 3’Sialyllactose Sodium Salt (3’SL). Values are “-” 
Negative, OD600 < 0.200; “+” Low, OD600 = 0.200–0.500; “++” Moderate, 
OD600 = 0.500–0.750; “+++” High, OD600 > 0.750 (n = 6). OD600: Optical 
density at 600 nm.  

CHCC Genus Species (+ sub) LNnT 3’SL 

11994 Lactobacillus rhamnosus − −

3777 Lactobacillus acidophilus +++ −

5445 Bifidobacterium animalis lactis − −

2228 Bifidobacterium longum infantis +++ +++

10548 Bifidobacterium longum + −

15268 Bifidobacterium breve +++ −

10669 Enterococcus faecium − −

15541 Bacillus subtilis − −

15076 Bacillus subtilis − −
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Thongaram et al. (2017), low growth of Bif. longum on LNnT was 
observed in the current study, likely reflecting strain-specific differ-
ences. Growth on LNnT by L. acidophilus has previously been reported to 
be moderate (Thongaram et al. 2017), which is in accordance with the 
present study. Furthermore, confirming the findings in this study 
Thongaram et al. (2017) identified no growth of L. rhamnosus or Bif. 
animalis subsp. lactis on LNnT or 3’SL. 

3.2. Enterotoxigenic E. coli inhibition 

In the agar spot test, all bifidobacteria and LAB inhibited growth of 
the pathogenic strain ETEC F18 (Table 2). Only minor non-significant 
strain-to-strain variation was observed. In a study identifying proper-
ties of Lactobacillus strains isolated from a healthy infant stool, it was 
concluded that L. acidophilus likewise had strong inhibitory capabilities 
towards different ETEC strains (Tsai et al. 2008). In the agar well 
diffusion assay, both tested B. subtilis strains showed inhibitory effects 
towards ETEC F18 with B. subtilis (CHCC 15076) expressing a signifi-
cantly larger inhibition zone. Indeed, the biological relevance of 0.05 cm 
difference in the size of the inhibition zone can be discussed. Larsen et al. 
(2014) observed that both B. subtilis (CHCC 15541) and B. subtilis (CHCC 
15076) displayed inhibition zones of 0.2–0.4 cm diameter towards ETEC 
F4. In our study, the size of the inhibition zone towards ETEC F18 was 
more than 0.6 cm in diameter for both B. subtilis (CHCC 15541) and 
B. subtilis (CHCC 15076). Based on these findings, it can be concluded
that the two B. subtilis strains exhibit inhibitory effects towards both
ETEC F18 and F4, the two most common adhesive fimbriae types asso-
ciated with PWD (Nagy and Fekete 1998).

3.3. Transepithelial electrical resistance (TEER) assay 

The aim of the TEER assay was to assess the ability of the tested 
probiotics to counteract increased permeability caused by ETEC F18. 
Disruption of intestinal integrity in monolayers of porcine IPEC-J2 cells 
by ETEC F4 and F18 has previously been described (Johnson et al. 
2010). However, in our experience using the IPEC-J2 cell line to test the 
effect of probiotic strains with and without a pathogen challenge proved 
to be difficult. As described by both Lodemann et al. (2015), Pedersen 
et al. (2012) and Larsen et al. (2014), we observed a decrease in TEER 
across polarized IPEC-J2 cell monolayers when exposed to our probiotic 
strains – even in the absence of ETEC. Thus, we were not able to identify 

probiotics capable of counteracting the TEER decrease caused by ETEC 
using this cell line (data not shown). Many different factors including 
lab-to-lab variation (i.e. different culture conditions and medias) could 
contribute explaining differences in results when utilizing the IPEC-J2 
cell line in TEER assays. 

The human Caco-2 cell line has been widely used to investigate the 
effect of probiotics alone and in combination with ETEC F4 on trans-
epithelial resistance (Klingspor et al. 2015; Lodemann et al. 2015; Yu 
et al. 2015; Yu et al. 2012). To our knowledge, no studies have explored 
the ability of different probiotic species to counteract epithelial barrier 
disruption caused by ETEC F18 in Caco-2 cells. An initial screening of 
ETEC F18 administered at various dosages showed that ETEC F18 grown 
overnight and adjusted to 107 CFU/well caused a profound TEER 
decrease. For the screening of probiotic-ETEC co-cultures, the probiotic 
strains were administered at a tenfold higher dosage in line with a 
similar study (Yu et al. 2015). While exposure of the Caco-2 cell 
monolayers to ETEC F18 initially caused a small increase in TEER, the 
pathogen quickly caused damage to the cells with TEER dropping to 
approx. 50% of the initial level after 5–6 h and 25% after 8 h (Fig. 1A). In 
our study, AUC was calculated to assess the ability of the probiotic 
strains to counteract the increased permeability caused by ETEC F18. All 
tested strains except Bif. longum and B. subtilis (CHCC 15541) signifi-
cantly increased the AUC as compared to the AUC after adding ETEC F18 
(Fig. 1B). E. faecium counteracted the TEER decrease to the highest 
extent, whereas L. rhamnosus, L. acidophilus, Bif. animalis subsp. lactis, 
Bif. breve, Bif. longum subsp. infantis and B. subtilis (CHCC 15076) 
counteracted the TEER decrease to a lesser extent. In agreement with our 
findings, Lodemann et al. (2015) and Klingspor et al. (2015) identified a 
beneficial effect of E. faecium in an ETEC F4 TEER challenge study using 
Caco-2 cell lines. To determine whether there was a correlation between 
reduction of TEER and increased permeability, a combined TEER and 
FITC-dextran 20 kDa (FD20) translocation assay was carried out. The 
LAB strains counteracted the ETEC F18 induced TEER decrease to high 
extent and were chosen for this test. As shown in Supplementary Fig. 1, 
decreased TEER caused by ETEC F18 was indeed correlated with higher 
permeability. The percentage of translocated FD20 was significantly 
higher in monolayers exposed to ETEC F18 in absence of probiotic 
strains compared with monolayers only exposed to media or probiotic 
strains. 

3.4. Caco-2 pathogen adhesion exclusion assay 

The ability of probiotic strains to compete with pathogens for 
epithelial binding sites, and thereby prevent or reduce pathogen colo-
nization, is one of the mechanisms behind the beneficial effects of some 
probiotics (Ng et al. 2009). While a statistical significant exclusion of 
ETEC F18 binding to Caco-2 cell monolayers by the tested probiotic 
strains was not observed, five out of nine strains numerically reduced 
adherence of ETEC F18 to Caco-2 cells compared to ETEC F18 alone 
(Fig. 2). E. faecium supressed ETEC F18 binding to Caco-2 cells to the 
highest extent (p = 0.11), followed by the two Lactobacillus spp. strains 
(L. rhamnosus; p = 0.28. L. acidophilus; p = 0.43) and the two B. subtilis 
strains (CHCC 15541; p = 0.55. CHCC 15076; p = 0.61). 

The high variation between the two experiments may have contrib-
uted to the lack of statistical significance of these strains, however, the 
effect of these strains could also have been too negligible to prompt 
statistical significance. The four bifidobacteria did not reduce adherence 
of ETEC F18 to the epithelial cells. The exclusion properties of E. faecium 
found in this study confirm the findings of Tian et al. (2016), who 
observed exclusion capability by E. faecium towards ETEC F4 using 
IPEC-J2 cells. Furthermore, ETEC F4 adhesion to porcine small intestinal 
mucus has been shown to be inhibited by E. faecium (Jin et al. 2000). 
L. rhamnosus is one of the most investigated probiotic strains and its
mode of action on adhesion properties is well characterized (Jacobsen 
et al. 1999; Lebeer et al. 2012; Roselli et al. 2006). Roselli et al. (2006) 
concluded that the L. rhamnosus strain inhibited ETEC F4 binding to 

Table 2 
ETEC F18 inhibition zones when co-cultured with probiotic strains using the 
agar spot and agar well diffusion methods. The results are presented as mean ±
standard deviation (SD) (n = 8 (agar spot method), n = 12 (agar well diffusion 
method)). *The effect of probiotic strain was calculated using one-way ANOVA 
and unpaired t-test for the agar spot method and agar well diffusion method, 
respectively. p-values represent difference in tested probiotic strains within each 
of the two assays. Statistical significance is defined as p < 0.05.  

CHCC Genus Species (+
sub) 

Inhibition zone (cm) 
Mean (SD) 

p- 
value* 

Agar spot method   
0.1953 

11994 Lactobacillus rhamnosus 5.80 (0.29)  
3777 Lactobacillus acidophilus 5.03 (0.46)  
5445 Bifidobacterium animalis lactis 4.64 (0.87)  
2228 Bifidobacterium longum 

infantis 
4.48 (0.64)  

10548 Bifidobacterium longum 4.94 (0.37)  
15268 Bifidobacterium breve 5.30 (0.71)  
10669 Enterococcus faecium 4.50 (1.60)   

Ciprofloxacin  9.55 (0.21)  
Agar well diffusion method   

0.0004 
15541 Bacillus subtilis 0.65 (0.02)  
15076 Bacillus subtilis 0.70 (0.02)   

Ciprofloxacin  2.40 (0.01)   

L.H.B. Hansen et al.



Journal of Microbiological Methods 180 (2021) 106126

5

L.H.B. Hansen et al.



Journal of Microbiological Methods 180 (2021) 106126

6

Caco-2 cell lines in a manner that did not involve bacterial proteins or 
acidification of the medium. Thus, the reduction in ETEC F4 adherence 
may have been attained through competition for binding sites or non- 
proteinaceous factors released by the probiotic strain. Whether the 
probiotic strains tested in our study reduced binding of ETEC F18 to 
Caco-2 cell monolayers through effects of acidification, release of 
effector molecules or competition for binding sites warrants further 
investigation. In contrast to our study, where all four tested bifidobac-
teria failed to reduce ETEC F18 binding, Roselli et al. (2003) observed 
that Bif. animalis was as effective in reducing adherence of ETEC F4 to 
Caco-2 cells as L. rhamnosus. Interestingly, Wickramasinghe et al. (2015) 
identified higher percent binding of Bif. longum subsp. infantis to intes-
tinal Caco-2 monolayers when grown on milk oligosaccharides 
compared to when grown on glucose or lactose. Supporting the findings 
of the current study, Ye et al. (2013) observed that B. subtilis B2 
decreased binding of ETEC F4 to Caco-2 cells, both in a competition, 
exclusion and displacement assay. 

In conclusion, our novel approach with an extensive cross-species 
screening in multiple in vitro assays demonstrated genus-, species- and 
strain-specific differences in the potential beneficial effect of the tested 
probiotic strains regarding mechanisms involved in the pathogenesis of 
ETEC F18 diarrhoea in pigs. Thus, in the process of selecting potential 
probiotic strains for suckling piglets, it would be advisable to design 
multi-strain products including strains encompassing various functional 
properties of importance during the early stages of pathogenic infection, 
in order to optimize the gastrointestinal health of pigs to prevent 
development of PWD. The findings of the current study can be extrap-
olated to other situations, in which it could be relevant to formulate a 

probiotic product including several species or strains encompassing 
different modes of action to target other performance or health related 
challenges in the pig’s life. 

Declaration of Competing Interest 

This work was financially supported by Chr. Hansen A/S (Denmark) 
and Innovation Foundation Denmarkvia a PhD-grant (Grant number: 
7038-00168B) for the first author. 

Acknowledgements 

We gratefully acknowledge the assistance of laboratory technicians 
Christel Galschioet, Julie Svan Nielsson and Christine Rasmussen (Chr. 
Hansen A/S). Authors would like to thank the Institute of Animal 
Nutrition, Freie University Berlin for supplying the ETEC F18 strain. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.mimet.2020.106126. 

References 

Aarestrup, F.M., 1999. Association between the consumption of antimicrobial agents in 
animal husbandry and the occurrence of resistant bacteria among food animals. Int. 
J. Antimicrob. Agents 12, 279–285. https://doi.org/10.1016/S0924-8579(99) 
90059-6. 

Abhisingha, M., Dumnil, J., Pitaksutheepong, C., 2018. Selection of potential probiotic 
Lactobacillus with inhibitory activity against Salmonella and fecal coliform Bacteria. 
Probiotics Antimicrob. Proteins 10, 218–227. https://doi.org/10.1007/s12602-017- 
9304-8. 

Asakuma, S., Hatakeyama, E., Urashima, T., Yoshida, E., Katayama, T., Yamamoto, K., 
Kumagai, H., Ashida, H., Hirose, J., Kitaoka, M., 2011. Physiology of consumption of 
human milk oligosaccharides by infant gut-associated bifidobacteria. J. Biol. Chem. 
286, 34583–34592. https://doi.org/10.1074/jbc.M111.248138. 

Caulier, S., Nannan, C., Gillis, A., Licciardi, F., Bragard, C., Mahillon, J., 2019. Overview 
of the antimicrobial compounds produced by members of the Bacillus subtilis group. 
Front. Microbiol. 10, 302. https://doi.org/10.3389/fmicb.2019.00302. 

Engfer, M.B., Stahl, B., Finke, B., Sawatzki, G., Daniel, H., 2000. Human milk 
oligosaccharides are resistant to enzymatic hydrolysis in the upper gastrointestinal 
tract. Am. J. Clin. Nutr. 71, 1589–1596. https://doi.org/10.1093/ajcn/71.6.1589. 

Frydendahl, K., 2002. Prevalence of serogroups and virulence genes in Escherichia coli 
associated with postweaning diarrhoea and edema disease in pigs and a comparison 
of diagnostic approaches. Vet. Microbiol. 85, 169–182. https://doi.org/10.1016/ 
S0378-1135(01)00504-1. 

Garrido, D., Ruiz-Moyano, S., Lemay, D.G., Sela, D.A., German, J.B., Mills, D.A., 2015. 
Comparative transcriptomics reveals key differences in the response to milk 
oligosaccharides of infant gut-associated bifidobacteria. Sci. Rep. 5 https://doi.org/ 
10.1038/srep13517. 

Giang, H.H., Viet, T.Q., Ogle, B., Lindberg, J.E., 2012. Growth performance, digestibility, 
gut environment and health status in weaned piglets fed a diet supplemented with a 
complex of lactic acid bacteria alone or in combination with Bacillus subtilis and 
Saccharomyces boulardii. Livest. Sci. 143, 132–141. https://doi.org/10.1016/j. 
livsci.2011.09.003. 

Gilliland, S.E., Morelli, L., Reid, G., 2001. Health and Nutritional Properties of Probiotics 
in Food Including Powder Milk with Live Lactic Acid Bacteria, Paper Presented at the 
Joint FAO/WHO Expert Consultation on Evaluation of Health and Nutritional 
Properties of Probiotics in Food Including Powder Milk with Live Lactic Acid 
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Fig. 1. A) Relative transepithelial electrical resistance (TEER) across differentiated Caco-2 cell monolayers exposed to ETEC F18 in the presence or absence of 
probiotic strains. The graphs show an average of two experiments, each with three replicates per treatment group. The results are presented as mean ± standard 
deviation (SD) (n = 6). B) Area under the curve (AUC) of relative TEER for ETEC F18 alone or in the presence of probiotic strains. AUC was calculated using 0% 
relative TEER as baseline. The results are presented as mean ± standard deviation (SD) (n = 6). Effect of probiotic strain was calculated by Dunnett’s multiple 
comparisons test between ETEC F18 alone and the tested probiotic strains. *p < 0.001. 
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Supplementary Figure 1. Differentiated Caco-2 cell monolayers were exposed on the apical side to ETEC 
F18 in the presence or absence of Lactobacillus rhamnosus, L. acidophilus or Enterococcus faecium and in 
the presence of 0.5 mg/ml Fluorescein isothiocyanate (FITC)–dextran 20kDa (FD20) (60842-46-8, Sigma-
Aldrich, Germany). Relative TEER was measured for a total of 8 hrs (A). Upon termination, the amount of 
translocated FD20 was determined by measuring the fluorescent signal (490nm emission/520nm excitation) 
of samples from the basolateral compartments using a Synergy H4 plate reader (B). The graphs show an 
average from one experiment with three replicates per treatment group. The results are presented as mean 
± SD. **** (p<0.0001) indicate significant differences from the “ETEC F18 only” group. One-way ANOVA 
followed by Dunnett’s multiple comparisons test using GraphPad Prism version 8.4.2.  
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One sentence summary: Influence of four probiotic strains on the microbiome and short chain fatty acid profile in an in vitro model simulating piglet
intestine in an Enterotoxigenic Escherichia coli F4 challenge setup.

Editor: Gisele LaPointe
†LHB Hansen, http://orcid.org/0000-0003-2039-410X

ABSTRACT

The CoMiniGut in vitro model mimicking the small intestine of piglets was used to evaluate four probiotic strains for their
potential as a preventive measure against development of diarrhea in weaned pigs. In the in vitro system, piglet digesta was
inoculated with pathogenic enterotoxigenic Escherichia coli F4 (ETEC F4), and the short-chain fatty acid profile and the gut
microbiota composition were assessed. A total of four probiotic strains were evaluated: Enterococcus faecium (CHCC 10669),
Lactobacillus rhamnosus (CHCC 11994), Bifidobacterium breve (CHCC 15268) and Faecalibacterium prausnitzii (CHCC 28556). The
significant differences observed in metabolite concetration and bacterial enumeration were attributed to variation in
inoculating material or pathogen challenge rather than probiotic treatment. Probiotic administration influenced the
microbiota composition to a small extend. Learnings from the present study indicate that the experimental setup,
including incubation time and choice of inoculating material, should be chosen with care.

Keywords: Enterotoxigenic Escherichia coli; in vitro model; gut microbiota; piglet; probiotic, short-chain fatty acid

INTRODUCTION

Intestinal diseases and especially post-weaning diarrhea (PWD)
remain a challenge in the swine industry. The consequences
are reduced welfare, poor performance and negative economic
impact (Moeser and Blikslager 2007). The pathogenic microor-
ganism Enterotoxigenic Escherichia coli (ETEC), especially with
fimbria types F4 and F18, is recognized as the most common
cause of PWD (Luise et al. 2019). In an attempt to prevent devel-
opment of PWD, feed additive interventions such as enzymes,
organic acids and pre- and pro-biotics are often administered in
feed post-weaning (Gresse et al. 2017; Rhouma et al. 2017).

Probiotics are defined as ‘live microorganisms that, when
administered in adequate amounts, confer a health benefit on
the host’ (Gilliland, Morelli and Reid 2001). A recent review by
Roselli et al. (2017) summarized the effect of probiotic supple-
mentation to pigs, showing that administration of these bene-
ficial bacteria has immunomodulatory effects and can impact
the gut microbiota. However, the beneficial effect of adminis-
tering probiotics post weaning does not seem to be consistent
as research shows contradictory results (Hu et al. 2015; Satessa
et al. 2020). Studies investigating administration of probiotics to
suckling piglets before weaning have demonstrated beneficial
effects regarding to diarrhea incidences and severity in weaned
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piglets (Gebert et al. 2011; Hayakawa et al. 2016), suggesting that
administration of probiotics before weaning is probably the opti-
mal time point to observe a beneficial impact. According to Dou
et al. (2017), the gut microbiota composition of suckling piglets
determines whether they will develop PWD or not. Furthermore,
it is well recognized that short-chain fatty acids (SCFA) have
beneficial effects on the host. High concentrations are related
to high microbial activity, and a specific profile with high levels
of butyrate is considered to contribute to a healthy gut (Fouhse,
Zijlstra and Willing 2016). Thus, it is highly relevant to investi-
gate probiotic strains’ mode of action (MoA) in regards to SCFA
profile and gut microbiota composition to evaluate their poten-
tial for administration to suckling piglets as a preventive solu-
tion towards development of PWD.

Animal in vivo trials remain the golden standard for testing
MoA and behavior of probiotics in animal gastrointestinal tract,
but these studies are tedious, costly and burdened with ethi-
cal considerations. To tackle these challenges, a wide range of
in vitro models have been developed (Dupont et al. 2019). The
most complex models can reproduce processes occurring in the
gastrointestinal tract, such as dynamic changes in pH, nutri-
ent absorption or enzyme secretion (Molly, Vande Woestyne and
Verstraete 1993; Minekus et al. 1995). In vitro models mimicking
the pig intestine have been developed, facilitating screening pro-
cesses under standardized conditions with no or a low number
of pigs being sacrificed for the purpose (Chiang et al. 2008; Tanner
et al. 2014; Fleury et al. 2017). This is in line with 3Rs framework
(replace, reduce and refine) that aims to limit the use of animals
for scientific purpose (Guhad 2005).

The aim of this study was to investigate the influence of four
probiotic strains on gut microbiota composition and SCFA profile
to counteract ETEC F4 infections, by using an in vitro model sim-
ulating the small intestine of suckling piglets. The CoMiniGut in
vitro model (Wiese et al. 2018) was modified to simulate suck-
ling piglet small intestine by inoculating it with digesta of sac-
rificed piglets. The preventive measure of probiotic inoculation
against diarrhea caused by ETEC was studied by challenging the
model with pathogenic ETEC F4. We hypothesized that the pro-
biotic strains would reduce ETEC F4 numbers, influence micro-
biota composition and SCFA production as compared to a control
without added probiotics.

MATERIAL AND METHODS

Bacterial strains and growth conditions

In total, four probiotic strains were included in this experi-
ment: Enterococcus faecium (CHCC 10669), Lactobacillus rhamno-
sus (CHCC 11994), Bifidobacterium breve (CHCC 15268) and Fae-
calibacterium prausnitzii (CHCC 28556). These four strains were
selected based on a functional in vitro screening pipeline, iden-
tifying their abilities to enhance intestinal epithelial barrier
function, inhibit growth and exclude adherence of ETEC to
intestinal cells (Hansen et al. 2020). The ETEC strain Abbot-
stown serotypeO149:K91:F4ac, kindly provided by Professor Zen-
tek (Institute of Animal Nutrition, Frei University Berlin), was
chosen for the pathogen challenge. ETEC F4 is considered as one
of two common fimbria types responsible for PWD in nursery
pigs (Luise et al. 2019).

B. breve, L. rhamnosus and E. faecium were inoculated from
frozen stock and incubated overnight at 37◦C in De Man, Rogosa
and Sharpe (MRS) broth, pH 6.5 (Difco, 288110, Hørsholm, Den-
mark) aerobically. For B. breve, 0.05% cysteine hydrochloride
monohydrate (CyHCl; Cas. No. 7048–04–6) was added to the MRS

and vials were incubated overnight under anaerobic conditions
with AnaeroGen pads (Oxoid A/S Denmark, AN0035A). In total,
10-fold dilution series were prepared from the overnight cul-
tures and incubated under the same conditions as described
above. For each strain, late exponential/early stationary phase
was selected based on measures of optical density at 600 nm.

F. prausnitzii was inoculated from frozen stock and incu-
bated anaerobically for 48 h at 37◦C in an industrial prepared
broth (Chr. Hansen A/S). A subculture of the strain was pre-
pared from the overnight culture and incubated anaerobically
at 37◦C overnight.

ETEC F4 was inoculated from frozen stock and incubated aer-
obically overnight at 37◦C in Luria-Bertani (LB) broth, pH 7.0
(Difco, 244620). In total, 10-fold dilution series were prepared
from the overnight cultures, and incubated aerobically overnight
at 37◦C. Late exponential/early stationary phase was selected
based on measures of optical density at 600 nm.

On the day of the experiment, all five bacterial cultures were
washed twice in Hank’s balanced salt solution (HBSS 1X, Gibco,
14 175–095) and normalized in PepSalDiluent (Oxoid A/S, Den-
mark, TV5016D) using MacFarland 0.5 to reach 1.5 × 108 CFU/mL.
ETEC F4 was then diluted 1:10 to reach 1.5 × 107 CFU/mL. The
final counts of the probiotic strains and ETEC F4 were 4 × 107

CFU/mL and 5 × 106 CFU/mL, respectively.

Small intestinal inoculum

Fresh small intestinal digesta was sampled from five suckling
piglets raised in a commercial specific pathogen free (SPF) pig
farm in Denmark. The piglets were 21–25 days of age and were of
mixed breed and sex. They originated from three different litters
and had not received milk replacer, creep feed or antibiotics. The
piglets were euthanized using a captive bolt pistol after which
digesta from the distal half of the small intestine was collected.
All animal handling was according to the Danish Ministry of Jus-
tice. The digesta was transported at room temperature directly
to the laboratory within 1 h.

In vitro small intestinal model setup

The CoMiniGut in vitro model has previously been described by
Wiese et al. (2018) as a small volume in vitro colon model. The
in vitro model setup consists of ‘a climate box with five paral-
lel single-vessel, stirred, anaerobic reactor units, which are pH
monitored’ (Wiese et al. 2018; Fig. 1). In this experiment, the
CoMiniGut model was adjusted to simulate the small intestine
of piglets according to parameters published by Merchant et al.
(2011) with incubation time of 4 h.

The experiment was carried out five times, one for each
piglet. Each time, two CoMiniGut models were used, i.e. a setup
with ten reactor units testing ten treatments; control, L. rham-
nosus, E. faecium, B. breve and F. prausnitzii, all with and without
ETEC F4 challenge. The climate boxes were kept at a tempera-
ture of 37◦C and pH was set to 6 at the beginning of the study.
Mimicking the course of the small intestine, anaerobic condi-
tions were achieved over time in the reactor units using Anaero-
Gen compact pads (Oxoid A/S, Denmark, AN0010C), which were
positioned inside the reactor units at the beginning of the exper-
iment.

Before each of the five experimental runs, small intestinal
digesta was collected at the farm and transported to the labo-
ratory. By collecting fresh small intestinal digesta before each
of the experimental runs, variation between runs caused by
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Figure 1. Overview of the CoMiniGut in vitro model. (1) Climate Box, (2) Water bath, (3) Heating plate, (4) Temperature probe, (5) Temperature data logger, (6) Ventilators,
(7) Lab-jack table, (8) Magnetic stirrer, (9) PMMA compartment, (10) Reaction vial, (11) Gas inlet, (12) Gas outlet, (13) Flow meters, (14) Nitrogen/gas tap, (15) pH probe

and needle inlets, (16) Lid with septa, (17) Multichannel syringe pump, (18) pH meter and (19) Computer. Figure from Wiese et al. (2018).

storage of samples was eliminated and risk of killing microor-
ganisms through freezing was avoided. A volume of 0.5 mL of
fresh small intestinal digesta was homogenized with 3.5 mL
of simulated intestinal fluid, which was prepared according to
Minekus et al. (2014). This solution was inoculated into the reac-
tor units, and a sample of the solution was taken at time 0h. At
0h, 0.5 mL of probiotic strains or control (PepSalDiluent) was
added to each of the reactor units. After 30 min of incubation,
0.5 mL of ETEC F4 or PepSalDiluent was added to the challenged
and non-challenged reactor units, respectively. After 4 h of incu-
bation, the experiment was finalized and samples were taken
for bacterial enumeration (1 mL), concentration of SCFA and DL-
Lactic acid (1 mL) and for 16S rRNA sequencing (1 mL). Enumer-
ation of bacteria was carried out shortly after each of the five
experimental runs, whereas samples for 16S rRNA sequencing
and determination of SCFA and DL-Lactic acid were stored at
−80◦C until further analysis.

Analytical methods

Samples for bacterial enumeration were transferred to Pep-
SalDiluent tubes with 9 mL diluent. In total, 10-fold dilutions
were prepared and the samples were plated on agar plates.
Enterobacteriaceae, lactic acid bacteria and hemolytic bacteria
were enumerated on MacConkey agar (Oxoid A/S, Denmark,
PO1142A), MRS agar (Oxoid A/S, Denmark, PO5047A) and tryp-
tic soy agar with sheep blood (Oxoid A/S, Denmark, PB5012A),
respectively. MacConkey and blood plates were incubated aero-
bically for 24 h, whereas MRS plates were incubated anaerobi-
cally for 48 h. For blood plates with hemolytic colonies, ETEC F4
serotyping was performed on three colonies per sample by slide
agglutination test using type-specific antisera (SSI Diagnostica
A/S, Denmark). The concentration of DL-Lactic acid and SCFA
was measured according to the method described by Canibe
et al. (2007).

DNA was extracted from the samples using the QIAamp Pow-
erFecal DNA Kit (Qiagen, Denmark) according to the manufac-
turer’s instructions. The microbial composition of the extracted

DNA was determined using tag-encoded 16S rRNA gene MiSeq-
based (Illumina, CA, USA) high throughput sequencing targeting
the V3–V4 region. Library preparation, purification and sequenc-
ing were carried out as described by Krych et al. (2018). The
accession number of sequencing-data reported in this paper is
NCBI Sequence Read Archive (SRA): PRJNA682827. Sequencing
of 55 samples yielded a total of 1 861 543 reads. Among them,
the sample with the largest amount of data had 76 968 reads,
and the sample with the smallest amount of data had 16 409
reads. All samples were included for downstream analysis (see
rarefaction curves in Figure S1, Supporting Information). Recov-
ered reads clustered into 939 OTUs, categorized as six phyla and
24 families. For data processing, the RDP database was used as
reference for annotation (Wang et al. 2007). The OTU table was
constructed using the UNOISE3 pipeline (Edgar 2016a), and SIN-
TAX (Edgar 2016b) was used to predict taxonomy. Downstream
data analysis in microbial communities was performed using
packages Phyloseq (McMurdie and Holmes 2013) and Vegan
(Oksanen et al. 2019) in R Studio (version 3.6.0). For α-diversity
analysis, Shannon index and observed number of species were
calculated. For β-diversity analysis, the Sørensen Dice method
was used to generate the distance matrix between samples.
Then principal coordinate analysis (PCoA) and distance-based
redundancy analysis (db-RDA) were conducted respectively by
the Sørensen Dice distance matrix.

Statistical analysis

Statistical analyses were performed using R Studio (version
3.6.0). Analysis of SCFA, DL-Lactic acid and enumerated bacte-
ria was carried out using the linear mixed model function lm
with treatment, ETEC F4 challenge, and pig as fixed effects. If
treatment was found to be significant, multiple comparisons
between treatment groups were done using the emmeans func-
tion. Results for SCFA and DL-Lactic acid are presented as the
difference between the mixture of digesta and simulated intesti-
nal fluid matrix (0 h) and the samples of the different treatments
collected at the end of the experiment (4 h). For sequencing
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Figure 2. Genus-level composition of the microbial community in all samples after 16S rRNA sequencing (V3–V4 region). Samples were taken at 0 h (Digesta) and at
4 h from the CoMiniGut in vitro model. Bars are sorted after individual pig and ETEC F4 challenge. C = Control, FP = F. prausnitzii, LR = L. rhamnosus, EF = E. faecium,
BB = B. breve.

data, paired t-test was used to compare α-diversity differences.
The component differences of different groups in PCoA and db-
RDA were calculated by PERMANOVA tests and anova like per-
mutation tests (anova.cca function in Vegan), respectively. Pear-
son correlation coefficient was used to calculate the correlation
between genus abundance and DL-lactic acid. Paired wilcoxon
test was used to detect differential abundance of genera. Signif-
icance was declared at P << 0.05i>, and P << 0.10i > was con-
sidered a tendency.

RESULTS AND DISCUSSION

In vitro models such as CoMiniGut can be an appropriate alter-
native to ex vivo and in vivo assays when evaluating probiotic’s
MoA in the gastrointestinal tract of pigs. The CoMiniGut model
ensures standardized conditions enabling high reproducibility
between both technical and biological replicates (Wiese et al.
2018). In this study, a high reproducibility of microbial taxo-
nomical composition among the ten reactor units was found
for each of the experimental runs using digesta from individ-
ual pigs. Yet, the high variability between runs was accounted
mainly to differences between individual pigs rather than pro-
biotic intervention. Results showed that pig individual differ-
ences contributed to 60% of the total variance between sam-
ples, whereas differences caused by probiotic treatment con-
tributed to 10% of the variance (results not shown). A differ-
ential abundance analysis showed that log2 changes between
inoculating material and the control samples (−ETEC F4) var-
ied to high extent between the five different pigs (see Figure S2,
Supporting Information). PCoA of a binary Sorensen’s dice index
established a significant effect of individual pig, confirming the
high individual variance (Fig. 3B). Effect of probiotic treatment
in the PCoA showed no significant difference between treat-
ments (Fig. 3A). Nevertheless, the distance-based redundancy
analysis of a binary Sorensen’s dice index demonstrated that
when comparing the four probiotic treatments with the control
group, significant effects were found when comparing L. rham-
nosus (+ETEC F4) and control (+ETEC F4; P = 0.044), L. rhamno-
sus (−ETEC F4) and control (−ETEC F4; P = 0.048) and F. praus-
nitzii (−ETEC F4) and control (−ETEC F4; P = 0.035; Fig. 4A and B).
Addition of L. rhamnosus to the non-challenged reactor units was

associated with higher levels of the Actinobacteria class com-
pared to the control group. A lower abundancy of the phylum
Actinobacteria has previously been associated with new neona-
tal porcine diarrhea in Danish suckling piglets (Hermann-Bank
et al. 2015). In the ETEC F4 challenge setup, L. rhamnosus admin-
istration tended to decrease members of the Streptococcus suis
species. Streptococcus suis is an important pathogen causing mor-
tality in pigs pre- and post-weaning, however, it can also be
isolated in the gastrointestinal tract of clinically healthy pigs
(Goyette-Desjardins et al. 2014). L. rhamnosus has previously been
evaluated in vivo for its effect on diarrhea in weaned piglets
caused by ETEC F4. Even though L. rhamnosus has been proven
to effectively ameliorate PWD induced by ETEC F4 (Zhang et al.
2010), other studies have found no effect or even negative effect
of the probiotic strain in in vivo ETEC F4 challenge studies (Tre-
visi et al. 2011; Li et al. 2012). Indeed it seems that the dosage of
L. rhamnosus for such purpose should not be neglected (Li et al.
2012).

Results from the current study showed that administration
of F. prausnitzii in the non-challenged setup tended to increase
levels of Actinobacteria and Negativicutes classes and decrease
levels of the Gammaproteobacteria class compared to the con-
trol group. Bacteria from the Gammaproteobacteria class can
be associated with new neonatal porcine diarrhea in piglets
(Hermann-Bank et al. 2015). When looking at α-diversity, addi-
tion of E. faecium resulted in a significantly (P = 0.049) increased
Shannon index compared to adding F. prausnitzii. Besides from
this, probiotic administration did not significantly influence the
α-diversity profiles (see Figure S3, Supporting Information).

Escherichia/Shigella, Actinobacillus, Lactobacillus and Veillonella
were the most abundant genera in the current experiment
(Fig. 2). The native microbiota of the five suckling piglets (0 h) var-
ied to a high extend, which was also observed in all samples
taken at the end of the incubation period (4 h). Results showed
that Proteobacteria accounted for 15–65% of the relative abun-
dance of all analyzed samples, which stands in opposition to
in vivo results obtained by the group of Xu et al. (2016), where
21-days-old piglets had a relative abundance of Proteobacteria
in ileum of 1.1%. Nonetheless, Piccolo et al. (2017) also identi-
fied high variability (0–60%) among 21-days-old piglets on bacte-
rial relative abundance of Proteobacteria in jejunum and ileum.
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Figure 3. Principal Coordinates Analysis (PCoA) plot based on Sørensen–Dice coefficient of 16S rRNA gene (V3–V4 region) amplicons determined in samples from the
CoMiniGut in vitro model (after 4 h) discriminating between treatment groups (P = 0.974) (A) as well as individual pig (P = 0.001) (B). Data are from five pigs with 10
treatment groups per pig.

Figure 4. Distance-based Redundancy Analysis (db-RDA) plot considering individual pig as conditional variables based on Sørensen–Dice coefficient of 16S rRNA gene
(V3–V4 region) amplicons determined in samples from the CoMiniGut in vitro model (after 4 h) discriminating between treatment groups without ETEC F4 challenge (P

= 0.001) (A) and with ETEC F4 challenge (P <i = 0>-001) (B). Data are from five pigs with 10 treatment groups per pig.

Perhaps the high relative abundance of Escherichia/Shigella in all
samples collected at the end of the experiment can be attributed
to the favoring of fast-growing bacteria due to conditions not
being strict anaerobe. The fast growth rate of Escherichia in an in
vitro model setup has previously been identified and explained
by the genus being superior in catabolism of monosaccharides
(Strube et al. 2015).

Significant differences observed in Enterobacteriaceae and lac-
tic acid bacteria counts were accounted to variation in inoculat-
ing material (piglet small intestinal content) rather than probi-
otic treatment (Table 1). Bacterial enumeration showed no sig-
nificant effect of the probiotic strains on the number of ETEC
F4 on blood agar plates. A significant effect of ETEC F4 chal-
lenge was found by which number of Enterobacteriaceae and ETEC
F4 on blood agar plates were increased, confirming the impact
of pathogen challenge in the model. To overcome high individ-
ual variation between experiments, pooling of small intestinal
digesta from individual pigs may be a solution. Aguirre et al.
(2014) concluded that even though there are significant differ-
ences in the microbiota composition between individuals, there

is no big difference as regards to bacterial diversity and function-
ality. Thus pooling of digesta may be an alternative when inves-
tigating the effect of probiotics on fermentation capability, pro-
tein digestibility etc. However, pooling of digesta from individual
pigs is not desirable if the objective of the study as in the present
study is to investigate the influence of probiotics on microbiota
composition. For such a purpose, it might be advantageous to
create a standardized small intestinal microbiota as suggested
by Cieplak et al. (2018a) and Stolaki et al. (2019), which enables
the defined inoculum to be reconstituted repeatedly. The draw-
back being that it would differ more from the in vivo situation.

As can be seen in Table 2, the impact of inoculating mate-
rial, i.e. piglet digesta, on the production of SCFA and DL-Lactic
acid was consistently significant. Decreased concentration of
DL-Lactic acid was observed in all treatment groups including
the control group. Comparing the treatments pairwise showed
that E. faecium tended to reduce DL-Lactic acid to a higher extend
than F. prausnitzii (P = 0.053). Lactate, which is an anion resulting
from dissociation of lactic acid, can be consumed by a subgroup
of lactate-fermenting microbes to produce SCFA (Iraporda et al.
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Table 1. Counts (Log10 CFU) of Enterobacteriaceae, lactic acid bacteria and Enterotoxigenic E. coli (ETEC) F4.1

P value3

Control F. prausnitzii L. rhamnosus E. faecium B. breve SE2 Treatment ETEC F4 Pig

Enterobacteriaceae 7.94 7.98 7.90 7.87 7.97 0.03 0.200 0.025 <0.001
Lactic acid bacteria 7.96 8.01 7.99 8.10 8.11 0.05 0.197 0.817 <0.001
ETEC F4 5.95 5.98 5.97 5.76 5.93 0.19 0.906 <0.001 0.632

1Values are means, n = 10.
2Pooled standard error (SE).
3Significance is declared at P < 0.05, and P <i < 0.>10 is considered a tendency.

Table 2. Short-chain fatty acids (mmol/L and in molar ratio) and DL-Lactic acid (mmol/L) after 4h incubation time1,2.

Control P value5

i F. prausnitzii L. rhamnosus E. faecium B. breve SE4 Treatment ETEC F4 Pig

DL-Lactic acid
(mmol/L)

−1.2 −1.1 −1.3 −1.5 −1.1 0.1 0.058 0.747 <0.001

Total SCFA3 (mmol/L) 6.4 6.0 7.0 6.2 6.6 0.4 0.467 0.511 <0.001
Molar ratio of SCFA (%)
Acetic acid 37.6 34.3 37.4 35.8 37.4 1.2 0.208 0.496 <0.001
Formic acid 20.3 20.3 19.9 18.6 19.5 1.4 0.900 0.033 <0.001
Propionic acid 35.3 40.7 34.6 36.7 37.5 1.7 0.123 0.113 <0.001
n-Butyric acid 5.6 4.2 6.2 6.8 5.0 0.7 0.092 0.303 <0.001
n-Valeric acid 1.2 0.5 1.9 2.2 0.7 0.5 0.080 0.393 <0.001

1Results were calculated by subtracting the concentration measured in the mixture of digesta and simulated intestinal fluid matrix at 0 h from the concentration
measured in each of the samples at 4 h.
2Values are means, n = 10.
3SCFA: Acetic, formic, propionic, n-butyric and n-valeric acid.
4Pooled standard error (SE).
5Significance is declared at P < 0.05, and P <i < 0.>10 is considered a tendency.

2015). A reduction in DL-Lactic acid may be an expression of a
higher consumption of lactic acid for SCFA fermentation or an
indication of a microbial community with fewer lactic acid pro-
ducing bacteria. As a matter of fact, the genus Veillonella, which
was one of the most abundant genera in this study and is rec-
ognized as a typical lactate consumer (Kolenbrander 2006), was
found to have a significant negative correlation with DL-lactic
acid (see Figure S4, Supporting Information). In this study, SCFA
were produced in all treatment groups, yet the total production
was not significantly affected by probiotic treatment or ETEC
F4 challenge. As an exception, a significant increase (P = 0.033)
in the level of formic acid was detected, and correlated posi-
tively with ETEC F4 challenge. Independently of ETEC F4 chal-
lenge, the percentage of produced n-Butyric acid of total SCFA
tended to be higher in the E. faecium treatment group compared
with the F. prausnitzii treatment group (P = 0.080). Other stud-
ies using in vitro models to evaluate the MoA of probiotics have
found an effect on SCFA profile when using faecal material as
inoculum (Alander et al. 1999; Rehman et al. 2012; Thévenot et al.
2013). However, longer fermentation time, i.e. several days, in
the referred studies as compared to the present study (4 h), could
explain the different results observed in the various studies.
Even though the tested probiotics were inoculated in a late expo-
nential/early stationary state, it can be speculated whether a 4
h experimental period simulating the average transit time of
the piglet small intestine is too short for probiotics to influ-
ence microbiota composition, ETEC F4 numbers and SCFA pro-
file. Average transit time of digesta through the small intestine
is around 4 h (Wilfart et al. 2007), yet according to Snoeck et al.
(2004) transit time of pellets in the small intestine can be up

to 30 h. The small intestine is organized with glandular crypts
and intestinal villi, which extend into the lumen, allowing feed
particles and microorganisms to persist in the small intestine
for a longer time. According to Cieplak et al. (2018b), probiotic
strains inoculated in a small intestinal in vitro model survived
the incubation process, which involved adjustments of pH and
bile concentrations in order to simulate the passage in duode-
num. In the present study, the intestinal content was collected
from the last half of the small intestine, by which the level of
stomach acid and bile is believed to be low, increasing the chance
of the probiotics to survive and grow in the model. Nevertheless,
whether incubation time was too short or the inoculated probi-
otics do not have substantial effect on the measured parameters
is difficult to determine based on this study setup. On the other
hand, it should be emphasized that the analysis of the microbial
community in this experiment was done on genomic DNA. A 4
h incubation time may have been too short to observe changes
in the community considering the fact that division, lysis and
death of cells may take longer than the 4 h. Measuring changes
in ribosomal content through a rRNA approach may have been
favorable.

In summary, probiotic inoculation did not significantly influ-
ence SCFA and DL-Lactic acid production nor reduce coliform
numbers in the ETEC F4 challenged treatment groups. Never-
theless, the probiotic strains did influence the gut microbiota
composition to different degrees as seen in the distance-based
redundancy analysis of a binary Sorensen’s dice index and in
the Shannon diversity index. In vitro models partially simulating
the gastrointestinal tract such as CoMiniGut, although simpli-
fied as compared to an in vivo situation, can be a valuable tool for

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sle/article/368/7/fnab045/6240155 by guest on 11 M
ay 2021



Hansen et al. 7

evaluating the impact of probiotics on microbiota composition
and activity. However, learnings from the present study indicate
that due to the high variation among pigs, it is difficult to apply
the CoMiniGut to verify if the tested probiotic strains impact
microbiota composition and SCFA profile; and simulating aver-
age transit time of the small intestine might be too short if the
functionality of the microorganisms are to be expressed. Thus,
based on the present study it is difficult to identify specific MoA
of the tested probiotics and their potential as preventive mea-
sure against ETEC F4 infections in pigs. The use of in vitro mod-
els mimicking the intestine of humans and animals will only
become more important in the future, considering the big need
of clarifying MoA of different interventions without having to
sacrifice animals in the process. However, this study underlines
the fact that the design and experimental setup of such models
are crucial.
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Supplementary Figure 1. Rarefaction curves of all samples within each of the six different groups; Control, 
digesta, F. prausnitzii, L. rhamnosus, E. faecium and B. breve. Shannon and Chao1 is displayed. 

Hansen et al. 9



Supplementary Figure 2. Log2 transformed, fold-changes of the relative abundance of genera in the 
inoculating material (digesta 0h) compared with the control group (- ETEC F4, 4h). 

10 FEMS Microbiology Letters, 2021, Vol. 368, No. 7



Supplementary Figure 3. α-diversity boxplot depicting the number of observed species (a) and the Shannon 
index (b) in samples from the CoMiniGut in vitro model (after 4h) discriminating between treatment groups. 
Paired t-test was used to compare α-diversity differences. C = Control, FP = F. prausnitzii, LR = L. 
rhamnosus, EF = E. faecium, BB = B. breve. 

Hansen et al. 11



Supplementary Figure 4. Correlation between abundance of the Veillonella genus and DL-Lactic acid. 
Pearson correlation coefficient was used to calculate the correlation. 
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Abstract 12 

Intestinal diseases in nursery pigs cause poor performance and health as well as constitute 13 

a risk for development of antimicrobial resistance. Research points towards early life serving 14 

as a period of physiological plasticity rendering interventive strategies, why the objective of 15 

this study was to assess the effect of early inoculation of a probiotic multi-species product 16 

to newborn piglets on their ability to overcome weaning and the intestinal challenges that 17 

follows. The probiotic product consisted of Lactobacillus rhamnosus, Enterococcus faecium, 18 

Bifidobacterium longum subsp. infantis and Bifidobacterium breve and was orally adminis-19 

tered to the newborn piglets daily until day 4, subsequently every 2nd day until weaning on 20 

day 28 (4x109 CFU/dose). The Control group was administered a placebo mixture. Alpha 21 

diversity indices showed that the Probiotic pigs had a lower diversity index in feces on day 22 

7, whereas the Shannon diversity was higher in feces on day 28 and in intestinal content on 23 

day 23. Nested PERMANOVA on Bray-Curtis distance metrics analysis demonstrated alter-24 

ations in microbial diversity in intestinal content and tissue as well as in feces between the 25 

two treatment groups on day 35 after cessation of probiotic administration. Most zOTUs 26 

found to significantly differentiate the two treatment groups were found pre-weaning. 27 

Bifidobacterium breve, Lactobacillus salivarius as well as Clostridium ramosum stood out by 28 

being significantly more abundant in feces of Probiotic pigs more than once. The Probiotic 29 

pigs had a higher expression of genes accounting for local immune responses post-weaning 30 

(i.e. MUC2, IL-8, and IL-17), whereas the acute phase protein SAA was downregulated. 31 

Incidence of diarrhea during the first week after weaning was lower in the Probiotic group. 32 

Furthermore, Probiotic pigs had a lower concentration of cadaverine in intestinal content as 33 

well as a lower percentwise increase in white blood cells from pre- to post-weaning. In con-34 

clusion, early probiotic inoculation may drive a long-term immunomodulation through 35 

changes in specific microbial antigens, leading to higher resilience during challenging 36 
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situations such as weaning. An interesting finding was that the effect of the early probiotic 37 

inoculation was observed after weaning and cessation of the probiotic product. 38 

 39 

Keywords: Probiotic, gut microbiota, newborn piglets, diarrhea rate, immunity  40 
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Introduction 41 

The first weeks of the pig’s life are very critical. Especially the weaning transition is consid-42 

ered to be a process having detrimental impact on performance and the general state of 43 

health of pigs [1]. Antimicrobial substances are used to a high extend when trying to combat 44 

enteric infections in the newly weaned piglet [2]. Considering the rising rate of antimicrobial 45 

resistance, it is crucial to identify new ways of increasing the piglet’s robustness for better 46 

coping with the weaning transition. In conventional pig husbandries, piglets are weaned at 47 

3-4 weeks of age. At this age both the immune system and metabolic activity of the young48 

pig are not fully competent [3], making it difficult for the pig to cope with stressors involved 49 

in the weaning transition. It is well recognized that weaning impacts the composition of the 50 

gut microbiome by which the abundance of Bacteroidaceae decreases and the abundance 51 

of Veillonellaceae and Prevotellaceae increase [4–6]. Interestingly, Dou et al. [7] established 52 

that the composition of the gut microbiota during nursing can be a predictor of whether the 53 

pig develops post-weaning diarrhea or not. 54 

55 

Both animal and human studies have shown that the establishment of the gut microbial 56 

community exerts profound effect on future life [8–10]. According to studies with germfree 57 

mice, commensal bacteria directly influence maturation of the immune system [11]. Re-58 

search suggests that the neonatal period may be considered as a window of opportunity, 59 

where programming events supporting health-compatible establishment of the microbiome 60 

may be possible [8,12–14]. It is yet uncertain whether such early intervention should be 61 

focused on changing the composition of the gut microbiome in a beneficial way or on intro-62 

ducing microbes capable of beneficially affecting the metabolic phenotype of the host or 63 

accelerating the development of the immune system. 64 

65 
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Probiotics have been suggested as a promising interventive strategy during the time of phys-66 

iological plasticity aiming towards a eubiotic shaping of the gut microbiota and improved 67 

immunological responses [15]. Probiotics are defined as “live microorganisms which when 68 

administered in adequate amounts confer a health benefit on the host” [16]. Studies have 69 

established that administering probiotics in the neonatal period of piglets can enhance in-70 

testinal morphology, reduce incidences of diarrhea and improve growth performance [17–71 

24]. Studies evaluating the effect of an early probiotic intervention on the piglet’s ability to 72 

overcome challenges related to the weaning transition have to some extent found beneficial 73 

effects of early probiotic administration post-weaning and after cessation of administration. 74 

However, the specific mechanism of action is not clear. To our knowledge, no studies have 75 

investigated the effect of a multi-species probiotic product administered within the immediate 76 

hours after birth and suckling on gut microbiota composition and immunity in pre- and post-77 

weaning pigs. A multi-species probiotic product, including strains selected specifically for 78 

early inoculation to newborn piglets and with beneficial and compatible attributes [25], was 79 

investigated in this study. 80 

81 

The objective of the study was to determine the effect of early inoculation of a probiotic multi-82 

species product to newborn piglets on the composition of gut microbiota and function. We 83 

hypothesized that early inoculation of probiotics to newborn piglets would influence the gut 84 

microbiota in a beneficial way and prime the immune system, making the piglet more robust 85 

to overcome challenges associated with weaning. 86 

87 

Material and methods 88 

Animals and housing 89 

The study was conducted in three rounds with a total of 24 sows (Yorkshire x Landrace) 90 

mated with a Duroc boar. The sows were of 1-4 parity and tested homozygote carriers of 91 
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the dominant gene coding for intestinal Enterotoxigenic Escherichia coli (ETEC) F18 fim-92 

briae receptors [26]. Sows were transported from the commercial farm to the research facility 93 

on day 85 of gestation, after which they were moved to the farrowing room on day 102 of 94 

gestation. The sows and piglets were housed in one farrowing room with eight loose farrow-95 

ing pens (3.0 x 2.2 m) in two rows of four pens. The pens had partly slatted floor and were 96 

equipped with a covered creep area, an eating and drinking trough for the sow and a nipple 97 

drinker for the piglets. Furthermore, the pens were designed with farrowing rails and a 98 

sloped wall. Physical contact between pens was prevented by installing solid pen walls. The 99 

ventilation system was combi-diffuse, and the temperature was maintained at 20oC during 100 

the first week, after which it was adjusted with 1oC every week until a final temperature of 101 

16oC was reached. A heating lamp placed in the covered creep area was turned on before 102 

farrowing and kept on until seven days post farrowing. Additionally, extra heat for the piglets 103 

was provided the first seven days through floor heating in the covered creep area. 104 

105 

Easystrø (Easy-AgriCare A/S, Denmark), which is heat-treated chopped straw, was used as 106 

bedding in the covered creep area the first seven days after birth. Before farrowing, the sows 107 

had straw as bedding. After farrowing, the bedding was removed, but straw was allocated 108 

daily in a straw rack, and a rope was placed in each pen as investigation and manipulation 109 

activity for the sows. Sows were fed a standard sow pelleted diet with ingredient composition 110 

as described in Table 1. Sows were fed twice a day and daily rations were according to 111 

parity, stage of cycle and productivity. Piglets had no access to creep feed during suckling. 112 

All piglets were given iron supplementation. 113 

114 

115 

116 

117 
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Table 1. Ingredient composition of the sow diet. 118 

Ingredients % 
Barley 41.13 
Wheat 25.00 
Soybean meal 13.30 
Oats 5.00 
Wheat bran 5.00 
Sunflower meal 2.00 
Soybean hulls 2.00 
Dried beet pulp 2.00 
Calcium carbonate, chalk  0.90 
Palm fatty acid distillate 0.90 
Monocalcium phosphate 0.65 
Vitamin and micromineral premixture 0.55 
Sodium chloride 0.53 
L-Lysine sulphate 0.43 
Axtra XB (enzyme combination) 0.20 
E vitamin mixed in wheat middling 0.18 
Threonine 98% 0.11 
DL-Methionine 0.06 
Phytase enzyme (E4a24) 0.06 

119 

After weaning, litter mates were housed together in the same nursery pen. The nursery room 120 

contained eight pens (2.1 x 1.8 m) in two rows of four. Pens had partially slatted floor and 121 

the concrete part of the floor had a covering and floor heating. The unit was neutral pressure 122 

ventilated linked to temperature sensors. At study start, the temperature was 24oC and it 123 

was adjusted with ~1.5oC every week until a final temperature of 19oC was reached. Nursery 124 

piglets were fed a nursery pelleted feed through two feeders with ad libitum access. The 125 

feed was a standard Danish nursery diet with ingredient composition as described in Table 126 

2. Fresh water was accessible through four drinking nipples. No straw was provided, but127 

pigs had permanent access to ropes as an investigation and manipulation activity. Physical 128 

contact between pigs from different pens was prevented by installation of solid pen walls. 129 

To prevent bacterial cross contamination between treatment groups, pigs in the Control 130 

group were always handled before pigs in the probiotic group. When entering a pen or 131 
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handling pigs, disposable gloves, shoe covers, aprons, and plastic sleeves were used. Plas-132 

tic boxes assigned to each pen were used when weighing the pigs. 133 

 134 

Table 2. Ingredient composition of the nursery diet. 135 

Ingredients % 
Wheat 53.21 
Barley 21.00 
Soybean meal 8.00 
ViloSoy, soy protein 6.75 
Potato protein, Protastar 3.50 
Palm fatty acid distillate 1.98 
Calcium carbonate, chalk 1.25 
Monocalcium phosphate 1.06 
Fish meal 1.00 
Lysine sulphate 70 0.67 
Sugar beet molasses 0.50 
Vitamin premixture 0.40 
Sodium chloride  0.36 
Threonine 98%  0.12 
DL-Methionine 98 0.11 
Tryptophane 99 0.04 
Ronozyme HiPhos (phytase) 0.03 
Valine L 96,5 0.02 

136 

Preparation of probiotic inoculant 137 

The probiotic product consisted of four strains: Bifidobacterium (B.) longum subsp. infantis 138 

(CHCC 2228), Bifidobacterium breve (CHCC 15268), Lactobacillus (L.) rhamnosus (CHCC 139 

11994) and Enterococcus (E.) faecium (CHCC 10669). These four strains were selected 140 

based on a functional in vitro screening pipeline. The combination of the probiotic product 141 

was determined based on beneficial and compatible attributes of the probiotic strains in re-142 

gards to; barrier function, exclusion of ETEC F18 to intestinal epithelial cells, growth in por-143 

cine milk oligosaccharides and inhibitory effects towards ETEC F18 [25]. The probiotic prod-144 

uct included the four different probiotic strains in a 1:1 ratio (1x109 CFU/strain/pig/day) 145 

blended with maltodextrin (0.35 g/pig/day). The maltodextrin and freeze dried probiotic 146 
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mixture were blended beforehand and divided into portions stored in airtight bags, one bag 147 

per litter per day. The placebo inoculant for the Control group only included the maltodextrin 148 

(0.35 g/pig/day). Placebo and probiotic mixtures were prepared right before each inocula-149 

tion, by dissolving them in anaerobic phosphate buffered saline (pH 7.4) (2 mL/pig/day). In 150 

round 1, the probiotic cocktail included 1x109 CFU/pig/day F. prausnitzii too. However, F. 151 

prausnitzii was excluded from the probiotic product in round 2 and 3 due to difficulties with 152 

producing the strict anaerobic strain in the necessary scale. The effect of this was taking 153 

into account by including the interaction between round and probiotic treatment in the sta-154 

tistical analyses. 155 

156 

Experimental design 157 

At farrowing, 24 litters were randomly allocated to two treatments and 168 piglets were in-158 

cluded in each treatment group. Newborn piglets were orally inoculated with either placebo 159 

(Control group) or probiotics (Probiotic group). Inoculation was carried out maximum 16 160 

hours after birth once all piglets in the respective litter had been born. Placebo or probiotics 161 

were administered to piglets once a day at 9am the first four days after birth, and subse-162 

quently every second day until weaning on day 28. Inoculation was done using a Prima 163 

vaccinator device (Salfarm Denmark A/S) with a rubber tube. The first four days, the rubber 164 

tube was dipped in apple juice before inoculation. Each piglet in the Probiotic group was 165 

administered 4x109 CFU (or 5x109 CFU in round 1) dissolved in 2 mL anaerobic phosphate 166 

buffered saline and maltodextrin, whereas piglets in the Control group were administered 167 

with the same volume of anaerobic phosphate buffered saline and maltodextrin. Forty-eight 168 

hours after birth, litters were standardized to 16 piglets and five days after farrowing, litters 169 

were standardized to 14 piglets. In the standardization process, piglets excluded from the 170 

study were weak or previously treated with antibiotics. Cross-fostering was carried out if 171 

necessary within the first five days and only within treatment groups. All piglets were weaned 172 
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at day 28 ± 2 of age, and no probiotics were administered post-weaning until the end of 173 

experiment at day 50 of age. On the day of weaning, three and two piglets per litter from the 174 

Control and Probiotic group, respectively, were removed from this experimental study to be 175 

included in another study [27], and thus 8-9 piglets per litter were weaned. Seven days after 176 

weaning and after selecting two pigs per pen for slaughter, pens were adjusted to maximum 177 

five pigs by euthanizing pigs which were either weak or previously treated with antibiotics. 178 

179 

Registrations and sample collection 180 

If piglets were treated with antibiotics, the reason was noted down, and these piglets were 181 

not included in collection of samples subsequently. Body weight of each individual pig was 182 

monitored during the entire experiment. After weaning, daily average feed intake per pen 183 

was likewise monitored. Occurrence of diarrhea in each pen was assessed daily during the 184 

entire experiment according to the method of Toft and Pedersen [28]. Scores were 1: Firm 185 

and shaped; 2: Soft and shaped; 3: Loose; 4: Watery. Diarrhea was defined as score 3 or 186 

4, and diarrhea incidence (%) was calculated as number of pens with diarrhea (score 3 or 187 

4) out of total number of days.188 

189 

Three days after birth, three median piglets per litter were selected for collection of feces. 190 

These piglets were followed during the entire experiment by taking a rectal swap on day 3, 191 

7, 14, 21, 28, 35, 42 and 50. Rectal swaps were collected using a cotton bud dipped in gel 192 

and samples were kept on ice until storage. Samples were stored at -20oC or -80oC depend-193 

ent on further analysis. On day 28 (before weaning) and 35, a permeability challenge using 194 

Fluorescein isothiocyanate-dextran (FITC-d, 46944, Merck Germany) was carried out. Pig-195 

lets were orally administered with 1 mL per kg body weight FITC-d and four hours later, a 196 

blood sample from the jugular vein was collected in heparinized vacutainers and kept on ice 197 

until storage. The samples were stored at -20oC until further analysis. 198 
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On day 23-24 and day 35-36, two median pigs per litter were selected for blood sampling 199 

and for slaughter. Blood samples from the jugular vein were collected in EDTA containing-200 

vacutainers for hematology analysis. Blood was analyzed immediately after collection. After 201 

blood sampling, pigs were euthanized using a captive bolt gun followed by bleeding. The 202 

gastrointestinal tract was removed, digesta content weighed and pH measured. The small 203 

intestine was divided into two (proximal and distal), and colon was divided into three seg-204 

ments of equal length (proximal, mid, and distal). Digesta (stomach, proximal and distal 205 

small intestine, cecum, proximal, mid, and distal colon) from each of the two pigs per litter 206 

was pooled by taking the same amount from each pig and stored at -80oC until further anal-207 

ysis. Mucosal samples were taken from proximal and distal small intestine and proximal 208 

colon. Before sampling, the intestines were rinsed with sterile phosphate buffered saline 209 

several times to remove digesta and free floating bacteria. Then samples were collected by 210 

gently scraping off the mucosa from the epithelial layer by using a sterile glass microscope 211 

slide. Samples were kept in fluid nitrogen until being stored at -80oC until further analysis. 212 

213 

Analytical methods 214 

The concentrations of DL-Lactic acid, branched-chained fatty acids and short-chain fatty 215 

acids (SCFA) in feces and pooled digesta samples (proximal and distal small intestine, prox-216 

imal, mid, and distal colon) were measured according to the method described by Canibe et 217 

al. [29]. The concentrations of agmatine, tyramine, cadaverine, and putrescine in feces and 218 

pooled digesta samples (distal small intestine, proximal, mid, and distal colon) were deter-219 

mined according to the method described by Poulsen et al. [5]. For dry matter analysis, fresh 220 

pooled digesta samples (stomach, proximal and distal small intestine, cecum, proximal, mid, 221 

and distal colon) were weighed before being stored at -20oC and freeze dried. 222 

223 
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For the host permeability test, FITC-d concentration in plasma was quantified via fluores-224 

cence spectroscopy by excitation at 480 nm and emission at 520 nm, using a standard curve 225 

of known concentrations. Immediately after collection of blood samples from the slaughtered 226 

pigs, hematological parameters (total white blood cells, neutrophils, lymphocytes, mono-227 

cytes, eosinophils, red blood cells, packed cell volume (hematocrit), hemoglobin, reticulo-228 

cytes and platelet counts) were analyzed in  whole blood using a diagnostic health-monitor-229 

ing tool (IDEXX ProCyte Dx®). 230 

231 

For the gene expression analysis, total RNA was extracted from the distal small intestinal 232 

mucosal scrapings of the individual pigs (not pooled from two pigs) using the NucleoSpin 233 

RNA kit (Ref. 740955 Macherey-Nagel, Germany) including DNAse treatment. RNA was 234 

extracted following the instructions of the manufacturer with a pre-step homogenizing the 235 

samples for 2 x 2 min with a steel ball. Complementary DNA (cDNA) was synthesized from 236 

1000 ng RNA using the High-Capacity cDNA Reverse Transcription Kit (Ref. 4368813, Ap-237 

plied Biosystems, USA) according to the manufacturer’s instructions. High-throughput quan-238 

titative real-time PCR was performed using the 192.24 dynamic array integrated fluidic cir-239 

cuits (Fluidigm, South San Fransisco, Calif) following methods previously described by 240 

Skovgaard et al. [30] with minor modifications including 18 cycles of pre-amplification. qPCR 241 

was performed by combining 82 pre-amplified samples with 22 primer sets. Primer se-242 

quences and amplicon length for each assayed mRNA gene are listed in Additional file 1. 243 

Data were corrected for PCR efficiency for each primer assay individually and subsequently 244 

normalized using the average reference gene expression of three reference genes: Glycer-245 

aldehyde-3-Phosphate Dehydrogenase (GAPDH), Peptidylprolyl isomerase A (PPIA), and 246 

TATA-Box Binding Protein (TBP). The three reference genes were confirmed to be suitable 247 

endogenous reference genes, as they were not affected by the treatment. Normalized Cq 248 

values for each of the genes were converted to relative quantities by calculating 249 
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2(highest_assay_Cq – actual_sample_Cq), so that the sample with the highest Cq (lowest gene expres-250 

sion) was given a value of 1 and all other samples values >1 as described by Brogaard et 251 

al. [31]. 252 

253 

For 16S rRNA amplicon sequencing, feces, mucosa and digesta samples stored at -80oC 254 

were thawed and weighed. DNA was extracted from 100 mg of feces and digesta samples 255 

using the E.Z.N.A.® Stool DNA Kit (Omega Bio-tek, USA) following the instructions of the 256 

manufacturer with the exception of including a steel ball for homogenization until the step, 257 

where the supernatant is aspirated. For mucosa samples, 12.5 mg from each of the two pigs 258 

per litter were pooled to extract DNA using the NucleoSpin Tissue DNA kit (Macherey-Nagel, 259 

Germany) according to manufacturer instructions. DNA was diluted to 1 ng/μL using sterile 260 

water. The V3-V4 region of the 16S rRNA genes was amplified using the 341F and 806R 261 

primer (341F: CCTAYGGGRBGCASCAG, 806R: GGACTACNNGGGTATCTAAT). All 262 

PCRs were conducted using the Phusion® High-Fidelity PCR Master Mix (New England 263 

Biolabs). Agarose gel (2%) electrophoresis was performed to verify amplicon size using a 264 

1X loading buffer (contained SYB green). Samples with bright main bands between 400bp-265 

450bp were chosen for further analyses. PCR products were mixed at equal density ratios 266 

and purified with Qiagen Gel Extraction Kit (Qiagen, Germany). Libraries were generated 267 

with the NEBNext® UltraTM DNA Library Prep Kit for Illumina (New England Biolabs, Inc, 268 

USA), quantified via Qubit and qPCR and submitted to sequencing. Sequencing was per-269 

formed on an Illumina NovaSeq 6000 platform generating 2 x 250 bp paired-end sequence 270 

reads. Library preparation and sequencing was carried out by Novogene, UK. 271 

272 

Microbiome data analysis 273 

Illumina MiSeq fastq files were processed using USEARCH (v.11.0) [32]. Raw reads were 274 

merged, trimmed, and quality filtered using the fstq_mergepairs and the fastq_filter scripts 275 
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implemented in the USEARCH pipeline as previously described by Krych et al. [33]. The 276 

UNOISE3 algorithm [34] with default settings was applied to denoise data, purge chimeric 277 

reads, and construct zero-radius operational taxonomic units (zOTU). Taxonomic assign-278 

ment of zOTUs was performed with SINTAX [35] using the Greengenes (13.8) 16S rRNA 279 

gene collection reference database. Subsequent analysis steps were carried out using R 280 

(version 3.6.0) [36].  zOTUs unassigned at phylum or class level, zOTUs assigned as chlo-281 

roplasts, mitochondria, cyanobacteria, elusimicrobia, planctomycetes or verrucomicrobia, as 282 

well as zOTUs present in less than two samples and with a total abundance less than 283 

0.001% across all samples were removed. Uneven sampling depth was normalized by rar-284 

efication to a read depth of 15000 reads per sample using the Phyloseq package (version 285 

1.30.0) [37], discarding 57 out of 665 samples (see rarefaction curve in Additional file 2). If 286 

not stated differently, subsequent microbiome analyses  were conducted for filtered and 287 

rarefied data subdivided based on sample type (feces, mucosa, digesta), sampling day (fe-288 

ces: d3, d7, d14, d21, d28, d35, d42, d50; mucosa and digesta: d23-24, d35-36) and sam-289 

pling location within the gastrointestinal tract (mucosa and digesta: small intestine, proximal 290 

colon), separately. Microbial diversity analyses were performed using the packages Phy-291 

loseq [37] and Vegan [38]. For alpha diversity, observed number of zOTUs and the Shan-292 

non´s diversity index were calculated. Satisfaction of normality was tested using the Shapiro-293 

Wilk test and effects of treatment and round on alpha diversity were investigated by linear 294 

mixed-effects models. Linear mixed-effects models were conducted using the lmer function 295 

implemented in the lme4 package [39], with treatment and round as fixed effects and sow 296 

as random effect. For beta diversity, Bray-Curtis dissimilarity distances were estimated. 297 

Based on Bray-Curtis distances  a principle coordinate analysis (PCoA) was performed and 298 

PCoA ordination plots were generated using the ggplot2 package (version 3.3.1) [40]. To 299 

investigate the effect of treatment group on beta diversity, a permutational multivariate anal-300 

ysis of variance (PERMANOVA) on Bray-Curtis distances was performed using the adonis 301 
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function implemented in the Vegan package. Since adonis is not able to account for con-302 

founding factors, a potential confounding effect of round was tested by PERMANOVA in 303 

each of the sub-datasets. If round was found to be significant, data were further divided 304 

based on round, otherwise data for the three rounds were analyzed combined. Homogeneity 305 

of group dispersions (variance) was verified using the betadisper function implemented in 306 

Vegan, and a nested PERMANOVA on Bray-Curtis distances with sow nested within treat-307 

ment group was carried out for each sub-dataset separately, using the function 308 

nested.npmanova on Bray-Curtis distances based on the adonis algorithm implemented in 309 

the biodiversityR package (version 2.12-3) [41] and applying 999 permutations. Differential 310 

abundance analysis was carried out to identify community differences between treatment 311 

groups using the DESeq2 package (version 1.2.6; Love et al., 2014) with filtered but not 312 

rarefied data. zOTU counts were normalized using the variance-stabilizing transformation 313 

approach implemented in DESeq2 and pseudo-counts of one were added to zero zOTU 314 

counts as previously described by McMurdie and Holmes [37]. zOTUs were included in the 315 

results if the Log2 fold change >2 and if the adjusted P-value was ≤0.01. The ampvis2 pack-316 

age [43] was used to generate heatmaps of the 15 most abundant families. 317 

318 

Statistical analysis 319 

All statistical analyses were carried out using R studio (version 3.6.0). QQ plots and Shapiro-320 

Wilk test were used to assess if the assumption of data being normally distributed was met. 321 

If this assumption was violated, data were log transformed or analyzed using a gamma dis-322 

tribution. The litter was considered as the experimental unit and sow was thus included as 323 

a random factor. Day, round and their interaction with treatment group were analyzed as 324 

fixed effects in all analyses. The linear mixed-effects model using the lmer function in the 325 

lme4 package was used to analyze FITC-d concentration in blood, pH in digesta as well as 326 

SCFA and biogenic amines in feces and digesta. The pen faeces score was analyzed 327 
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assuming a binomial distribution, by which score 1-2 was considered as normal faeces and 328 

score 3-4 was considered as diarrhea. Hematology and digesta DM% data were analyzed 329 

using a gamma distribution within the glmer function. Gene expression data were log2 trans-330 

formed to ensure a normal distribution prior to statistical analysis using the lmer function in 331 

the lme4 package with treatment, day, and round as fixed effects and sow as random effect. 332 

GenEx ver 6 (MultiD, Gothenburg, Sweden) was used to calculate Spearman's rank corre-333 

lation coefficients and associated p-values (student-t-test). Spearman’s rank correlation co-334 

efficient was used to determine the correlation of 1) host gene expression in mucosa and 335 

DM%, SCFA and biogenic amines in digesta 2) expression of host and bacterial genes in 336 

mucosa, and 3) expression of host genes in mucosa and bacterial genes in digesta. Corre-337 

lations were considered significant and illustrated in the results if the correlation was >0.5 338 

and P < 0.01. In addition, a principle component analysis (PCA) was carried out on the log2 339 

transformed gene expression data using the ggfortify package. For all analyses, the em-340 

means package was used to compare the effect of fixed factors. Data were given as least 341 

square means ± SEM. Significance was declared at P < 0.05, and P < 0.10 was considered 342 

a near-significant trend. 343 

344 

Results 345 

Many of the statistical analyses showed an interaction between treatment and round. How-346 

ever, the interaction was not consistent between round 1 and the two other rounds, indicat-347 

ing that the inclusion of F. prausnitzii in the probiotic product during round 1 but not round 2 348 

and 3 did not affect the results. 349 

350 

Piglet health and occurrence of diarrhea 351 

In the Control and Probiotic groups, 228 and 233 piglets, respectively, were born with an 352 

average birth weight of 1.4 ± 0.4 kg. On day 28, 120 Control pigs were weaned with an 353 
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average body weight of 8.4 ± 2.1 kg, and 101 Probiotic pigs were weaned with an average 354 

body weight of 8.8 ± 1.9 kg. At the end of the experiment on day 50 of age, piglets in the 355 

Control and Probiotic groups had an average body weight of 14.2 ± 3.5 kg and 13.2 ± 2.8 356 

kg, respectively. Piglet mortality was mainly ascribed to crushing, i.e. 12 and 26 piglets in 357 

the Control and Probiotic group, respectively, whereas other causes were general weak-358 

ness, joint infection or foot roots. The current experiment was not designed as a perfor-359 

mance study, and since many of the piglets in each litter were selected and removed from 360 

the litter for slaughtering and for the parallel study, performance parameters were not ana-361 

lyzed and thus not presented. 362 

363 

Thirty-four and 31 piglets were treated with antibiotics in the Control and Probiotic group, 364 

respectively. Reasons for antibiotic treatment were predominantly due to joint infections and 365 

foot roots. Less than four piglets were treated with antibiotics due to diarrhea, and more than 366 

95% of medical treatments were carried out before weaning. Five and three sows from the 367 

Control and Probiotic groups, respectively, were treated with antibiotics due to fever, lame-368 

ness, udder infection, or farrowing difficulties. All analgesic and antibiotic treatments were 369 

provided intramuscularly. 370 

371 

Diarrhea occurrence, estimated for the entire experimental period, did not differ between 372 

Control and Probiotic pens (P = 0.82), with 10.1 and 9.6 days, respectively (Figure 1). How-373 

ever, the percentage of Probiotic pens with diarrhea was significantly lower compared with 374 

Control pens on day 15, 17 and 33 (P < 0.05). In addition, the Probiotic group tended to 375 

have lower occurrence of pens with diarrhea compared with the Control group on day 16 (P 376 

= 0.08) and 34 (P = 0.09). On the other hand, occurrence of diarrhea in the Probiotic group 377 

tended to be higher than the Control group on day 39 (P = 0.09) and 47 (P = 0.10). 378 
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379 

Figure 1. Effect of early probiotic inoculation on percent pens with diarrhea (score 3 and 4). Control 380 

▲ (n=12 pens), Probiotic ● (n=12 pens). The dotted line illustrates the day of weaning. * indicates381 

statistical significance (P < 0.05), ■ indicates a trend towards statistical significance (P < 0.10). 382 

Microbiota composition in gut digesta and mucosa and in feces 383 

Microbiota analysis was carried out on feces (n = 417), as well as digesta and mucosa sam-384 

ples collected from the small intestine (digesta n = 73, mucosa n = 34) and proximal colon 385 

(digesta n = 44, mucosa n = 40). Sequencing of the 16S rRNA genes produced a total of 386 

46,207,564 reads after quality filtration, ranging from 10 to 147,735 reads per sample. Rar-387 

efication to 15.000 reads per sample removed 57 samples but did not affect the number of 388 

detected zOTUs. 389 

390 

Alpha diversity indices were compared for rarefied zOTU counts (Figure 2). For feces sam-391 

ples, the Shannon index increased over time. The observed number of zOTUs (microbial 392 

richness) was more stable throughout the experiment. These trends were the same for both 393 

treatment groups. Difference between groups were observed at day 7 and day 28. At day 7, 394 

the Shannon diversity index was lower in the Probiotic group (P = 0.01) and comparable 395 

tendencies were also observed for the microbial richness (P < 0.10). At day 28, in contrast, 396 
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the Shannon diversity index was higher in the Probiotic group (P = 0.006). Alpha diversity in 397 

mucosal samples was not affected by probiotic inoculation. However, in the small intestine 398 

alpha diversity decreased post-weaning, irrespective of treatment group. For digesta sam-399 

ples, the Shannon diversity was higher in samples collected in the proximal colon than for 400 

samples from the small intestine, irrespective of treatment group. However, for samples col-401 

lected in the small intestine the Shannon diversity index tended to be higher in the Probiotic 402 

group on day 23-24 (P = 0.06). 403 

404 

Beta diversity did not differ pre-weaning but showed differences between the two treatment 405 

groups after cessation of probiotic administration on day 35 (Figure 3). The strongest differ-406 

ences between treatments at day 35 were observed in digesta samples collected from the 407 

proximal colon (P = 0.004) followed by feces samples in round 3 (P = 0.04) and round 1 (P 408 

= 0.05). Compared to the other sample types, round had a profound impact on beta diversity 409 

in feces samples, hence, PERMANOVA analyses were conducted for each of the three 410 

rounds separately (round 1 P = 0.05, round 2 P = 0.14, round 3 P = 0.04). For mucosal 411 

samples, microbial beta diversity tended to differ between treatments in the samples col-412 

lected in the small intestine (P = 0.08) but not in samples collected from the proximal colon. 413 

Differences in beta diversity on day 35 were not associated with litter origin (Additional file 414 

3). 415 

416 
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417 

Figure 2. Observed number of zOTUs (left) and Shannon diversity index (right) of feces, mucosa 418 

and digesta samples. Feces samples collected at day 3, 7, 28, 35 and 50 are shown. Mucosa and 419 

digesta samples were collected from the small intestine and proximal colon pre-weaning (day 23-420 

24) and post-weaning (day 35-36). Pigs were orally administered with placebo or probiotics during421 

suckling (day 1-28) and weaned on day 28. * indicates statistical significance (P < 0.05), ■ indicates 422 

a trend towards statistical significance (P < 0.10). 423 
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424 

Figure 3. Principal coordinates analysis (PCoA) of Bray-Curtis dissimilarity between the Control and 425 

Probiotic group on day 35. Bray-Curtis distance metrics were used to compare the composition of 426 

the microbiota between the two treatment groups in a) small intestinal mucosa, b) digesta of the 427 

proximal colon, and feces in round c) 1, d) 2, and e) 3. Nested permutational multivariate analysis 428 

of variance (PERMANOVA) on Bray-Curtis distance metrics with sow ID nested with treatment group 429 

was carried out using 999 permutations to test for significance of clustering pattern. P-values for the 430 

effect of probiotic treatment are illustrated. P < 0.05 was considered significant whereas P < 0.10 431 

was considered as a statistical tendency. 432 

As illustrated in the heatmap of top 15 families in feces (Additional file 4), the abundance of 433 

Enterobacteriaceae was lower in the Probiotic group on day 3 whereas abundances of Bac-434 

teroidaceae and Fusobacteriaceae were higher. Up to two weeks of age, the Probiotic group 435 

had higher abundance of Lactobacillaceae and lower of Bacteroidaceae in feces. In small 436 

intestinal mucosal samples collected pre-weaning, the Probiotic group had a higher abun-437 

dance of Veillonellaceae and lower abundance of Helicobacteraceae (Additional file 5). Ob-438 

served differences in Helicobacteraceae abundance in small intestinal mucosal samples 439 
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persisted post-weaning. Interestingly, in mucosa samples collected in the proximal colon 440 

Helicobacteraceae were more abundant in Probiotic pigs, at least post-weaning. In digesta 441 

samples, the Helicobacteraceae family was not part of the top 15 most abundant families 442 

(Additional file 6). In small intestinal mucosa samples collected post-weaning, Probiotic pigs 443 

had a higher proportion of Enterobacteriaceae and Lactobacillaceae. On the contrary, En-444 

terobacteriaceae abundance in small intestinal digesta was lower in the Probiotic group 445 

post-weaning. Spirochaetaceae was found in higher proportions in digesta from the proximal 446 

colon of Probiotic pigs post-weaning. 447 

448 

zOTUs significantly discriminating the two different treatment groups were identified by dif-449 

ferential abundance analysis (Figure 4). In total, 27 differentially abundant zOTUs were iden-450 

tified. The majority of differentially abundant zOTUs was detected in feces samples collected 451 

pre-weaning (n = 18), followed by feces samples collected post-weaning (n = 3). Number of 452 

differentially abundant zOTUs in mucosal and digesta samples were only found in samples 453 

collected after weaning. Overall, zOTUs discriminating the Control and Probiotic groups 454 

were found in higher abundance in feces of Probiotic pigs during the first week of life. After-455 

wards, zOTUs differentiating the two treatment groups were more abundant in the feces of 456 

Control pigs. Bifidobacterium breve was significantly more abundant in feces of Probiotic 457 

pigs on day 3 and 7. Looking at zOTUs significantly discriminating the microbial community 458 

in Probiotic pigs from Control pigs, Bifidobacterium breve, L. salivarius as well as Clostridium 459 

ramosum stand out by reoccurring on different days or in different samples (feces and mu-460 

cosa). None of the zOTUs significantly more abundant in the Control pigs were found to 461 

reoccur. 462 
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463 

Figure 4. Differential abundance analysis showing zOTUs significantly discriminating the Control 464 

and Probiotic treatment group in a) feces, b) small intestinal mucosa on day 35-36, c) small intestinal 465 

digesta on day 35-36, and d) digesta from proximal colon on day 35-36. Log2 fold change in the 466 

Control group (left) and the Probiotic group (right) is illustrated. Mean relative abundance is pre-467 

sented in parenthesis following the zOTU’s taxonomic name. zOTUs were defined as differentially 468 

abundant if they had a log2 fold change >2 and an adjusted P ≤ 0.01. Only differentially abundant 469 

zOTUs are presented. 470 

Gene expression in small intestinal mucosa and correlation analyses 471 

PCA plots of all gene expression data discriminating between samples belonging to different 472 

treatment groups or time points are shown in the Additional file 7. The figure suggests that 473 

the overall gene expression differs between pre- and post-weaning but not between treat-474 

ments. Gene expression patterns between the Probiotic and Control pigs indicate that most 475 

of the analyzed genes in pigs before weaning were expressed at a lower numerical level in 476 

small intestinal mucosa of the Probiotic pigs (Figure 5). The expression of B2M was signifi-477 

cantly lower in the Probiotic group pre-weaning (P = 0.02); and a tendency to a lower ex-478 

pression of the pro-inflammatory cytokine IL-12p40 was also observed (P = 0.06). Post-479 

weaning, the picture changed and the Probiotic pigs seemed to have an overall higher 480 
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expression of most genes. The expression of MUC2 (P = 0.02), SLC16A1 (P = 0.04), 481 

SLC5A8 (P = 0.003), and IL-8 (P = 0.01) was upregulated in Probiotic pigs post-weaning. 482 

SAA was expressed at a high level in Control pigs both pre- and post-weaning, whereas IL-483 

17 was upregulated in the Probiotic pigs pre- and post-weaning. A significant interaction 484 

between day and treatment was found for B2M, MUC2, OCLN, and SLC5A8 (P < 0.05). All 485 

four genes were upregulated in Control pigs before as compared to after weaning (P < 0.05). 486 

487 

A spearman’s correlation analysis was performed to determine the relationship between 488 

host-gene expression in small intestinal mucosa samples and microbial composition in mu-489 

cosa and digesta samples as well as DM%, SCFA and biogenic amines in digesta (Figure 490 

6). The Erysipelotrichaeceae family was positively correlated with IL-8 in digesta but the 491 

correlation was negative in mucosa (Figure 4a & 4b). Ruminococcaceae and Lachnospi-492 

raceae abundance in small intestinal mucosa were negatively correlated with OCLN and 493 

SLC2A2, yet their abundance in small intestinal digesta was positively correlated with MUC1 494 

and IL1RAP. IL-8 was positively correlated with Fusobacteriaceae and Enterobacteriaceae 495 

in mucosa, and negatively correlated with Lactobacillaceae in digesta. The dry matter per-496 

centage of small intestinal digesta was negatively correlated with the pro-inflammatory cy-497 

tokines TNF-α, IL-12p40, and IL-8, but also the anti-inflammatory cytokine IL-10 (Figure 4C). 498 

On the other hand, both TBP and SLC16A1 were positively correlated with DM%. 499 

500 
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Figure 5. Fold change of small intestinal mucosal gene expression in Control and Probiotic pigs on 502 

day 23-24 and day 35-36. * indicates statistical significance between treatment groups (P < 0.05), ■ 503 

indicates a trend towards statistical significance (P < 0.10), determined by mixed model. Number of 504 

samples: Control d23-24 = 22, d35-36 = 22. Probiotic d23-24 = 20, d35-36 = 18.505 
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506 

Figure 6. Correlation between small intestinal mucosa genes and the abundance of small intestinal 507 

microbiota (at zOTU level) a) in mucosa (n = 22), b) in digesta (n = 20), and c) dry matter percentage, 508 

concentration of biogenic amines and acetic acid in small intestinal digesta (n = 43). The color is 509 

according to Spearman’s rank correlation coefficient distribution; red presents positive correlation, 510 

blue presents negative correlation. Bold frame indicates statistical significant correlation, which was 511 

appointed when P < 0.01 and correlation coefficient <-0.5 or >0.5. 512 

513 

Microbial metabolites, DM% and pH 514 

Feces: The Probiotic group tended to have lower concentrations of SCFA in feces compared 515 

with the Control group during the entire experimental period (P = 0.06) (Figure 7a). An in-516 

teraction between treatment and round was found, indicative of SCFA concentration in feces 517 

being significantly higher in the Probiotic group during round 3 compared with round 1 (P = 518 
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0.03) and 2 (P < 0.001). Additionally, total SCFA concentration in feces was significantly 519 

lower in Probiotic pigs during round 2 (P = 0.01). The concentration of branched-chain fatty 520 

acids (isobutyric and isovaleric acid) in feces was significantly lower in the Probiotic group 521 

compared with the Control group (P = 0.01) (Figure 7b). The percentage of formic acid of 522 

total SCFA was low (<2%) in both treatment groups, thus it was not included in the illustrated 523 

results. The Probiotic group tended to have higher proportion of acetic acid (P = 0.10) (Fig-524 

ure 7c) and lower proportion of butyric acid (P = 0.05) (Figure 7d) in feces. An interaction 525 

between day and treatment was observed in the percent of propionic acid, driven by the 526 

percent being significantly lower in the Probiotic group compared with the Control group on 527 

day 3 (P < 0.001). Likewise, the Probiotic group had a significantly higher proportion of va-528 

leric acid on day 3 compared with the Control group (P = 0.001). 529 

530 

No significant effect of treatment on the concentration of biogenic amines in feces pre- and 531 

post-weaning was found (Additional file 8). In general, concentrations were high on day 3 532 

and 7 but decreased until weaning on day 28. Post-weaning the concentration of biogenic 533 

amines started to increase again. 534 
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535 

Figure 7. Effect of early probiotic inoculation on a) short-chain fatty acids (SCFA), b) isobutyric and 536 

isovaleric acids, and percent c) acetic, d) butyric, e) propionic, and f) valeric acid of total SCFA 537 

concentration in feces (mmol/kg). The dotted line illustrates the day of weaning. Values are pre-538 

sented as least square means and SE, and the P-value for effect of probiotic treatment is stated. * 539 

indicates statistical significance (P < 0.05) between treatments on a specific day. Number of sam-540 

ples: Control d3 = 3, d7 = 12, d14 = 21, d21 = 26, d28 = 27, d35 = 27, d42 = 27, d50 = 28. Probiotic 541 

d3 = 6, d7 = 8, d14 = 15, d21 = 22, d28 = 18, d35 = 21, d42 = 20, d50 = 18.542 

543 
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Digesta: Probiotic treatment did not significantly impact the concentration of organic acids 544 

along the gastrointestinal tract (Additional file 9). Yet, the Probiotic pigs tended to have a 545 

lower proportion of valeric acid in colonic content post-weaning (P = 0.06). The concentra-546 

tion of SCFA was significantly higher post-weaning compared with pre-weaning in both treat-547 

ment groups (P < 0.001). Probiotic inoculation tended to increase the concentration of ag-548 

matine in intestinal content pre-weaning (P = 0.10), and the concentration of tyramine was 549 

found to be lower in distal small intestine of Probiotic pigs pre-weaning (P = 0.04) (Additional 550 

file 10). Post-weaning, the concentration of cadaverine tended to be lower in the Probiotic 551 

group (P = 0.09), and the concentration of agmatine was higher in mid and distal colon of 552 

Probiotic pigs post-weaning (P = 0.04). 553 

554 

Probiotic inoculation did not influence pH in any of the segments pre-weaning (Additional 555 

file 11). However, post-weaning pH was significantly higher in the stomach of Probiotic pigs 556 

(P = 0.005). No impact of probiotic inoculation was found on pH in any of the other intestinal 557 

segments post-weaning. Digesta dry matter percent was not affected by probiotic inocula-558 

tion (Additional file 12). It was significantly affected by day and segment in both treatment 559 

groups, and DM% was higher in all intestinal segments before weaning. 560 

561 

Permeability challenge and hematological parameters 562 

The concentration of FITC-d in blood was significantly higher in both treatment groups on 563 

day 28 (before weaning) (p<0.001) compared with day 35 (Figure 8). Probiotic inoculation 564 

had no significant impact on FITC-d levels in blood. 565 
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Figure 8. Fluorescein isothiocyanate-dextran (FITC-d) concentration (µg/mL) in blood 4 hours after 567 

oral administration of FITC-d pre- and post-weaning in piglets in the Control and Probiotic group. 568 

Number of samples: Control d28 = 11, d35 = 11; Probiotic d28 = 9, d35 = 9. 569 

570 

The Probiotic group had a significantly higher concentration of reticulocytes in blood post-571 

weaning (P = 0.02) (Additional file 13). The rest of the hematological parameters were not 572 

influenced by probiotic treatment (P > 0.05). Hematocrit, red blood cells, hemoglobin and 573 

total white blood cells increased from pre- to post-weaning (P < 0.001), whereas reticulo-574 

cytes and platelets decreased (P < 0.01). The concentration of white blood cells increased 575 

with 70% and 35% from pre- to post-weaning in the Control and Probiotic groups, respec-576 

tively (P = 0.11). 577 

578 

Discussion 579 

This study hypothesized that inoculating a multi-species probiotic product consisting of L. 580 

rhamnosus, E. faecium, B. longum subsp. infantis and B. breve to newborn piglets and dur-581 

ing suckling would prime the establishment of the microbiota in a beneficial way and 582 
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accelerate the development of the immune system. Studies investigating the effect of early 583 

probiotic administration to piglets have found that the beneficial effects of probiotics on in-584 

testinal morphology and immune parameters slowly diminished post-weaning and after ces-585 

sation of probiotic administration [44,45]. In our study, early probiotic administration exerted 586 

the highest effect after weaning, when the probiotics were not provided any longer, which 587 

was expressed as significant differences in beta diversity of the microbial community in both 588 

feces and intestinal content and tissue as well as a shift in gene expression in small intestinal 589 

mucosa. However, the large variation between pigs, as illustrated in the PCoA plots, may 590 

indicate that the administered probiotics influence each individual piglet differently. 591 

592 

In the current study, alpha diversity was found to be lower in feces from Probiotic pigs on 593 

day 7. Yet, prior to weaning on day 23 and 28 the Probiotic supplemented pigs exerted 594 

higher Shannon diversity in feces and small intestinal digesta. Several studies assessed the 595 

effect of early probiotic inoculation to pigs on the gut microbiome community and found no 596 

effect on gut bacterial microbiota richness and diversity [46–49]. Opposite the alpha diversity 597 

results, beta diversity of the overall microbial composition was not significantly influenced 598 

during the administration of the multi-species probiotic but on day 35, i.e. after cessation of 599 

probiotic administration. According to Lewis et al. [22], supplementation of B. lactis pre- and 600 

post-weaning influenced metabolic reactions such as urinary formate excretion of the host 601 

rather than the composition of the gut microbiota, why it would have been of interest to look 602 

further into host metabolism in the current study. Indeed the differential abundance analysis 603 

underlined specific zOTUs being significantly different between the two treatment groups. 604 

Especially on day 3 and 7, several zOTUs were significantly more abundant in feces from 605 

Probiotic pigs, this included species of Lactobacillus and Bifidobacterium. Both species are 606 

considered beneficial for the host due to their antibacterial and immunomodulatory proper-607 

ties [50]. B. breve, which was one of the species inoculated in the probiotic product, was 608 
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significantly more abundant in the Probiotic group on both day 3 and 7. Supplementation of 609 

B. breve early in life has previously shown to improve the development of mucosal immunity610 

in rats [51]. L. salivarius was significantly more abundant in feces taken on day 3 and in 611 

small intestinal digesta on day 35-36 in probiotic supplemented pigs. The L. salivarius spe-612 

cies has previously been evaluated as an early inoculation probiotic for piglets [52]. These 613 

authors established that L. salivarius improved intestinal health and reduced diarrhea inci-614 

dence in suckling piglets challenged with ETEC F4. It can be speculated that the higher 615 

abundance of L. salivarius in Probiotic pigs post-weaning contributed to a pathogen-de-616 

pressing microbial community, reducing the incidence of diarrhea. 617 

618 

The Probiotic pigs had a higher expression of genes accounting for local immune responses 619 

post-weaning (i.e. MUC2, IL-8, and IL-17). Even though MUC2, which is an important part 620 

of the intestinal barrier function, was upregulated post-weaning in the Probiotic pigs, intesti-621 

nal permeability was according to the FITC-d permeability test not influenced by early pro-622 

biotic inoculation. We hypothesized that gastrointestinal leakage would be higher post-623 

weaning, however, our results showed the opposite. To our knowledge, no other studies 624 

have measured intestinal permeability using the FITC-d method in pre- and post-weaned 625 

pigs. Perhaps the higher permeability pre-weaning is attributable to a more immature intes-626 

tinal epithelial barrier, yet several studies have demonstrated decreased intestinal morphol-627 

ogy due to weaning of the pig [53,54]. 628 

629 

The acute phase protein SAA was numerically upregulated in non-probiotic supplemented 630 

pigs, especially post-weaning. SAA is produced in the liver, why a upregulation of SAA 631 

genes in small intestinal mucosa may be an expression of an insufficient local defense trig-632 

gering a systemic immune response [55]. It is well established that SAA levels are signifi-633 

cantly elevated after weaning [56], and that an elevation of acute phase proteins including 634 
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SAA is an early systemic sign of disease [57]. In combination with a lower expression of 635 

SAA in small intestinal mucosa of pigs in the Probiotic group, there were fewer pens with 636 

diarrhea following weaning in this group compared to pigs not administered with probiotics. 637 

In agreement with our study, Liu et al. [58] demonstrated reduced incidence of diarrhea after 638 

weaning and cessation of E. faecalis and L. casei administration. Electrophoresis of DGGE 639 

with DNA marker for the two administered probiotic strains indicated that the administered 640 

strains did not establish themselves in the gastro-intestinal tract [58]. Previous and current 641 

results, hence, indicate that piglets supplemented with probiotics early in life and during 642 

suckling may be better at overcoming the weaning process, not by the early inoculated 643 

strains establishing themselves in the GIT but perhaps by a more accelerated maturation of 644 

the local and mucosal immune system. The percentwise lower increase in total white blood 645 

cells from pre- to post-weaning in Probiotic pigs may likewise indicate that the Probiotic pigs 646 

were less affected by weaning stress [59], possibly due to a more efficient local immune 647 

response. In addition, Lewis et al. [22] proposed that early life events causing e.g. elevated 648 

expression of IL-17 may drive long-term immunomodulation, possibly expressed by in-649 

creased local mucosal immune response due to early probiotic priming. Such reactivity is 650 

important when the pig is challenged, for example at weaning. However, over-responsive-651 

ness of the immune system can also be detrimental for health and performance during non-652 

challenged situations [60]. According to Cox et al. [61] and Benis et al. [62], early life cross-653 

talk between gut microbes and the host drives the long-term immune- and metabolic pro-654 

gramming, yet not by persistent changes in the gut microbiota composition. In fact, Benis et 655 

al. [62] proposed that to observe the effect of an early life intervention, the pig should later 656 

in life be exposed to stressors like pathogen challenges, or as in our study, weaning. The 657 

findings from Cox et al. [61] and Benis et al. [62] may thus be part of explaining the results 658 

from our study. 659 
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Fermentation of dietary fibers by the gut microbiota results in SCFAs as metabolic end-660 

products, which are mostly absorbed and, the non-absorbed fraction, excreted in feces [63]. 661 

In this study, probiotic inoculation decreased the concentration of SCFA and branched chain 662 

fatty acids in feces. This was not the case in small intestinal and colonic content, where the 663 

levels did not differ between treatment groups. In agreement with the latter, Hou et al. [20] 664 

demonstrated that early inoculation of L. reuteri to piglets had no effect on SCFA concen-665 

tration in colonic content on day 7, 14, or 21. These results were regardless of the probiotic 666 

being inoculated daily the first four days after birth or every 4th day from day 1 to 17. SCFAs 667 

are important metabolites for maintenance of intestinal homeostasis. High levels of SCFAs 668 

are generally considered as beneficial for gut health [64]. However, a recent study suggests 669 

that high fecal concentrations of SCFA in fact are associated with dysbiosis and high per-670 

meability of the gut [63]. The authors hypothesized that high fecal concentrations of SCFA 671 

may be due to less efficient absorption and utilization of these metabolites. Whether the 672 

increased SCFA concentrations observed in feces of non-probiotic supplemented pigs in the 673 

present study were the result of a reduced absorption efficiency is not clear, and future re-674 

search ought to investigate the relationship between intestinal and fecal levels of SCFA and 675 

other metabolites. 676 

677 

The level of biogenic amines in intestinal content, but not in feces, was influenced by probi-678 

otic inoculation. Both pre- and post-weaning, agmatine, which is formed from microbial de-679 

carboxylation of the amino acid L-arginine, was found in higher concentrations in intestinal 680 

content from Probiotic pigs. Agmatine has been shown to be an important biological com-681 

pound involved in apoptosis and inflammation processes in different animal species [65]. To 682 

our knowledge, the importance of this metabolite in pigs has not yet been established. Ac-683 

cording to Porter and Kenworthy et al. [66], high levels of cadaverine, especially in the small 684 

intestine, is associated with diarrhea in weaned pigs. In this study, non-probiotic 685 
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supplemented pigs tended to have higher concentrations of cadaverine in intestinal content 686 

post-weaning, which may have contributed to the higher prevalence of diarrhea which was 687 

observed one week post-weaning. Another interesting observation irrespective of probiotic 688 

treatment was the overall high concentrations of biogenic amines on day 3 compared with 689 

later in life, which is in line with results reported by Poulsen et al. [5]. These high concentra-690 

tions are probably a result of the specific microbiota composition found in newborn piglets, 691 

with high levels of groups like Enterobacteriaceae and Clostridiaceae [67], as well as the 692 

substrate availability in the form of colostrum, i.e., high protein content [68]. It can be spec-693 

ulated whether high levels of biogenic amines are crucial for intestinal maturation.  694 

695 

For most response parameters analyzed, round was identified as having a significant effect. 696 

Batch or round effects are often detected in animal studies, what adds complexity when 697 

concluding on the effect of the tested intervention. Understanding the sources of variation 698 

would aid drawing conclusions and perhaps also make the findings more applicable for the 699 

industry. In this study, only effects that were consistent across all three rounds were empha-700 

sized. 701 

702 

Conclusion 703 

Early probiotic inoculation may drive a long-term immunomodulation through changes in 704 

specific microbial antigens, leading to higher resilience in regards to challenging situations 705 

such as weaning. It would be of great interest to assess the impact of early probiotic inocu-706 

lation on pigs under more challenged conditions than those found in the current study, e.g. 707 

higher pathogen load, higher stocking density etc. In addition, it would be interesting to follow 708 

early probiotic inoculated pigs for a longer time to evaluate what the changes observed dur-709 

ing- and short-term after inoculation mean for the health and performance of the pigs later 710 

in life. 711 
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Additional file 1. mRNA primer sequences and amplicon length (F: Forward, R: Reverse) 

Gene symbol Gene name Sequence Am-
plicon 
Length 

GAPDH Glyceraldehyde-3-phosphate dehydro-
genase 

F: ACCCAGAAGACTGTGGATGG 
R: AAGCAGGGATGATGTTCTGG 79 

TBP TATA box binding protein F: ACGTTCGGTTTAGGTTGCAG 
R: CAGGAACGCTCTGGAGTTCT 96 

B2M Beta-2-Microglobulin F: TGAAGCACGTGACTCTCGAT 
R: CTCTGTGATGCCGGTTAGTG 70 

ZO1 Tight Junction Protein 1 (ZO1) F: ATGACTCCTGACGGTTGGTC 
R: TGCCAGGTTTTAGGATCACC 71 

OCLN Occludin F: GACGAGCTGGAGGAAGACTG 
R: GTACTCCTGCAGGCCACTGT 102 

MUC2 Mucin 2 F: GCACGTCTGCAACAAGGAC 
R: CAAAGCCCTCCAGGCAGT 125 

MUC1 Mucin 1 F: GGATTTCTGAATTGTTTTTGCAG 
R: ACTGTCTTGGAAGGCCAGAA 116 

SLC5A1 Solute Carrier Family 5 (Sodium/Glucose 
Cotransporter), Member 1 

F: CTGCAAGAGAGTCAATGAGGAG 
R: CCGGTTCCATAGGCAAACT 99 

SLC5A8 Solute carrier family 5 member 8 F: TGGGACAAATTGGATGACAA 
R: CCATCAGTGGAGTCCTTTCAA 86 

SLC2A2 Solute Carrier Family 2 (Facilitated Glu-
cose Transporter), Member 2 

F: CATGTCAGTGGGACTTGTGC 
R: TGGCCCAATTTCAAAGAAAC 100 

SLC16A1 Solute Carrier Family 16 Member 1 F: CCGACTTCTGGCAAAAGAAC 
R: GGCTTCTCAGCAGCGTCTAT 90 

PPIA peptidylprolyl isomerase A (cyclophilin A) F: CAAGACTGAGTGGTTGGATGG 
R: TGTCCACAGTCAGCAATGGT 138 

IL1RAP Interleukin 1 Receptor Accessory Protein F: GCATCACCTCCCCAAATCTA 
R: GTAGCTCCTCTCCCGGTTCT 70 

SAA Serum Amyloid A F: TGGAGAGCCTACTCGGACAT 
R: CCTTTGGGCAGCATCATAGT 90 

TNFa Tumor Necrosis Factor alpha F: CCCCCAGAAGGAAGAGTTTC 
R: CGGGCTTATCTGAGGTTTGA 92 

IL-23p19 Interleukin 23 p13 Subunit F: CAACAGTCAGTCCTGCTTGC 
R: GCTCCCCTGTGAAAATGTCT 86 

IL-18 Interleukin 18 F: CAATTGCATCAGCTTTGTGG  
R: TCCAGGTCCTCATCGTTTTC 78 

IL-17 Interleukin 17F F:  AATCAGGGAGTTCCCCTCTC 
R: GTCCCGGGTGATGTTGTAAT 75 

IL-12p40 Interleukin 12 p40 F: GACCAGAAAGAGCCCAAAAAC 
R: AGGTGAAACGTCCGGAGTAA 70 

IL-8 Interleukin 8 F: AAGAGAACTGAGAAGCAACAACA 
R: TTGTGTTGGCATCTTTACTGAGA 99 

IL-1B Interleukin 1, Beta F: TCTCTCACCCCTTCTCCTCA 
R: GACCCTAGTGTGCCATGGTT 60 

IL-10 Interleukin 10 F: TACAACAGGGGCTTGCTCTT 
R: GCCAGGAAGATCAGGCAATA 110 
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Additional file 3. Principal coordinates analysis (PCoA) of Bray-Curtis dissimilarity between the Control 

and Probiotic group on day 35. Bray-Curtis distance metrics were used to compare the composition of 

the microbiota between the two treatment groups in a) small intestinal mucosa, b) digesta of the proximal 

colon, and feces in round c) 1, d) 2, and e) 3. Nested permutational multivariate analysis of variance 

(PERMANOVA) on Bray-Curtis distance metrics with sow ID nested with treatment group was carried 

out using 999 permutations to test for significance of clustering pattern. P-values for the effect of sow 

are illustrated. P < 0.05 was considered significant whereas P < 0.10 was considered as a statistical 

tendency. 
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Additional file 4. Heatmap of fecal samples collected at day 3, 7, 14, 21, 28, 35, 42 and 50 from pigs 

administered placebo (C) or probiotics (P) during suckling (d1-28). The heatmap shows the relative 

abundance (%) of the 15 most abundant families in feces. Colors represent relative abundance. Number 

of samples: Control d3 = 21, d7 = 33, d14 = 29, d21 = 29, d28 = 28, d35 = 28, d42 = 28, d50 = 27. 

Probiotic d3 = 29, d7 = 32, d14 = 25, d21 = 24, d28 = 21, d35 = 21, d42 = 21, d50 = 21. 
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Additional file 5. Heatmap of mucosal samples collected from the small intestine and ascending colon 

(CO1) at day 23-24 (pre-weaning) and day 35-36 (post-weaning). Pigs were administered placebo (C) 

or probiotics (P) during suckling (d1-28). The heatmap shows the relative abundance (%) of the 15 most 

abundant families in mucosa. Colors represent relative abundance. Number of samples: Control d23-

24 = 20, d35-36 = 20. Probiotic d23-24 = 14, d35-36 = 20. 
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Additional file 6. Heatmap of digesta samples collected from the small intestine and ascending colon 

(CO1) at day 23-24 (pre-weaning) and day 35-36 (post-weaning). Pigs were administered placebo (C) 

or probiotics (P) during suckling (d1-28). The heatmap shows the relative abundance (%) of the 15 most 

abundant families in digesta. Colors represent relative abundance. Number of samples: Control d23-24 

= 33, d35-36 = 26. Probiotic d23-24 = 32, d35-36 = 26. 
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Additional file 7. Principle component analysis (PCA) plot on Log2 transformed gene expression data 

discriminated between samples belonging to a) the two different treatment groups (Control and Probi-

otic), or b) the two different time points (day 23-24 or day 35-36). Number of samples: Control d23-24 = 

22, Control d35-36 = 22. Probiotic d23-24 = 20, Probiotic d35-36 = 18. 
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Additional file 8. Effect of early probiotic inoculation on the biogenic amines a) tyramine, b) agmatine, 

c) putrescine, d) cadaverine, and e) the total concentration of biogenic amines in feces (mg/kg). The

dotted line illustrates the day of weaning. Values are presented as least square means and SE, and the

P-value for effect of probiotic treatment is stated. Number of samples: Control d3 = 3, d7 = 12, d14 =

21, d21 = 26, d28 = 27, d35 = 27, d42 = 27, d50 = 28. Probiotic d3 = 6, d7 = 8, d14 = 15, d21 = 22, d28

= 18, d35 = 21, d42 = 20, d50 = 18.
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Additional file 9a. Effect of early inoculation of probiotics on DL-lactic acid, short-chain fatty 
acids and branched fatty acids in small intestinal (SI) and colonic (CO) intestinal content on 
day 23-24 pre-weaning1,2  

Control Probiotic SEM * P-value3

Treat Segment Treat x Segment 
DL-Lactic acid (mmol/kg) 0.16 <0.001 0.31 

Proximal SI 8.7 6.8 1.5 a 
Distal SI 4.7 2.9 0.8 b 

Branched fatty acid4 (mmol/kg) 0.60 <0.001 0.48 
Proximal CO 3.7 3.7 0.4 a 
Mid CO 2.1 1.9 0.3 b 
Distal CO 2.3 1.9 0.3 b 

Total SCFA5 (mmol/kg) 0.67 <0.001 0.61 
Proximal SI 1.1 0.8 0.3 a 
Distal SI 9.2 11.8 1.2 a 
Proximal CO 65.3 72.4 5.8 b 
Mid CO 35.5 37.3 5.4 c 
Distal CO 33.3 30.0 3.2 c 

Acetic acid6 (%) 0.99 <0.001 0.20 
Proximal SI 74.2 74.1 1.6 a 
Distal SI 77.4 71.0 2.4 b 
Proximal CO 65.0 66.6 1.8 c 
Mid CO 66.9 67.2 2.0 c 
Distal CO 69.5 68.8 2.2 bc 

Formic acid6 (%) 0.20 
Distal SI 16.9 21.3 2.2 

Butyric acid6 (%) 1.00 0.04 0.17 
Proximal CO 8.8 8.3 0.7 a 
Mid CO 9.3 9.2 0.8 ab 
Distal CO 8.1 8.8 0.7 ac 

Propionic acid6 (%) 0.81 <0.001 0.91 
Proximal SI 1.0 1.5 0.8 a 
Distal SI 4.3 4.8 2.0 b 
Proximal CO 22.2 20.9 1.1 c 
Mid CO 19.6 19.3 1.0 c 
Distal CO 18.0 18.2 0.9 c 

Valeric acid6 (%) 0.92 0.81 0.62 
Proximal CO 3.5 3.5 0.3 
Mid CO 3.6 3.5 0.3 
Distal CO 3.5 3.7 0.3 

1 Values are presented as least square means and SEM 
2 Number of samples: Control n = 11. Probiotic n = 11 
3 Treat = Treatment group, Segment = Intestinal segment, Treat x Segment = interaction between treatment and 
intestinal segment.  
4 Branched fatty acid: Isovaleric and isobutyric acid. 
5 SCFA: Formic, acetic, propionic, butyric, and valeric acid. 
6 Percent of the specific acid of total SCFA. 
* Different lowercase letters indicate statistical significance (P < 0.05) between intestinal segments.
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Additional file 9b. Effect of early inoculation of probiotics on DL-lactic acid, short-chain fatty acids and 
branched fatty acids in small intestinal (SI) and colonic (CO) intestinal content on day 35-36 post-wean-
ing1,2 

Control Probiotic SEM * P-value3

Treat Segment Treat x Segment 
DL-Lactic acid (mmol/kg) 0.76 <0.001 0.16 

Proximal SI 3.5 3.8 1.1 a 
Distal SI 6.4 5.1 1.7 b 

Branched fatty acid4 (mmol/kg) 0.13 <0.001 0.12 
Proximal CO 2.0 1.4 0.2 a 
Mid CO 2.6 2.1 0.3 b 
Distal CO 2.6 2.5 0.3 b 

Total SCFA5 (mmol/kg) 0.48 <0.001 0.53 
Proximal SI 0.9 0.9 0.1 a 
Distal SI 6.1 7.8 1.4 a 
Proximal CO 99.9 91.7 7.9 b 
Mid CO 87.0 82.5 6.0 c 
Distal CO 78.2 69.5 4.2 d 

Acetic acid6 (%) 0.53 <0.001 1.00 
Proximal SI 94.7 96.7 2.8 a 
Distal SI 61.3 64.1 5.3 b 
Proximal CO 65.1 66.1 b 
Mid CO 64.8 66.7 2.3 b 
Distal CO 63.9 65.3 1.8 b 

Formic acid6 (%) 0.99 
Distal SI 35.7 35.1 5.3 

Butyric acid6 (%) 0.34 0.001 0.30 
Proximal CO 8.5 6.9 1.1 a 
Mid CO 8.9 7.0 1.1 a 
Distal CO 9.2 8.0 1.2 b 

Propionic acid6 (%) 0.41 <0.001 0.93 
Proximal SI 1.2 0.7 0.6 a 
Distal SI 0.3 0.1 0.2 a 
Proximal CO 23.7 23.6 0.9 b 
Mid CO 23.5 22.8 0.9 b 
Distal CO 24.2 23.6 0.9 b 

Valeric acid6 (%) 0.06 0.01 0.01 
Proximal CO 2.2 1.5 0.2 a 
Mid CO 2.3 1.8 0.2 ab 
Distal CO 2.2 2.1 0.2 b 

1 Values are presented as least square means and SEM 
2 Number of samples: Control n = 11. Probiotic n = 11 
3 Treat = Treatment group, Segment = Intestinal segment, Treat x Segment = interaction between treatment and 
intestinal segment.  
4 Branched fatty acid: Isovaleric and isobutyric acid. 
5 SCFA: Formic, acetic, propionic, butyric, and valeric acid. 
6 Percent of the specific acid of total SCFA. 
* Different lowercase letters indicate statistical significance (P < 0.05) between intestinal segments.
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Additional file 10a. Effect of early inoculation of probiotics on biogenic amines in small intestinal (SI) 
and colonic (CO) intestinal content on day 23-24 pre-weaning (mg/kg sample)1,2 

1 Values are presented as least square means and SEM. Different lowercase letters next to means indicate sta-
tistical significance (P < 0.05) between treatment groups in a specific intestinal segment 
2 Number of samples: Control n = 11. Probiotic n = 11 
3 Treat = Treatment group, Segment = Intestinal segment, Treat x Segment = interaction between treatment and 
intestinal segment.  
* Different lowercase letters indicate statistical significance (P < 0.05) between intestinal segments.

Control Probiotic SEM * P-value3 

Treat Segment Treat x Segment 
Agmatine 0.10 <0.001 0.47 

Distal SI 63.8 65.3 7.6 a 
Proximal CO 14.4 20.0 2.0 b 
Mid CO 11.1 14.2 1.5 c 

Distal CO 10.9 11.8 1.3 c 
Putrescine 0.80 <0.001 0.99 

Distal SI 35.3 40.4 4.5 a 
Proximal CO 53.5 54.6 12.8 a 
Mid CO 36.1 38.4 8.9 a 

Distal CO 21.3 22.7 5.3 b 
Cadaverine 0.87 0.008 0.99 

Distal SI 21.7 23.5 9.1 a 
Proximal CO 45.9 51.7 19.3 ab 
Mid CO 29.3 34.4 12.7 a 

Distal CO 24.4 24.4 9.8 ac 
Tyramine 0.26 0.02 0.04 

Distal SI 9.9a 2.4b 2.4 a 
Proximal CO 11.2 7.0 3.4 ab 
Mid CO 6.7 5.0 2.3 a 
Distal CO 5.6 4.2 2.0 ac 

Sum 0.88 <0.001 0.98 
Distal SI 165.7 179.6 37.0 a 
Proximal CO 144.8 147.5 31.3 a 

Mid CO 91.1 99.9 20.5 b 
Distal CO 68.6 70.6 14.9 c 
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Additonal file 10b. Effect of early inoculation of probiotics on biogenic amines in small intestinal (SI) 
and colonic (CO) intestinal content on day 35-36 post-weaning (mg/kg sample)1,2 

Control Probiotic SEM * P-value3 

Treat Segment Treat x Segment 
Agmatine 0.74 <0.001 0.04 

Distal SI 33.9 28.3 2.6 a 
Proximal CO 17.8 16.0 1.4 b 
Mid CO 18.3a 20.7b 1.6 b 

Distal CO 18.4a 22.5b 1.7 b 
Putrescine 0.92 <0.001 0.96 

Distal SI 2.4 2.4 0.6 a 
Proximal CO 49.2 43.5 8.7 b 
Mid CO 52.3 52.7 9.8 b 

Distal CO 54.2 57.5 10.4 b 
Cadaverine 0.09 <0.001 0.39 

Distal SI 2.7 0.6 0.7 a 
Proximal CO 57.5 32.8 12.1 b 
Mid CO 65.0 46.9 14.9 b 

Distal CO 60.0 52.5 14.9 b 
Tyramine 0.67 <0.001 0.16 

Distal SI 0.4 0.4 0.4 a 
Proximal CO 1.4 0.9 0.6 ab 
Mid CO 1.2 1.8 0.7 b 
Distal CO 1.1 2.6 0.8 b 

Sum 0.43 <0.001 0.51 
Distal SI 43.1 36.2 5.5 a 
Proximal CO 134.9 102.9 16.5 b 

Mid CO 149.8 132.9 19.7 b 
Distal CO 143.9 150.4 20.5 b 

1 Values are presented as least square means and SEM. Different lowercase letters next to means indicate sta-
tistical significance (P < 0.05) between treatment groups in a specific intestinal segment 
2 Number of samples: Control n = 11. Probiotic n = 11 
3 Treat = Treatment group, Segment = Intestinal segment, Treat x Segment = interaction between treatment and 
intestinal segment.  
* Different lowercase letters indicate statistical significance (P < 0.05) between intestinal segments.
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Additional file 11a. Effect of early inoculation of probiotics on pH in content from the stomach, small 
intestine (SI), caecum, and colon (CO) on day 23-24 pre-weaning1,2 

Control Probiotic SEM * P-value3 

Treat Segment Treat x Segment 
0.61 <0.001 0.96 

Stomach 3.6 3.6 0.3 a 

Proximal SI 6.2 6.1 0.1 b 

Distal SI 7.0 7.1 0.04 c 

Caecum 6.4 6.4 0.1 bc 

Proximal CO 6.7 6.6 0.04 c 

Mid CO 6.6 6.6 0.1 c 

Distal CO 6.6 6.5 0.1 c 
1 Values are presented as least square means and SEM 
2 Number of samples: Control n = 23. Probiotic n = 20 
3 Treat = Treatment group, Segment = Intestinal segment, Treat x Segment = interaction between treatment and 
intestinal segment.  
* Different lowercase letters indicate statistical significance (P < 0.05) between intestinal segments.

Additonal file 11b. Effect of early inoculation of probiotics on pH in content from the stomach, small 
intestine (SI), caecum, and colon (CO) on day 35-36 post-weaning1,2 

Control Probiotic SEM * P-value3 

Treat Segment Treat x Segment 
0.20 <0.001 0.005 

Stomach 2.9a 3.7b 0.2 a 

Proximal SI 6.1 6.1 0.1 b 

Distal SI 6.8 7.0 0.1 c 

Caecum 6.1 6.1 0.1 b 

Proximal CO 6.4 6.4 0.1 bc 

Mid CO 6.7 6.7 0.1 cd 

Distal CO 6.8 6.9 0.1 cd 
1 Values are presented as least square means and SEM. Different lowercase letters next to means indicate sta-
tistical significance (P < 0.05) between treatment groups in a specific intestinal segment.  
2 Number of samples: Control n = 23. Probiotic n = 18 
3 Treat = Treatment group, Segment = Intestinal segment, Treat x Segment = interaction between treatment and 
intestinal segment.  
* Different lowercase letters indicate statistical significance (P < 0.05) between intestinal segments.
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Additional file 12a. Effect of early inoculation of probiotics on dry matter percentage in content from 
the stomach, small intestine (SI), caecum, and colon (CO) on day 23-24 pre-weaning (DM%)1,2 

Control Probiotic SEM * P-value3 

Treat Segment Treat x Segment 
0.21 <0.001 0.73 

Stomach 24.4 23.4 1.7 a 

Proximal SI 12.9 10.7 0.9 b 

Distal SI 13.8 13.3 1.1 b 

Caecum 14.1 13.5 1.0 b 

Proximal CO 21.4 18.9 1.5 ac 

Mid CO 22.6 20.5 1.6 ac 

Distal CO 27.5 28.3 2.3 ad 
1 Values are presented as least square means and SEM 
2 Number of samples: Control n = 23. Probiotic n = 20 
3 Treat = Treatment group, Segment = Intestinal segment, Treat x Segment = interaction between treatment and 
intestinal segment.  
* Different lowercase letters indicate statistical significance (P < 0.05) between intestinal segments.

Additional file 12b. Effect of early inoculation of probiotics on dry matter percentage in content from 
the stomach, small intestine (SI), caecum, and colon (CO) on day 35-36 post-weaning (DM%)1,2 

Control Probiotic SEM * P-value3 

Treat Segment Treat x Segment 
0.34 <0.001 0.82 

Stomach 18.4 18.2 2.2 a 

Proximal SI 11.0 9.3 1.2 b 

Distal SI 6.9 5.7 0.8 c 

Caecum 6.8 6.7 0.8 c 

Proximal CO 11.4 9.3 1.3 d 

Mid CO 15.5 14.4 1.8 ae 

Distal CO 17.5 17.9 2.1 ae 
1 Values are presented as least square means and SEM 
2 Number of samples: Control n = 23. Probiotic n = 18 
3 Treat = Treatment group, Segment = Intestinal segment, Treat x Segment = interaction between treatment and 
intestinal segment.  
* Different lowercase letters indicate statistical significance (P < 0.05) between intestinal segments.
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Additional file 13. Effect of early probiotic inoculation on hematology parameters in blood on day 23-

24 and 35-361, 2 

Control Probiotic SEM P-value3

Treat Day Treat x Day 
Hematocrit (%) 0.41 <0.001 0.30 

Day 23-24 35.6 33.8 1.0 
Day 35-36 38.1 38.1 1.0 

Red blood cells (1012 cells/L) 0.13 <0.001 0.92 
Day 23-24 5.9 5.6 0.2 
Day 35-36 7.0 6.6 0.2 

Hemoglobin (g/L) 0.27 <0.001 0.36 
Day 23-24 106 100 2.9 
Day 35-36 117 115 3.4 

White blood cells (109 cells/L) 0.68 <0.001 0.11 
Day 23-24 9.4 11.0 0.9 
Day 35-36 16.0 14.8 1.5 

Lymphocytes (%) 0.88 0.21 0.95 
Day 23-24 60.3 59.5 2.4 
Day 35-36 57.4 57.0 2.3 

Neutrophils (%) 0.90 0.21 0.71 
Day 23-24 35.0 34.2 2.1 
Day 35-36 36.6 37.2 2.2 

Monocytes (%) 0.29 0.17 0.17 
Day 23-24 3.4 4.6 0.4 
Day 35-36 4.5 4.5 0.4 

Eosins (%) 0.80 0.002 0.57 
Day 23-24 0.73 0.66 0.1 
Day 35-36 0.96 0.97 0.1 

Neutrophil/Lymphocyte ratio (%) 0.66 0.32 0.73 
Day 23-24 60.9 63.1 7.1 
Day 35-36 64.7 71.2 7.9 

Reticulocytes (109 cells/L) 0.16 <0.001 0.02 
Day 23-24 250 236 42 
Day 35-36 40a 78b 11 

Platelets (109 cells/L) 0.95 0.003 0.53 
Day 23-24 607 584 95 
Day 35-36 374 426 67 

1 Values are presented as least square means and SEM 
2 Number of samples: Control d23-24 = 23, d35-36 = 23. Probiotic d23-24 = 20, d35-36 = 18. 
3 Treat = Treatment group, Treat x Day = Interaction between treatment and day 
Different lowercase letters indicate statistical significance (P < 0.05).  
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Abstract 27 

Post-weaning diarrhea (PWD) caused by Enterotoxigenic Escherichia coli (ETEC) is a 28 

threat for the pig industry, and with intensified focus of finding alternatives to the use 29 

of medical zinc oxide and antibiotics to newly weaned pigs, the objective of this study 30 

was to investigate the effect of early inoculation of probiotics to suckling piglets on 31 

ETEC fecal shedding and immune parameters in ETEC F18 challenged weaned 32 

piglets. Sixty pigs weaned on day 28 of age were assigned to three treatment groups: 33 

(i) Negative Control (non-challenged), (ii) Positive Control (challenged) and (iii)34 

Probiotic (challenged and inoculated with a multi-species probiotic product during 35 

suckling). On day 1 and 2 post-weaning, pigs in the Positive Control and Probiotic 36 

groups were challenged with 5x108 CFU ETEC F18/pig/day, whereas pigs in the 37 

Negative Control group were provided with NaCl. Growth and diarrhea incidence were 38 

not significantly affected by ETEC challenge or probiotic administration. ETEC F18 39 

shedding and C-reactive protein (CRP) concentration in plasma were significantly 40 

lower in the Negative Control group, confirming a successful challenge model. Pigs in 41 

the Probiotic group had fewer days with diarrhea and significantly reduced number of 42 

pigs shedding ETEC F18 and STb toxin in feces compared with the Positive Control 43 

group. Probiotic treatment did not significantly impact the concentration of CRP, 44 

haptoglobin and cytokines in plasma nor hematology numbers. In conclusion, weaned 45 

pigs administered with a multi-species probiotic product early in life had a more rapid 46 

response towards the pathogen challenge and a faster clearance of the ETEC infection 47 

compared with the Positive Control group. Administration of probiotics to newborn 48 

piglets may thus promote resilience in the newly weaned pig. However, further studies 49 

with pigs subjected to a more severe pathogen challenge are needed to confirm these 50 

results and to investigate the mechanism of action of the probiotic intervention. 51 
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Introduction 77 

Intestinal diseases remain a challenge in the swine industry. Especially diarrhea in the 78 

weaning period constitutes a major constraint by complicating management, leading 79 

to welfare issues and poor performance and with it, having a negative economic impact 80 

[1,2]. In several European countries, medical zinc oxide is used for controlling post-81 

weaning diarrhea (PWD). However, the European Medicines Agency has withdrawn 82 

all authorizations for veterinary medicinal products containing zinc in all European 83 

member states from June 2022 [3]. It is generally presumed that a removal of 84 

authorizations for veterinary medicinal products containing zinc will lead to a 85 

substantial increase in the use of antibiotics for pigs. Extensive use of antibiotics 86 

induces the development of bacterial resistance thus posing a risk of inadequate 87 

antibiotic treatments of both animal and human diseases in the future [4]. 88 

Consequently, there is a focus on reducing the use of antibiotics globally, and part of 89 

the solution is to find new strategies to control and avoid PWD. 90 

91 

PWD primarily occurs during the first two weeks post-weaning where pigs are 92 

challenged with several stressors [5]. Several risk factors influence the development 93 

of disease and include separation from the sow, change of diet, mixing with unfamiliar 94 

pigs and new housing conditions [6,7]. Enterotoxigenic Escherichia coli (ETEC) is the 95 

most common cause of PWD [8], and ETEC with fimbria F18 and F4 are the most 96 

common pathogenic strains among ETEC causing PWD [9]. In Denmark, selective 97 

breeding for ETEC F4 resistance has been carried out since 2003 [10], however 98 

breeding directed towards single genes for multifactorial diseases as PWD is not a 99 

successful strategy, meanwhile PWD caused by ETEC F18 infection has been an 100 

emerging challenge during the last decade. 101 
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A resilient microbiome and a well-functioning immune system are prerequisites for the 102 

pig to resist PWD [7]. Several studies have shown that the microbiome of the pig is 103 

unstable after the weaning transition [11,12]. Since one of the important roles of the 104 

gut microbiome is to protect the host against pathogens [13], responding to an external 105 

disturbance such as proliferation of ETEC can be a big challenge during the event of 106 

weaning. At the same time, an abrupt withdrawal of maternal milk at weaning removes 107 

the passive immunity and leaves the pig with a still immature immune system, making 108 

the pig more vulnerable to infections [6,14]. 109 

110 

Interventions to prevent PWD are often implemented post-weaning. These can include 111 

the use of feed additives such as organic acids, pre- and probiotics, or enzymes 112 

[2,7,15,16]. Especially administration of probiotics as a preventive mean towards PWD 113 

has been investigated [17]. Probiotics are defined as “live microorganisms that, when 114 

administered in adequate amounts, confer a health benefit on the host” [18,19]. Even 115 

though probiotics are proven to possess mechanisms of action beneficial to the host 116 

during stressful conditions such as ETEC infections in pigs [20–22], there are 117 

inconsistent results from studies looking at administration of probiotics in nursery feed 118 

[23,24]. One of the reasons for the inconsistent results could be that intervention 119 

immediately before the event of dysbiosis caused by weaning does not allow the 120 

probiotic time to exerts its effects. According to Dou et al. [25], it is possible to 121 

discriminate between pigs susceptible to PWD already seven days after birth based 122 

on their gut microbiota composition. This indicates that early life colonization pattern 123 

seem to have great impact on whether the pig is prone to suffer from PWD. Therefore, 124 

it can be speculated that intervention with beneficial microbes early in life during the 125 

so-called ‘window of opportunity’ would be a promising method to improve the intestinal 126 
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microbial colonization pattern. This early intervention would then increase the chance 127 

of establishing a homeostatic ecosystem and improve the immunological development, 128 

possibly promoting maturity of these systems and increasing robustness of the host to 129 

withstand infectious disease post-weaning. 130 

131 

We hypothesized that repeated inoculation with a multi-species probiotic product to 132 

newborn piglets would increase their robustness against PWD caused by ETEC F18. 133 

In this study, the objective was to assess the effect of administering a multi-species 134 

probiotic product to piglets early in life on ETEC fecal shedding, hematology numbers, 135 

cytokine and acute phase protein concentration in blood in ETEC F18 challenged 136 

weaned piglets. 137 

138 

Materials and methods 139 

Animals 140 

The study was conducted at Aarhus University, AU-FOULUM, Denmark. The study 141 

was carried out in three runs with 8 different sows (Yorkshire x Landrace mated with a 142 

Duroc boar) in each run. A total of 60 weaned piglets (28 +/- 2 days of age) with an 143 

initial body weight of 9.1 ± 1.7 kg were included in the experiment. The sows were 144 

tested homozygote carriers of the dominant gene coding for intestinal ETEC F18 145 

fimbriae receptors [26]. Piglets selected for the experimental study had good health 146 

status. 147 

148 

Probiotic inoculation 149 

During suckling, all piglets from the 24 litters were inoculated with probiotics or placebo. 150 

Placebo or probiotic inoculation started maximum 12 hours after birth, thereafter, once 151 
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a day during the first four days and every second day from day four until day 28 at 152 

weaning. At each inoculation, 2 mL of the probiotic or placebo solution was 153 

administered orally using a Prima Vaccinator device (Salfarm Denmark A/S) with a 154 

rubber tube. The control group received a placebo mixture consisting of phosphate 155 

buffered saline (pH 7.4) and maltodextrin (0.35 g/pig/day); and the probiotic group a 156 

product containing four different probiotic strains in a 1:1 ratio and maltodextrin (0.35 157 

g/pig/day) at a total daily dosage of 4x109 CFU/pig. The probiotic strains were 158 

Bifidobacterium longum subsp. infantis (CHCC 2228), Bifidobacterium breve (CHCC 159 

15268), Lactobacillus rhamnosus (CHCC 11994), and Enterococcus faecium (CHCC 160 

10669). These probiotic strains were selected based on a comprehensive in vitro 161 

screening including nine established probiotic strains [27]. The strain combination of 162 

the probiotic product was determined based on beneficial results of the probiotic strains 163 

in regards to; barrier function, adhesion to intestinal epithelial cells, growth on porcine 164 

milk oligosaccharides, and inhibitory effects towards ETEC F18 [27]. In round 1, the 165 

probiotic cocktail included 1x109 CFU Faecalibacterium prausnitzii besides the other 166 

four strains, i.e. a total probiotic daily dosage of 5 x 109 CFU/pig. Unfortunately, F. 167 

prausnitzii was excluded from the probiotic product in round 2 and 3 due to difficulties 168 

producing this strict anaerobic strain in the necessary scale. The possible effect of this 169 

on the response parameters was taking into account by including the interaction 170 

between round and treatment in the statistical analyses. 171 

172 

Treatments and experimental infection 173 

The experiment was conducted over a 22-day period starting on the day of weaning. 174 

Pigs were allocated to three treatment groups; (i) Negative Control (non-challenged) 175 

(n = 12), (ii) Positive Control (challenged) (n = 24) and (iii) Probiotic (challenged and 176 
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inoculated with probiotics during suckling) (n = 24). On day 1 and 2 post-weaning, pigs 177 

in the Positive Control group and Probiotic group were challenged with ETEC F18 178 

whereas pigs in the Negative Control group were provided with NaCl. 179 

180 

The challenge strain O138 F18-ETEC 9910297-2STM (positive for STb, LT, East-1, 181 

Stx2e, and F18ab) was isolated at the Danish Veterinary Institute (Frederiksberg, 182 

Copenhagen) from intestinal content of a pig with PWD. When grown on blood agar, 183 

the ETEC F18 was found to be hemolytic. The strain was grown aerobically in veal 184 

infusion broth at 37oC for five hours with shaking (150 rpm) and OD600nm 0.2 normalized 185 

in 0.9% NaCl. Each pig was challenged orally with 5 mL of viable ETEC F18 (5x108 186 

CFU/pig/day) on day 1 and 2 post-weaning. Pigs in the Negative Control group were 187 

provided with 5 mL of 0.9% NaCl. 188 

189 

Feeding, housing and handling 190 

The piglets did not receive creep feed. During the experiment, piglets were fed a 191 

standard Danish nursery diet (Table 1) with ad libitum access through one feeder, and 192 

fresh water was permanently available through two drinking nipples. No straw was 193 

provided, but pigs had permanent access to ropes. 194 

195 

Two pigs from the same litter were housed together in 2.14 m x 0.9 m pens with partially 196 

slatted floor and the concrete part of the floor had a cover and floor heating. The 197 

controlled environment unit was neutral pressure ventilated and linked to temperature 198 

sensors. At study start, the temperature was 24oC and it was adjusted weekly until a 199 

final temperature of 19oC. For each of the three runs, pigs included in the experiment 200 

were housed in the same room, which had 16 pens. 201 
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Table 1. Ingredient composition of the nursery diet. 202 

Ingredients % 
Wheat 53.21 
Barley 21.00 
Soybean meal 8.00 
ViloSoy, soy protein 6.75 
Potato protein, protastar 3.50 
Palm fatty acid distillate 1.98 
Calcium carbonate, chalk  1.25 
Monocalcium phosphate 1.06 
Fish meal 1.00 
Lysine sulphate 70 0.67 
Sugar beet molasses 0.50 
Vitamin premixture 0.40 
Feed salt, sodium chloride 0.36 
Threonine 98%  0.12 
DL-Methionine 98 0.11 
Tryptophane 99 0.04 
Ronozyme HiPhos 0.03 
Valine L 96.5 0.02 

203 

The pigs challenged with ETEC F18 were housed in pens located next to each other 204 

and separated by three empty pens from the non-challenged pigs. Positive Control 205 

pigs were housed on the left side of the corridor and probiotics on the right side. To 206 

prevent bacterial cross-contamination, non-challenged pigs were always handled 207 

before ETEC-challenged pigs. Additionally, pigs in the Positive Control group were 208 

always handled before pigs in the Probiotic treatment group. When handling ETEC-209 

challenged pigs, an extra layer of overalls and a special set of boots were worn. When 210 

moving from one pen to another, disposable gloves, aprons and plastic sleeves were 211 

changed. When weighing the pigs, plastic boxes assigned to each pen were used. Any 212 

physical contact between pigs from different pens was avoided by installing solid 213 

plastic walls between each pen. 214 

215 
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Registrations and sample collection 216 

Individual body weight of all pigs was registered on weaning day (day 0), and on day 217 

7, 14, and 22. Feed intake per pen was registered daily. Rectal swaps were taken on 218 

weaning day (day 0), and thereafter daily during the first week of the experiment and 219 

three times a week during the last two weeks of the experiment. Samples were taken 220 

using a rubber glove lubricated in gel. The individual rectal swap samples were scored 221 

according to consistency following a 7 score scale (1: Hard, dry and lumpy; 2: Firm; 3: 222 

Soft but formable; 4: Soft and liquid; 5: Watery, dark; 6: Watery, yellow; 7: Yellow, 223 

foaming), where score 4-7 was considered as diarrhea. The rectal swap samples were 224 

stored on ice until being divided in three aliquots for quantitative real-time Polymerase 225 

Chain Reaction (qPCR) (stored at -80oC), dry matter (stored at 226 

-20oC), and microbiological enumeration (conducted immediately).227 

228 

Blood samples from the jugular vein were collected on the day of weaning (day 0), on 229 

day 4 and day 14 in EDTA containing-vacutainers for hematology analysis and 230 

heparinized vacutainers for analysis of cytokine, C-reactive protein (CRP), and 231 

haptoglobin concentration. Hematology was analyzed immediately after collection. 232 

Blood in heparinized vacutainers were stored on ice, and within two hours they were 233 

centrifuged for ten minutes at 2000 x g to obtain plasma. Plasma was stored at 234 

-80o C until analysis of acute phase proteins and cytokine concentration.235 

236 

Analytical methods 237 

Microbiological enumeration 238 

For microbiological enumeration, 1-3 grams of fresh fecal matter was suspended in a 239 

peptone solution (1:10) and homogenized using a smasher paddle blender (bioMérieux 240 
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Industry, USA) for two minutes. Serial dilutions were prepared and aliquots of 100 µL 241 

were added to agar plates for enumeration of Enterobacteriaceae on MacConkey 242 

(Merck 1.05465) and hemolytic colonies on blood agar plates (Oxoid Pb5039A). The 243 

plates were incubated overnight aerobically at 37oC, and CFU were counted using a 244 

manual colony counter. Blood agar plates with hemolytic colonies were stored at 5oC 245 

until ETEC F18 serotyping was performed on five colonies per sample by the slide 246 

agglutination test using type-specific antisera (SSI Diagnostica A/S, Copenhagen, 247 

Denmark). 248 

249 

Dry matter analysis 250 

For dry matter analysis, fresh feces samples were weighed before being stored at 251 

-20oC. After freeze drying, the samples were weighed again, and dry matter252 

percentage (DM%) was calculated. 253 

254 

Quantification of fecal FedA and est-II 255 

Quantification of genes encoding the ETEC F18 fimbriae (FedA) and the heat-stable 256 

toxin STb (est-II) in fecal samples was carried out by qPCR. Standard curves for use 257 

in pig fecal samples were made by spiking known amounts of cells into pig feces. 258 

Standard curves were constructed from counted reference strain E. coli AUF18 259 

(9910297-2STM) (serotype 0138:F18, virotype F18ab STb, LT, EAST1, and Stx2e) 260 

spiked into feces from a healthy adult pig that did not contain any ETEC F18. Well-261 

defined single colonies of AUF18 grown on Luria-Bertani (LB) media were transferred 262 

from solid media to broth media. Cultures were grown overnight, and cells were 263 

pelleted by centrifugation, and subsequently the pellet was resuspended in 400 µL of 264 

PBS and then serially diluted in PBS. The cells were counted from an appropriate 265 
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dilution in a Bürker-Türk counting chamber where the average of 5 squares (0.2 by 0.2 266 

mm) were used to calculate the original cells per mL. Standard curves were made by267 

spiking 100 µL of 50% feces (diluted 50% with PBS buffer) with 100 µL of cell 268 

suspensions of the different reference bacteria in 5-fold dilutions prior to DNA 269 

extraction. Feces samples stored at -80oC were defrosted and weighed for DNA 270 

extraction. DNA was extracted using E.Z.N.A Stool DNA kit (Omega bio-tek, Norcross, 271 

GA, USA) using the manufacturers method for ‘DNA extraction and purification from 272 

stool for pathogen detection’ with the following modifications. Samples were disrupted 273 

after addition of SLX-buffer in a star-beater (VWR) at frequency 30 (1/s) for five 274 

minutes. DNA was eluted in 200 µL of elution buffer for the spiked standards and 100 275 

µL of elution buffer for the samples and stored at -20oC until further analysis. DNA 276 

concentration was determined using a Qubit Fluorometer. Primers, purchased from 277 

Sigma-Aldrich (Darmstadt, Germany), were previously tested and described by Wang 278 

et al. [28]. Quantitative real-time PCR was performed on a ABI ViiA7 real-time PCR 279 

system (Thermo Fisher Scientific) using MicroAmp Optical 384 well reaction plate 280 

(Applied Biosystems). Quantitative real-time PCR reactions contained 5 µL of Maxima 281 

SYBR Green/ROX qPCR Master Mix (Thermo Scientific), F18 fimbriae and STb 282 

primers at a concentration of 0.3 mM, 2 µL of template DNA and water to a final volume 283 

of 10 µL. 284 

285 

The primer combination for the F18 fimbriae gene was forward 5´-286 

GGAGGTTAAGGCGTCGAATAG-3´ and reverse 5´-287 

CCACCTTTCAGTTGAGCAGTA-3´. For the STb gene, the primer combination was 288 

forward 5´-TGCCTATGCATCTACACAAT-3´ and reverse 289 

5´-CTCCAGCAGTACCATCTCTA-3´ [28]. 290 
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All assays contained a standard curve and a no template control and were performed 291 

in triplicate. Conditions of the PCR were as follows: pre-treatment 2 min at 50oC, initial 292 

denaturation 10 min at 95oC, 40 cycles of denaturation 30 s at 95oC. For the ETEC 293 

F18 fimbriae gene, annealing temperature was 60oC for 30 s and extension 72oC for 294 

30 s. For the STb gene, annealing and extension were 60 s at 59.1oC. Melting curves 295 

were generated by increasing the temperature from 60°C to 95oC at a rate of 0.05°C/s 296 

recording continuously. Target concentrations were calculated using the QuantStudio 297 

realtime PRC software that comes with the machine from Ct values. The detection limit 298 

was Ct values greater than 32 corresponding to 105 cells/g feces. 299 

300 

Immune responses and hematological parameters 301 

Immediately after collection of blood samples, the analysis of whole blood was 302 

performed as a diagnostic health-monitoring tool, using a hematology analyzer (IDEXX 303 

ProCyte Dx®). Hematological parameters were total leucocytes (white blood cells), 304 

neutrophils, lymphocytes, monocytes, basophils, eosinophils, erythrocytes (red blood 305 

cells), packed cell volume (hematocrit), hemoglobin, reticulocytes, and platelet counts. 306 

307 

Blood plasma haptoglobin was determined using the PHASE Haptoglobin Assay Kit 308 

(Tridelta Developments Ltd., Co. Kildare, Ireland, cat. no. TP-801). Analyses were 309 

performed using an autoanalyzer, ADVIA 1800® Chemistry System (Siemens Medical 310 

Solutions, Tarrytown, NY 10591, USA). CRP in plasma was measured by solid-phase 311 

sandwich immunoassay using the Phase Porcine CRP Assay Kit (Tridelta 312 

Developments Ltd., Kildare, Ireland, cat. no. TA-901). The final absorbance was 313 

measured with the POLARstar/Galaxy plate reader (BMG Labtechnologies GmbH, 314 
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Germany) at 450 nm using 630 nm as a reference according to the manufacturer’s 315 

manual. 316 

317 

Cytokine concentrations of blood plasma were analyzed using the Milliplex Map kit 318 

(Merck, Germany) on a Bio-Plex® MAGPIX™ Multiplex Reader (Bio–Rad, Richmond, 319 

CA, USA) for the following six cytokines: IFN-y, IL-6, IL-10, IL-12, TNF-a, and IL-1B. 320 

The analyses were carried out using the manufacturer’s instructions. The kit 321 

simultaneously analyzed multiple cytokine biomarkers with Bead-Based Multiplex 322 

Assays using the Luminex technology in porcine plasma samples. Data were analyzed 323 

using the Belysa Immunoassay Software (Merck, Germany). The intra- and inter-assay 324 

coefficients of variation were both 20%. The assays were performed in duplicates. 325 

326 

Statistical analysis 327 

Statistical analyses were performed using R Studio (version 3.6.0). QQ plots and 328 

Shapiro-Wilk test were used to assess if the assumption of data being normal 329 

distributed was met. If this assumption was not met, data were log transformed or 330 

analyzed using gamma distribution. If pigs had been treated with antibiotics before 331 

weaning or during the experiment, they were excluded from the analysis. Pen was 332 

considered as the experimental unit and included as a random factor. Day, round and 333 

their interaction with treatment group were analyzed as fixed effects in all analyses. 334 

Average daily feed intake (ADFI) per pen and average daily gain (ADG) were averaged 335 

over three time periods (d0-7, d8-14, and d15-22) and feed conversion ratio (FCR) was 336 

calculated for the entire experimental period. The linear mixed-effects model using the 337 

lmer function in the lme4 package was used to analyze body weight (BW), ADG, ADFI, 338 

and FCR. BW at weaning (d0) was used as a covariate for ADG and ADFI analyses. 339 
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The data of fecal DM were analyzed using the generalized linear mixed model 340 

Template Model Builder (glmmTMB) package for repeated measures. Individual feces 341 

score was analyzed assuming a binomial distribution, by which score 1-3 was 342 

considered as normal feces and score 4-7 was considered as diarrhea. The data of 343 

enumeration on MacConkey plates and blood agar plates and from quantification of 344 

FedA and est-II genes were analyzed in two steps. In step one, data were analyzed 345 

assuming a binomial distribution (using the glmer package), where samples were 346 

below or above the detection limit, which was 5 log CFU/cells per grams of feces. In 347 

step two, the value of the samples above the detection limit was analyzed assuming a 348 

normal distribution using the glmmTMB package for repeated measures. Data of acute 349 

phase proteins and hematology were analyzed using a gamma distribution within the 350 

glmer function. The concentration of cytokines in plasma was analyzed using the lmer 351 

function with all cytokines but IFN-γ being log-transformed to meet normal distribution. 352 

For all immune responses and hematological parameters, a covariate of the level 353 

before challenge (d0) was included in the models. For all analyses, the emmeans 354 

package was used to compare treatment groups. Significance was declared at P < 355 

0.05, and P < 0.10 was considered a tendency. 356 

357 

Results 358 

Five Negative Control pigs and one Probiotic pig were treated with antibiotics (for joint 359 

infections or foot rot) during suckling. They were included in the study to have a 360 

balanced study setup, i.e. having two pigs per pen to avoid the additional stress that 361 

individual housing causes, increasing the risk of even lower feed intake post-weaning. 362 

However, they were all removed from statistical analyses. One pig from the Probiotic 363 

group was euthanized on day 4 due to diarrhea and dehydration. This pig was housed 364 
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in the same pen as the Probiotic pig being treated with antibiotics pre-weaning, why 365 

this pen was removed from the data analysis. In general, there was no interaction 366 

between round and treatment, indicating that the inclusion of F. prausnitzii in the 367 

probiotic product during round 1 but not round 2 and 3 did not affect the results. There 368 

were two response parameters for which there was an interaction between round and 369 

treatment group. In the first case, i.e. ETEC F18 in feces, interactions in terms of round 370 

were not round 1 versus 2 and 3, indicating that the presence of F. prausnitzii in round 371 

1 and not round 2 and 3 did not cause the interaction. In the other case, i.e. red blood 372 

cells, the interaction was between round 1 versus 2 and 3, but the values were within 373 

physiological levels. 374 

375 

Performance and fecal consistency 376 

Body weight at the beginning of the study was numerically lower in the Negative 377 

Control group, but no significant difference was detected between treatment groups (P 378 

= 0.11). All pigs included in the study were part of another study during suckling, 379 

evaluating the effect of early inoculation of probiotics. It was prioritized to evenly 380 

distribute the weaning weight of the main two treatment groups that we wanted to 381 

compare, namely the Positive Control and Probiotic group. The Negative Control group 382 

was included in the study to show that the ETEC F18 challenge setup was successful. 383 

This was evaluated based on ETEC F18 counts in feces, diarrhea frequency, and fecal 384 

DM%. 385 

386 

Average daily gain tended to be lower in the Probiotic group during week one (P = 387 

0.07), and in week 3, it was significantly higher (P = 0.01) in both the Probiotic and 388 

Positive Control groups compared with Negative Control group (Table 2). Feed 389 
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conversion ratio during the whole experimental period was similar in all three treatment 390 

groups. 391 

392 

Table 2. Effect of ETEC F18 challenge and early probiotic inoculation on BW, ADG, ADFI, and 393 

FCR1, 2, 3394 

Negative Control Positive Control Probiotic SEM P-value
ETEC challenge - + + 
Body weight (kg) 

Day 0 7.9 9.3  9.3 0.5 0.11 
Day 7 10.0 9.8 9.3 0.2 0.10 
Day 14 11.8 12.1 11.9 0.5 0.89 
Day 22 14.4 16.0 16.2 0.8 0.34 

Average daily gain (g) 
Day 0-7 132 A 97 AB 35 B 32 0.07 
Day 8-14 262 335 370 43 0.58 
Day 15-22 188 a 487 b 537 b 58 0.01 
Day 1-22 246 316 325 34 0.28 

Average daily feed intake (g) 
Day 0-7 156 182 147 23 0.35 
Day 8-14 348 386 401 38 0.52 
Day 15-22 503 621 630 32 0.11 
Day 1-22 344 407 403 31 0.29 

Feed conversion ratio 
Day 1-22 1.22 1.30 1.30 0.06 0.75 

1 Values are presented as least square means and SEM 395 
2 BW: Body weight, ADG: Average daily gain, ADFI: Average daily feed intake, FCR: Feed conversion 396 

ratio. 397 
3 Negative Control (n = 7), Positive Control (n = 24), Probiotic (n = 22). 398 

Different lowercase letters indicate statistical significance (P < 0.05), and different uppercase letters 399 

indicate a statistical tendency between treatment groups (P < 0.10). 400 

401 

The percentage of pigs with diarrhea was calculated based on individual scoring of 402 

feces collected by rectal swaps, where score 4 to 7 was considered diarrhea. There 403 

was no significant difference between treatment groups on number of pigs with 404 

diarrhea during the whole experimental period (P = 0.24) (Fig. 1). Diarrhea was more 405 

widespread during the first 10 days of the experiment in the pigs challenged with ETEC 406 

F18. The Probiotic group seemed to have a more intensive progress, reaching the 407 
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maximum percentage of piglets with diarrhea faster (day 6) compared with the Positive 408 

Control group (day 9), whose course of event was more extended. Looking at the entire 409 

experimental period, the Positive Control group had diarrhea 24% (5.3 days out of 22 410 

days) of the time, whereas the Negative Control and Probiotic groups had 20% (4.4 411 

days out of 22 days) and 18% (4 days out of 22 days), respectively. The DM% of the 412 

individual feces samples supports, in general terms, the progress of diarrhea (Fig. 2). 413 

The lowest levels of DM% were measured from day 6 to 9 in the Probiotic and Positive 414 

Control groups, whereas DM% in the Negative Control group reached its minimum on 415 

day 14. Yet there was no significant difference in DM% between any of the treatment 416 

groups during the whole experimental period (P = 0.26). 417 

418 

419 

Figure 1. Percentage of pigs with diarrhea (score >3) following oral administration on day 1-2 420 

post-weaning of NaCl (Negative Control group ●); of ETEC F18 (Positive Control group▲); 421 

and of ETEC F18 and probiotic administration pre-weaning (Probiotic group ■). Negative 422 

Control (n = 7), Positive Control (n = 24), Probiotic (n = 22). 423 
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425 

Figure 2. Dry matter percentage (DM%) in feces following oral administration on day 1-2 post-426 

weaning of NaCl (Negative Control group ●); of ETEC F18 (Positive Control group▲); and of 427 

ETEC F18 and probiotic administration pre-weaning (Probiotic group ■). Negative Control (n 428 

= 7), Positive Control (n = 24), Probiotic (n = 22). 429 

430 

Microbiological enumeration 431 

Minimum 88% of the pigs regardless of treatment group shedded Enterobacteriaceae 432 

in feces above 5 log CFU/g during the whole experimental period. No significant 433 

differences were found between treatment groups when analyzing the number of pigs 434 

shedding Enterobacteriaceae (P = 0.83) (Additional file 1) or the actual level of 435 

Enterobacteriaceae when present (P = 0.96) (Additional file 2). 436 

437 

Enumeration of ETEC F18 on blood agar plates showed that the number of pigs with 438 

detectable ETEC F18 in feces varied between treatment groups (Fig. 3). Validating the 439 

challenge model, the Negative Control group had significantly lower number of pigs 440 

shedding ETEC F18 in feces compared with challenged pigs (P < 0.001). Odds ratio 441 

showed that the Positive Control group had 83% higher risk of having ETEC F18 442 
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present in feces compared with the Probiotic group (P = 0.004). There were fewer pigs 443 

in the Probiotic group shedding ETEC F18 on day 9 (P = 0.02) than in the Positive 444 

Control group; and the same tendency was observed on day 7 (P = 0.08) and 14 (P = 445 

0.07). Furthermore, data showed a significant interaction between treatment group and 446 

round (P = 0.01), being the result of a higher probability of ETEC F18 being present in 447 

feces of the Probiotic group in round 1 compared with round 2. For the actual CFU 448 

values above the detection limit (5 log CFU/g), no significant difference between 449 

treatment groups was found (P = 0.55). However, a significant increase from 5 log 450 

CFU/g on day 0 to 7.9 log CFU/g on day 7 was found in all treatment groups. The level 451 

of ETEC F18 in feces decreased in all treatment groups after peaking on day 7 452 

(Additional file 3). 453 

454 

Figure 3. Percentage of pigs with detectable numbers of ETEC F18 in feces following oral 455 

administration on day 1-2 post-weaning of NaCl (Negative Control group ●); of ETEC F18 456 

(Positive Control group▲); and of ETEC F18 and probiotic administration pre-weaning 457 

(Probiotic group ■). ETEC F18 in feces was detected by enumerating on blood agar plates and 458 

serotyping. The detection limit was 5 log CFU/g. Negative Control (n = 7), Positive Control (n 459 

= 24), Probiotic (n = 22). 460 
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Fecal shedding of virulence factor genes FedA and est-II 461 

The FedA gene (ETEC F18 fimbriae) was detectable in one pig in the Negative Control 462 

group before challenge (Fig. 4). In the Positive Control and Probiotic groups, shedding 463 

of the FedA gene reached its maximum on day 4, whereas the maximum in the 464 

Negative Control group was reached on day 9. When looking at the percentage of pigs 465 

expressing the FedA gene, the Negative Control group had significantly lower 466 

percentage compared with the Positive Control and Probiotic groups (P < 0.001). This 467 

finding validates the challenge model. Comparing the Positive Control and Probiotic 468 

group, there was no significant difference in number of pigs expressing the FedA gene 469 

(P = 0.21), yet odds ratio analysis showed that the Positive Control group had 33% 470 

higher risk of having the FedA gene in feces compared with the Probiotic group. This 471 

is attributable to the fact that the Probiotic group was faster at overcoming the 472 

challenge, which is reflected by 24% of the Probiotic pigs expressing FedA genes on 473 

day 16 compared with 59% in the Positive Control group (P = 0.01). 474 

475 

Looking at the actual level of FedA genes, no significant differences between treatment 476 

groups were found (P = 0.67) (Additional file 4). A significant effect of time (P < 0.001) 477 

with increasing values from day 0 (8.0 log cells/g) to day 7 (9.1 log cells/g) in the two 478 

challenged groups was measured followed by a decrease until day 22 (6.5 log cells/g). 479 

In the Negative Control group, values started to increase on day 11 (Additional file 4). 480 

481 
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482 

Figure 4. Percentage of pigs detectable with the FedA gene in feces following oral 483 

administration on day 1-2 post-weaning of NaCl (Negative Control group ●); of ETEC F18 484 

(Positive Control group▲); and of ETEC F18 and probiotic administration pre-weaning 485 

(Probiotic group ■). The FedA gene encoding for ETEC F18 fimbria type was quantified 486 

through qPCR, and detection limit was 5 log cells/g. Negative Control (n = 7), Positive Control 487 

(n = 24), Probiotic (n = 22). 488 

489 

The est-II gene (heat-stabile toxin Stb) was detectable to some extend in all treatment 490 

groups before challenge. After challenge, shedding of the gene increased in all groups 491 

(Fig. 5). On day 6, the est-II gene was detected in all pigs. Looking at the whole 492 

experimental period, the Probiotic group had significantly lower number of pigs with 493 

detectable concentration of the est-II gene compared with the Positive Control group 494 

(P = 0.04). In cases where the est-II gene was detectable, the actual concentration of 495 

the gene increased following challenge peaking on day 7 at a mean level of 8.8 log 496 

cells/g in the two challenged treatment groups and 8.4 log cells/g in the Negative 497 

Control group, after which the concentration slowly decreased again. No significant 498 
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differences between treatment groups were found in the actual level of the est-II gene 499 

in feces (P = 0.84) (Additional file 5). 500 

501 

Figure 5. Percentage of pigs detectable with the est-II gene in feces following oral 502 

administration on day 1-2 post-weaning of NaCl (Negative Control group ●); of ETEC F18 503 

(Positive Control group▲); and of ETEC F18 and probiotic administration pre-weaning 504 

(Probiotic group ■). The est-II gene encoding for the STb toxin was quantified by qPCR. 505 

Detection limit was 5 log cells/g. Negative Control (n = 7), Positive Control (n = 24), Probiotic 506 

(n = 22). 507 

508 

Immune response and hematological parameters 509 

Plasma CRP values were low before challenge in all three treatment groups with mean 510 

values ranging from 33 to 54 µg/mL (Table 3). CRP values in the Positive Control group 511 

were significantly higher than in the Negative Control group (P = 0.05), with values in 512 

the Probiotic group being intermediate and not significantly different from the Negative 513 

and Positive Control groups. Haptoglobin concentration in plasma was low in all three 514 

treatment groups before challenge with ETEC F18. Levels increased on day 4 in all 515 

groups, whereafter they slightly decreased on day 14. The levels were numerically 516 
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lowest at all time points in the Negative Control group, but there was no significant 517 

effect of treatment on haptoglobin levels at any of the three time points (P = 0.81). 518 

519 

Table 3. Effect of ETEC F18 challenge and early probiotic inoculation on the concentration of 520 

C-reactive protein (CRP) and haptoglobin in plasma1,2521 

Negative 
Control 

Positive 
Control Probiotic SEM * P-value

ETEC 
challenge - + + Treat Day Treat x Day 

C-reactive protein (µg/mL) 0.05 0.05 0.62 
Day 0 53.7 33.4 36.4 19.3 a 

Day 4 33.5 160.3 97.9 37.6 ab 

Day 14 89.5 209.2 201.5 67.5 b 

# a b ab

Haptoglobin (mg/mL) 0.81 0.05 0.89 
Day 0 0.51 1.52 1.37 0.13 a 

Day 4 0.73 1.94 1.57 0.39 b 

Day 14 0.50 1.76 1.39 0.32 b 
1 Values are presented as least square means and SEM. 522 
2 Negative Control (n = 7), Positive Control (n = 24), Probiotic (n = 22). 523 

* Different lowercase letters indicate statistical significance (P < 0.05) and different uppercase letters524 

indicate a statistical tendency between days (P < 0.10). 525 
# Different lowercase letters indicate statistical significance between treatment groups (P < 0.05). 526 

527 

The total number of white blood cells increased with time, especially from day 0-4 to 528 

day 14 in all three treatment groups (P < 0.001) (Table 4). No significant effect of 529 

treatment was found on white blood cell concentration (P = 0.21). The level of 530 

basophils was found to be close to zero in all treatment groups, why it was not included 531 

in the result table. The percentage of lymphocytes decreased significantly over time 532 

regardless of treatment (P < 0.001), whereas the percentage of neutrophils (P = 0.02) 533 

and eosinophils (P = 0.01) significantly increased from day 0 to 14 in all treatment 534 

groups. A significant interaction between day and treatment was found for proportion 535 

of eosinophils in the Probiotic group, i.e. the percentage was significantly higher on 536 
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day 14 compared with day 0 (P = 0.03). The ratio between neutrophils and lymphocytes 537 

resembled the course of CRP in plasma, i.e., the ratio increased in both challenged 538 

groups from day 0 to 4, after which the level was evened out in all treatment groups on 539 

day 14. For the concentration of red blood cells in the Probiotic group, round and 540 

treatment tended to interact (P = 0.05), due to the concentration of red blood cells 541 

decreasing from day 4 to day 14 in round 1 (6.3-5.8 1012 cells/L), and increasing from 542 

day 4 to day 14 in round 2 (6.3-7.0 1012 cells/L) and 3 (6.2-6.4 1012 cells/L). The 543 

Probiotic group had in general lower hematocrit and hemoglobin levels, even before 544 

ETEC F18 challenge. This was seen as a tendency to lower hematocrit (P = 0.05) and 545 

hemoglobin (P = 0.08) levels compared with the Negative Control group during the 546 

experimental study. 547 

548 

Overall, no significant differences between treatment groups were found for any of the 549 

six cytokines measured (P > 0.05) (Table 5). However, IL-12 tended to be higher on 550 

day 0 in the Negative Control group compared with the Positive Control group (P = 551 

0.07). A significant interaction between round and treatment as regards to the 552 

concentration of IFN-γ was found (P = 0.05), due to the development in IFN-γ levels 553 

differing between all three rounds in the Negative Control group. Day significantly 554 

affected the concentration of IFN-γ (P < 0.001) and TNF-α (P < 0.001). In the two 555 

challenged treatment groups, the concentration of IFN-γ and TNF-α decreased from 556 

day 0 to 14, whereas in the Negative Control group, the concentration increased from 557 

day 0 to 4, after which it decreased at day 14. IL-6 increased from day 0 to 4 in all 558 

treatment groups, whereafter the concentration was lowered on day 14 (P = 0.06). 559 

560 

561 
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Table 4. Effect of ETEC F18 challenge and early probiotic inoculation on haemolytic 562 

parameters in blood1,2 563 

Negative 
Control 

Positive 
Control Probiotic SEM * P-value

ETEC 
challenge - + + Treat Day Treat x Day 

Hematocrit (%) 0.05 0.09 0.42 
Day 0 37.3 36.2 34.5 0.9 A 

Day 4 40.2 37.0 35.0 0.9 B 

Day 14 37.5 35.9 35.0 0.9 AB 

# A AB B 

Red blood cells (1012 cells/L) 0.23 <0.001 0.70 
Day 0 6.3 6.3 6.0 0.2 a

Day 4 6.9 6.7 6.3 0.4 b

Day 14 6.9 6.6 6.4 0.2 b

Hemoglobin (g/L) 0.08 0.72 0.54 
Day 0 116 112 105 3 
Day 4 122 112 105 3 
Day 14 116 110 106 3 
# A AB B

White blood cells (109 cells/L) 0.21 <0.001 0.32 
Day 0 10.7 12.5 10.7 1.1 a

Day 4 11.6 14.0 10.9 1.1 a

Day 14 17.6 18.2 17.2 1.7 b

Lymphocytes (%) 0.39 <0.001 0.59 
Day 0 61.6 59.5 62.4 2.7 a

Day 4 61.0 54.7 59.0 2.6 ab

Day 14 56.8 53.9 53.9 2.5 b

Neutrophils (%) 0.59 0.02 0.65 
Day 0 33.0 35.1 32.6 2.1 a 

Day 4 33.6 36.8 35.7 2.2 ab 

Day 14 37.7 40.4 40.1 2.5 b 

Monocytes (%) 0.59 0.09 0.89 
Day 0 4.0 4.3 4.1 0.4 AB 

Day 4 3.7 4.0 4.2 0.3 A 

Day 14 4.2 4.6 4.5 0.4 B 

Eosinophils (%) 0.43 0.01 0.03 
Day 0 1.1 0.8 0.8 0.1 a

Day 4 1.5 0.9 0.9 0.2 ab

Day 14 1.1 1.2 1.3 0.2 b

Neutrophils/Lymphocytes ratio (%) 0.40 <0.001 0.12 
Day 0 54.0 63.6 57.6 8.4 a

Day 4 56.0 92.7 67.9 10.1 ab

Day 14 68.2 81.2 76.9 11.0 b

Reticulocytes (109 cells/L) 0.76 0.003 0.68 
Day 0 300 225 227 54 a

Day 4 84 74 82 17 b

Day 14 122 100 124 26 b

Platelets (109 cells/L) 0.18 0.06 0.37 
Day 0 599 602 590 62 a

Day 4 403 548 445 47 b

Day 14 445 513 474 49 b
1 Values are presented as least square means and SEM. 564 
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2 Negative Control (n = 7), Positive Control (n = 24), Probiotic (n = 22). 565 

* Different lowercase letters indicate statistical significance (P < 0.05) and different uppercase letters566 

indicate a statistical tendency between days (P < 0.10). 567 
# Different uppercase letters indicate a statistical tendency between treatment groups (P < 0.10). 568 

569 

Table 5. Effect of ETEC F18 challenge and early probiotic inoculation on the concentration 570 

cytokines in plasma1,2 571 

Negative 
Control 

Positive 
Control Probiotic SEM * P-value

ETEC 
challenge - + + Treat Day Treat x Day 

IFN-γ (ng/mL) 0.17 <0.001 0.79 
Day 0 18.6 24.9 20.1 2.0 a 

Day 4 21.9 22.0 16.7 2.0 a 

Day 14 16.7 15.6 12.1 2.0 b 

IL-1β (pg/mL) 0.38 0.42 0.27 
Day 0 38.8 50.7 42.2 10.7 
Day 4 40.3 43.2 47.9 10.5 
Day 14 54.8 39.5 69.3 13.3 

IL-6 (pg/mL) 0.73 0.06 0.75 
Day 0 44.8 42.4 45.3 8.1 AB 

Day 4 47.8 45.3 48.3 8.5 A 

Day 14 32.8 31.0 33.1 5.8 AB 

IL-10 (pg/mL) 0.96 0.22 0.49 
Day 0 82.9 88.1 103.0 15.8 
Day 4 88.6 94.2 110.0 16.2 
Day 14 84.8 90.1 105.3 15.7 

IL-12 (pg/mL) 0.78 0.18 0.07 
Day 0 1009A 744B 773AB 70 
Day 4 756 797 739 69 
Day 14 991 794 794 69 

TNF-α (pg/mL) 0.43 <0.001 0.43 
Day 0 65.8 86.8 108.3 20 a 

Day 4 72.1 64.6 75.8 16 a 

Day 14 53.9 37.4 23.6 20 b 
1 Values are presented as least square means and SEM. 572 
2 Negative Control (n = 7), Positive Control (n = 24), Probiotic (n = 22). 573 

* Different lowercase letters indicate statistical significance (P < 0.05) and different uppercase letters574 

indicate a statistical tendency between days (P < 0.10). 575 

Different uppercase letters indicate a statistical tendency between treatment groups (P < 0.10). 576 

577 

578 
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Discussion 579 

We hypothesized that administration of a multi-species probiotic product consisting of 580 

L. rhamnosus, E. faecium, B. longum subsp. infantis, and B. breve early in life would581 

serve as a prophylactic strategy against enteric diseases such as PWD in pigs. Early 582 

in life, the gut microbiota of the pig is characterized by high plasticity, presenting a 583 

window of opportunity whereby beneficial probiotic strains can be provided with the 584 

aim of improving establishment of the intestinal microbiota [29]. Colonization of the 585 

inoculated probiotic strains is not always considered crucial, since probiotics have 586 

been suggested to have impact on the host through a beneficial modulation of the gut 587 

microbial community and/or by enhancing development of the immunological system 588 

[30]. Hence, early introduction of probiotics is believed to promote resilience in the 589 

newly weaned pig, leading to a better chance to overcome challenges related to the 590 

event of weaning. 591 

592 

The findings of this study indicated that administration of probiotics early in life resulted 593 

in beneficial effects when piglets were subjected to a ETEC F18 challenge post-594 

weaning compared with ETEC F18 challenged pigs not inoculated with probiotics. In 595 

comparison with the Positive Control group, the beneficial effect of early probiotic 596 

inoculation on ETEC F18 challenged pigs was expressed by a significantly faster 597 

clearance of ETEC F18 shedding in feces. However, even though subclinical 598 

parameters were improved, no significant differences between the two challenged 599 

treatment groups were found on diarrhea frequency or growth. It is worth noticing that 600 

against our expectations [31,32], body weight gain and the general state of health were 601 

not significantly affected by ETEC F18 challenge, and only changes in subclinical 602 

parameters (ETEC F18 shedding and CRP concentration in plasma) were indicative of 603 
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a successful challenge model. It can be speculated if the weaned piglets included in 604 

the experiment were too heavy to be afflicted by the pathogen challenge. 605 

606 

In line with our results, Becker et al. [31] observed positive effects after administering 607 

a Bacillus-based probiotic product to weaned piglets challenged with ETEC F18 on E. 608 

coli shedding but no effect on fecal score, growth, or feed intake. Correlations between 609 

fecal score or DM% and ETEC F18 shedding in feces were poor in our study 610 

(Additional files 6 and 7), emphasizing that pigs infected with ETEC F18 did not 611 

necessarily have diarrhea and the other way around. These findings are in agreement 612 

with a comprehensive Danish study investigating occurrence of diarrhea and intestinal 613 

pathogens in nursery pigs [33]. The authors concluded that diarrheic status of pigs is 614 

a poor indicator of intestinal infection with ETEC F18. Consistent with our findings, 615 

Weber et al. [33] only detected ETEC F18 in 50% of the pigs with diarrhea. 616 

617 

In the present study, microbiological enumeration and quantitative detection of genes 618 

were analyzed by looking at observations below and above the detection limit (5 log 619 

CFU/cells per gram feces), and by looking at the actual value above the detection limit. 620 

In this way, it was possible to detect whether the tested intervention had an effect on 621 

ETEC F18 or the STb toxin being present in feces or not and/or on the actual level of 622 

ETEC F18 or STb when present. Overall, probiotic administration during suckling 623 

reduced the number of pigs detectable with the FedA and est-II gene post challenge, 624 

however, probiotics did not influence the level of pathogen or toxin when present. The 625 

course of event when looking at diarrhea incidences and presence of ETEC F18 in 626 

feces pointed to the Probiotic group having a more rapid response towards the 627 

pathogen challenge and coping with the pathogen challenge faster compared with the 628 
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Positive Control group. The latter seen as fewer days with diarrhea and fewer piglets 629 

with ETEC F18 in feces. In contrast to these findings, Siepert et al. [34] detected a 630 

delayed host response towards infection with Salmonella in weaned piglets 631 

supplemented with E. faecium via their dam or through creep and nursery diet. Even 632 

though it can be difficult to speculate on the reason for the different results, it has to be 633 

kept in mind that the probiotic application and pathogen challenge differed. Yet it is of 634 

interest to carry out further studies with the combination of early probiotic intervention 635 

and pathogen challenge later in life to understand the specific mechanisms of action. 636 

Interestingly, Benis et al. [35] investigated the effect of an early life intestinal 637 

perturbation in piglets and concluded that such intervention exerted long-lasting effects 638 

on the mucosal immune system. The authors did not observe changes in body weight, 639 

however, they speculated that pigs exposed to stressors like pathogen challenges 640 

would respond differently due to immune variations. 641 

642 

Even though our results showed a good correlation between the two methods of 643 

quantifying ETEC F18 in feces, the Probiotic group had significantly lower number of 644 

pigs with detectable levels of ETEC F18 in feces when quantifying ETEC F18 through 645 

microbiological enumeration but not when quantifying the FedA gene encoding for the 646 

ETEC F18 fimbriae type. The qPCR method quantifies genes of both live and dead 647 

bacterial cells, whereas enumeration via blood agar plates only determines viable 648 

bacterial cells. It can be difficult to compare data from the two methods, and appointing 649 

a detection limit, which is reliable for both methods, is complex. Further, the difference 650 

in results could also be a result of the administered probiotics’ mechanism of action, 651 

indicative of the probiotic strains being capable of killing ETEC F18 in the intestine and 652 

thereby reduce the number of viable cells through mechanisms such as competition 653 
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for nutrients, acidification of the intestinal environment and production of antimicrobial 654 

compounds destructive towards ETEC F18. This theory is in fact supported by a recent 655 

in vitro selection study, where the four different strains in the administered probiotic 656 

product were evaluated on their features regarding inhibitory mechanisms towards 657 

ETEC F18 [27].  658 

659 

The est-II gene encoding for the STb toxin was quantified to determine whether the 660 

effect of treatment would be related to inhibition of ETEC F18 itself and/or reduction in 661 

produced STb toxin. Surprisingly, the est-II gene was detected in all treatment groups 662 

before and after challenge. This finding has previously been observed in a study with 663 

ETEC F4 challenged piglets [36]. As in the present study, Spitzer et al. [36] observed 664 

increased levels of the est-II gene in non-challenged pigs, which was suggested to be 665 

due to spread of the infection strain or due to increased microbial diversity post-666 

weaning. However, our results from microbiological enumeration on blood agar plates 667 

and serotyping indicated that the detected est-II genes in the non-challenged group 668 

were not produced by ETEC F18 or hemolytic ETEC in general. The detected est-II 669 

genes may thus have originated from other non-hemolytic ETEC strains such as ETEC 670 

F5 or from non-hemolytic ETEC F4 [37,38]. Nonetheless, it can be speculated whether 671 

the significant lower number of Probiotic pigs with the est-II gene in feces over 672 

detection levels compared with the Positive Control group is attributable to a lower 673 

number of pigs with ETEC F18 detected in feces or a healthier microbiome with fewer 674 

microbes producing the toxin. Although the est-II gene increased during the first week 675 

and remained high in the non-challenged pigs, clinical signs such as diarrhea only 676 

started to be registered after day 9. The fact that the non-challenged pigs started to 677 

show signs of pathogenic infection after day 9 was of no surprise, since the natural 678 
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colonization of ETEC F4 and F18 was expected to appear during the first two weeks679 

after weaning [5] even though the pigs were not challenged with the pathogen. 680 

Analysis of immune parameters were included as explanatory factors helping to 681 

understand mechanism of action related to ETEC F18 challenge and probiotic 682 

administration. Contrary to our expectations, neither ETEC F18 challenge nor probiotic 683 

supplementation influenced the concentration of cytokines in plasma, hence indicating 684 

that the E. coli infection may have been cleared at the local enteric site, making an 685 

inflammatory response undetectable at the systemic level. Unaccountably, the 686 

concentration of the two pro-inflammatory cytokines, IFN-γ and TNF-α, significantly 687 

decreased from day 0 to day 14 in both the Positive Control and Probiotic groups. To 688 

our knowledge, no events or factors causing stress occurred before weaning and 689 

collection of blood. 690 

691 

Haptoglobin is induced by IL-6 [39] and CRP is among others induced by IL-1β and 692 

TNF-α [40], yet no correlation between the two acute phase proteins and their 693 

dependent cytokines was found in the present study (Additional files 8-10). Confirming 694 

the findings of our study, previous studies in pigs experimentally challenged with ETEC 695 

showed elevated levels of CRP following challenge [41,42]. Haptoglobin concentration 696 

on the other hand significantly increased in all treatment groups 4 days post-weaning, 697 

indicating that other stress factors involved in the event of weaning may have 698 

influenced the production of haptoglobin, for example, low feed intake as described by 699 

Kim et al. [43]. In the current experiment, administration of probiotics before weaning 700 

only numerically affected the level of CRP or haptoglobin in ETEC F18 challenged 701 

weaned pigs. In line with this, other studies investigating the effect of administering L. 702 

rhamnosus or S. cerevisiae to ETEC-challenged pigs did not find these interventions 703 
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to affect the level of haptoglobin and/or CRP [40,44]. In our study we found no 704 

correlation between the level of acute phase proteins and level of ETEC F18 or 705 

diarrhea incidence (Additional files 11-14), underlining that the acute phase response 706 

is multifactorial. 707 

708 

As with the concentration of cytokines in plasma, hematology parameters were not 709 

significantly changed by ETEC F18 challenge or probiotic administration. In 710 

accordance with our findings, other studies including studies from our own lab have 711 

demonstrated increased levels of white blood cells after weaning [45,46], indicating 712 

that such an increase is not only related to stress caused by ETEC F18 but also 713 

weaning-related stress. The ratio of neutrophils to lymphocytes is believed to be an 714 

indicator of stress in pigs [45]. Although the ratio was numerically increased in both 715 

challenged treatment groups in the present study, the results do not clearly support an 716 

inflammatory state related to infection with ETEC F18. Even though hematocrit and 717 

hemoglobin levels tended to be lower in the Probiotic group, the values were within 718 

reference values [47]. Indeed, some probiotics are believed to have high iron-binding 719 

capacities through production of iron-chelating siderophores [48,49]. Iron is used in the 720 

synthesis of hemoglobin, and the virulence and pathogenicity of many pathogens are 721 

associated with iron levels [50]. The capacity of competing for the restrictive nutrient 722 

may be one of many mode of actions of probiotics in regards to suppression of ETEC 723 

in the intestine. Interestingly, a recent study investigating probiotic administration on 724 

iron status in rats established a higher iron-binding capacity in the probiotic 725 

supplemented rats, which entailed lower levels of iron in serum but not in the liver, 726 

pancreas and duodenum [51]. The impact of probiotics on iron metabolism and its role 727 

in ETEC suppression ought to be investigated further in future studies. 728 
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Conclusions 729 

Although no effect of early probiotic intervention to suckling piglets on development of 730 

diarrhea upon ETEC F18 challenge post-weaning was observed, odds ratio showed 731 

that the Positive Control group had a significantly (83%) higher risk of having ETEC 732 

F18 in feces compared with the group provided with the multi-species probiotic product 733 

during suckling. The piglets were not severely affected by the ETEC infection, but the 734 

results showed that probiotics-treated pigs were more resilient which was seen as a 735 

faster clearance of the ETEC infection compared with pigs not administered with 736 

probiotics during suckling. Future studies should look into whether early administration 737 

of the probiotic cocktail can ameliorate clinical signs in piglets subjected to a more 738 

severe pathogen challenge. Additionally it would be of interest to further investigate 739 

the impact on gut microbiota composition to better understand the mechanism of action 740 

of probiotics in such a challenge setup. 741 

742 
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Additional file 1. Percentage of pigs with detectable numbers of Enterobacteriaceae in feces following oral 

administration on day 1-2 post-weaning of NaCl (Negative Control group ●); of ETEC F18 (Positive Control group▲); 

and of ETEC F18 and probiotic administration pre-weaning (Probiotic group ■). Enterobacteriaceae in feces was 

detected by enumerating on MacConkey plates. The detection limit was 5 log CFU/g. 
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Additional file 2. Concentration of Enterobacteriaceae (Log CFU/g) in feces following oral administration on day 1-2 

post-weaning of NaCl (Negative Control group ●); of ETEC F18 (Positive Control group▲); and of ETEC F18 and 

probiotic administration pre-weaning (Probiotic group ■). Enterobacteriaceae in feces was detected by enumerating 

on MacConkey plates. The detection limit was 5 log CFU/g. 
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Additional file 3. Concentration of ETEC F18 (Log CFU/g) in feces following oral administration on day 1-2 post-

weaning of NaCl (Negative Control group ●); of ETEC F18 (Positive Control group▲); and of ETEC F18 and 

probiotic administration pre-weaning (Probiotic group ■). ETEC F18 in feces was detected by enumerating on blood 

agar plates and serotyping. The detection limit was 5 log CFU/g. 
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Additional file 4. Concentration of the FedA gene in feces (Log cells/g) following oral administration on day 1- 2 post-

weaning of NaCl (Negative Control group ●); of ETEC F18 (Positive Control group▲); and of ETEC F18 and probiotic 

administration pre-weaning (Probiotic group ■). The FedA gene encoding for ETEC F18 fimbria type was quantified 

through qPCR. The detection limit was 5 log cells/g. 
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Additional file 5. Concentration of the est-II gene in feces (Log cells/g) following oral administration on day 1- 2 post-

weaning of NaCl (Negative Control group ●); of ETEC F18 (Positive Control group▲); and of ETEC F18 and probiotic 

administration pre-weaning (Probiotic group ■). The est-II gene encoding for the STb toxin was quantified through 

qPCR. The detection limit was 5 log cells/g. 
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Additional file 6. Correlation between concentration of the FedA gene in feces (Log cells/g) and individual feces 

score. The FedA gene encoding for ETEC F18 was quantified through qPCR. The detection limit was 5 log cells/g. 

Feces samples were scored according to consistency following a 7 score scale (1: Hard, dry and lumpy; 2: Firm; 3: 

Soft but formable; 4: Soft and liquid; 5: Watery, dark; 6: Watery, yellow; 7: Yellow, foaming), where score 4-7 was 

considered as diarrhea. 
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Additional file 7. Correlation between concentration of the FedA gene in feces (Log cells/g) and fecal dry matter 

percentage (DM%). The FedA gene encoding for ETEC F18 was quantified through qPCR. The detection limit was 5 

log cells/g. 
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Additional file 8. Correlation between concentration of the plasma IL-6 (ng/mL) and the concentration of 

haptoglobin in plasma (mg/mL). 
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Additional file 9. Correlation between the concentration of the plasma IL-1β (ng/mL) and the concentration of C-

reactive protein (CRP) in plasma (mg/mL). 
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Additional file 10. Correlation between the concentration of the plasma TNF-α (ng/mL) and the concentration of C-

reactive protein (CRP) in plasma (mg/mL). 
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Additional file 11. Correlation between the concentration of the FedA gene in feces (Log cells/g) and the concentration 

of haptoglobin in plasma (mg/mL). The FedA gene encoding for ETEC F18 fimbria type was quantified through qPCR. 

The detection limit was 5 log cells/g. 
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Additional file 12. Correlation between the concentration of haptoglobin in plasma (mg/mL) and feces score. 
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Additional file 13. Correlation between the concentration of the FedA gene in feces (Log cells/g) and the concentration 

of C-reactive protein (CRP) in plasma (ug/mL). The FedA gene encoding for ETEC F18 fimbria type was quantified 

through qPCR. The detection limit was 5 log cells/g. 
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Additional file 14. Correlation between the concentration of CRP in plasma (ug/mL) and feces score. 
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CHAPTER 7 
GENERAL DISCUSSION 
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7.1. Theories behind early inoculation of probiotics 
Considering that the gut microbiota community significantly influences immune development as well 
as general functionality (El-Aidy et al., 2013), the gut microbiome was the main focus of this PhD 
project. Probiotics are live microbes that, when administered to the host, act beneficially by, among 
other things, influencing the gut microbiota, and with it gut functionality (Yeoman and White, 2014). 
Therefore, evaluating the impact of early life administration of probiotics on the health of weaned 
piglets was of big interest.  

Based on the reviewed literature, three theories behind microbial or probiotic priming during the 
window of opportunity in the immediate period after birth were outlined in Chapter 2.1.2.: 

1. Establishment of the probiotic in the intestine is promoted
2. The gut microbiota composition is influenced
3. The development of the immune system is accelerated

In the following sections, these three theories will be discussed in line with results obtained in this 
PhD project. In the last section, the intent is to draw conclusions by discussing the timing of probiotic 
application, the combination of the selected probiotic strains as well as the MoA of early probiotic 
inoculation in the perspective of the three discussed theories.  

7.1.1. Establishment of the probiotic in the intestine 
When creating the PhD project, we hypothesized that early inoculated probiotic strains would have a 
greater chance of establishing themselves in the intestine compared with probiotics administered later 
in life after the climax community is created. However, it was not clear whether some strains would 
induce tolerance and establish themselves easier than other strains. Attaining an answer to this ques-
tion by investigating the strains in vitro seemed complex, and therefore some selected methods be-
lieved to be the most relevant were chosen. It was investigated if some strains were better at utilizing 
milk oligosaccharides than others. Administration of probiotics that utilize milk oligosaccharides has 
shown to provide beneficial effects with respect to reduction of inflammation markers 
(Wickramasinghe et al., 2015). In line with this, Chattha et al. (2013) found that colostrum and milk 
components positively affected initial colonization of the two probiotics, L. rhamnosus and B. lactis, 
in neonatal gnotobiotic pigs. Not surprisingly, the tested Bifidobacteria were superior in utilizing the 
tested PMOs in WP1. It would have been of interest to investigate the utilization of other essential 
nutrients by the screened probiotic strains. Perhaps a metabolomic approach could have been applied 
in the WP2 study to assess the relationship between the probiotic strains utilizing the milk oligosac-
charides, and how the metabolites being produced could affect the host. Indeed, quantifying milk 
oligosaccharides in feces could also have been a useful tool to evaluate if the probiotic administered 
pigs had lower concentrations of the milk oligosaccharides, i.e. higher degradation in the gut.  

Research suggests that administered probiotic strains in general are not expected to colonize the 
gut (Bezkorovainy, 2001). However, since microbial tolerance is developed in the neonatal 
period (Knoop et al., 2017), introducing probiotics during this period may increase their chance of 
establishing in the gut. If the early inoculated probiotic strains were to establish in the intestine, 
then it would be profitable to select strains with MoAs relevant during and after the event of 
weaning. Therefore, it was decided to test the ability of the probiotic strains to counteract barrier 
damage caused by ETEC, and to competitively exclude ETEC either by direct antagonism or by 
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adhering to intestinal cells. It is generally agreed that ETEC has to adhere to the small intestinal 
epithelium in order to reach sufficient numbers (Fairbrother et al., 2005). Furthermore, adhesion of 
ETEC to the epithelial cells facilitates the impact of the produced toxins. The activity of the entero-
toxins does not induce any morphological changes or pathological lesions on the intestinal mucosa. 
Nevertheless, their presence gives rise to functional changes, including increased water and electro-
lyte secretion and decreased fluid absorption (Dubreuil et al., 2016). Early introduction of probiotic 
strains with inhibitory capabilities towards ETEC may decrease the newly weaned pig’s susceptibility 
to infection caused by ETEC.  

Based on the in vitro screening, all four strains chosen for the probiotic product were capable of 
inhibiting ETEC F18 growth, most likely through acidifying mechanisms or production of antimicro-
bial peptides. E. faecium was superior in adhering to intestinal epithelial cells, thus preoccupying the 
space from ETEC F18. In addition, both E. faecium and L. rhamnosus were to highest extent capable 
of decreasing epithelial permeability caused by ETEC F18. In the WP2 study (paper III), a FITC-d 
permeability challenge was carried out with the aim of evaluating whether early inoculation of the 
chosen four probiotic strains would enhance the barrier function. As described in Chapter 4, we hy-
pothesized that weaning of the pig would lead to increased permeability, and based on the in vitro 
findings, that the probiotic supplemented pigs would have decreased permeability compared with 
non-probiotic administered pigs. To our surprise, the measured FITC-d concentration in blood was 
regardless of probiotic inoculation higher pre-weaning compared with post-weaning, pointing to-
wards a more damaged barrier function before the event of weaning. It is well acknowledged that 
intestinal morphology of the newly weaned pig is impaired (Dubreuil, 2017; Moeser and Blikslager, 
2007). Still, there is, to our knowledge, no published data on permeability measurements using FITC-
d in pigs pre- and post-weaning. It can be speculated whether the higher permeability before weaning 
was an expression of the pigs being more stressed, perhaps due to the extra handling in connection 
with inoculation of placebo and probiotics. In line with the current result, unpublished data from our 
laboratory indicated higher FITC-d levels the day after weaning compared to seven days post-wean-
ing. 

The inoculated probiotic strains could not be identified through 16S rRNA sequencing, and it was not 
possible to detect the strains in fecal or intestinal samples via qPCR, since primers for these strains 
have not been developed. Results from the differential abundance analysis showed that the B. breve 
species was significantly more abundant in the probiotic inoculated pigs on day 3 and 7 post-partum, 
but not later in life. It can be speculated why B. breve was only significantly more abundant in the 
first out of four weeks of probiotic supplementation. Considering that the abundance of Bifidobacte-
rium in suckling piglets is generally low (Mikkelsen et al., 2003), one could expect B. breve or 
Bifidobacterium to be found in higher abundance in samples collected from pigs which were admin-
istered with a probiotic product containing two Bifidobacterium strains. However, neither Bifidobac-
terium nor B. breve were more abundant in intestinal samples collected from probiotic pigs before 
weaning, which may indicate that the administered B. breve did not survive through the stomach and 
proximal small intestine, possibly due to high levels of bile and acid. Indeed, another explanation 
could be that the intestinal environment during the neonatal period facilitated proliferation of 
Bifidobacterium whereas later in life, they were outcompeted by other microorganisms. 
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7.1.2. Influence on the gut microbiota composition 
Currently, most probiotic strains are evaluated and then selected based on their specific functionality 
measured in in vitro setups. Common in vitro assays include the effect of probiotics on pathogen 
inhibition mechanisms, immune modulation, and production of beneficial compounds. On the other 
hand, evaluating the impact of a probiotic on the gut microbial community under in vitro conditions 
is difficult, among other things, due to the fact that there is no standard gut microbiota to be used in 
standardized assays. Even though research has recently focused on developing in vitro setups simu-
lating the intestinal compartments and their microbiota (Gresse et al., 2017), in vitro conditions are 
far from those found in vivo, what makes it challenging to establish the MoA of the probiotics in vitro 
when related to their impact on the gut microbiota. Paper II evaluated four of the probiotic strains 
included in the selection process in an in vitro model simulating the small intestine of suckling piglets. 
Yet, it became clear to us that investigating the influence of probiotics on the microbial community 
in an in vitro setup trying to mimic an in vivo situation was a big challenge. One of the questions 
discussed was whether the intestinal fluid, which was to be inoculated in the model, should be pooled 
from the various animals sampled. As stated by Aguirre et al. (2014), to pool or not to pool is a 
question often discussed when carrying out in vitro fermentation studies. By not pooling the intestinal 
content from the five different suckling piglets, we estimated that the model would simulate an in 
vivo situation to a higher extent and results would thus be easier to apply in vivo. The disadvantage 
of this was that the various intestinal fluids increased the variation within probiotic strains, making it 
more difficult to detect an effect of the probiotics. Indeed, it would be of interest to further develop 
such an in vitro model to improve future selection processes of probiotics.  

According to paper III, early inoculation of the probiotic product influenced the microbial community 
to highest extent the first week post-weaning after cessation of probiotic administration. The differ-
ence in microbial composition and expression of genes in small intestinal mucosa post-weaning sug-
gest that the probiotic strains either established themselves in the intestine or the early introduction 
of the strains facilitated a long-term impact on the host and its microbial residents. However, this 
impact did not last (i.e. no effect on fecal microbiota on day 42, and 50). It can be speculated whether 
the weaning event triggered a different response in the probiotic compared with the non-probiotic 
administered pigs. In that way, the impact on microbiota composition by the probiotics is present 
when the pig is challenged, but the change is not apparent during non-challenged time periods (such 
as pre-weaning as well as day 42 and 50). Yet, considering the higher incidence of diarrhea in the 
probiotic group in the end of the WP2 experiment, this theory may not hold, and makes it difficult to 
explain.  

In paper III, the abundance of several zOTUs was identified to be different in the two treatment 
groups. Especially, B. breve, L. salivarius and C. ramosum were emphasized since they reoccurred 
as being significantly more abundant on different days or in both feces and intestinal content of pro-
biotic administered pigs. Yet, it can be speculated how important a few significantly differentiating 
zOTUs is when the overall community (alpha and beta diversity) was not found to be consistently 
different between the two groups during the study. According to the hygiene theory, it seems that 
even a few microbes, being present at the right time, may impact future host health. It is also worth 
noticing that most of the zOTUs significantly discriminating the two treatment groups were in very 
low relative abundance. Yet, research has shown that presence of specific species even in low abun-
dancy may play a big role on the overall community (Benjamino et al., 2018; Karpinets et al., 2018). 
Based on the WP2 study, it is difficult to determine whether the differential abundant zOTUs in 
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probiotic pigs on day 3 specifically primed the immune system in a way that made the piglets respond 
differently to weaning later in their life. The fact that the overall microbial community was not found 
to be significantly different between treatment groups most of the registered time points can presum-
ably be an expression of the early probiotic inoculation not influencing the composition of the gut 
microbiome, but rather the host functions. Indeed, the differentiated host response (i.e. gene expres-
sion in small intestinal mucosa) was likely triggered by the presence of the probiotic strains early in 
life. To our knowledge, no other studies have investigated the impact of early probiotic inoculation 
on the development of the microbiota composition. A few studies have assessed the impact of admin-
istrating probiotics to suckling piglets on the gut microbiota composition at a specific time point 
and found specific ‘beneficial’ microbes such as Lactobacillus in higher abundance of probiotic 
administrated piglets (Hu et al., 2018; Wang et al., 2019). Still, it is difficult to conclude on such 
results when they only represent one specific time point. More studies are needed to further 
investigate the effect of early inoculation of probiotics on development of the microbiome as well 
as tolerance and other immune processes. 

Changes in metabolite concentrations can, under controlled experimental situations, be interpreted as 
a result of changes in the gut microbiota composition. In disagreement with results from our WP2 
study (Paper III), both Strompfová et al. (2006) and Liu et al. (2014) observed a significant higher 
concentration of branched chain fatty acids, lactic acid and/or SCFAs in colonic content on day 14 
after birth of piglets that were administered with E. faecium and L. fermentum. In our study, probiotic 
inoculation did not influence the concentration of organic acids in small intestinal and colonic content 
from pigs pre- and post-weaning. SCFAs are considered important metabolites for intestinal mor-
phology and function. The fact that SCFAs were found in lower concentrations in feces from probiotic 
inoculated pigs would at first be considered as a negative effect. However, since the SCFA concen-
tration in intestinal content did not differ between treatment groups, it can be speculated whether the 
high SCFA concentration in feces of non-probiotic supplemented pigs was due to a reduced absorp-
tion capacity (de la Cuesta-Zuluaga et al., 2019). If this is the case, one ought to be careful about 
concluding on fecal metabolic concentrations.  

7.1.3. Influence on immune development 
In paper IV, probiotic administered pigs were significantly faster at clearing the ETEC F18 infection 
compared with non-probiotic administered pigs. Given that the measured immune parameters (acute 
phase proteins, cytokines, and hematology parameters) were not influenced by early probiotic inocu-
lation, the more rapid ETEC clearance may be due to local competitive exclusion of ETEC; mecha-
nisms established in the four probiotic strains. This would indicate that the probiotic strains in fact 
did establish in the intestine. Another possible explanation is that the local gut mucosal immune sys-
tem may have been affected by early probiotic inoculation, perhaps in a way where the immune cells 
were primed by the probiotics to be more efficient in reacting towards potential hazards. This theory 
is strengthened by our findings in paper III, where the probiotic administered pigs had a higher ex-
pression of genes accounting for local immune responses post-weaning. Results from the in vitro 
screening in WP1 showed that L. rhamnosus and B. breve were capable of shifting immune responses 
towards Th22 effector T-cells, which are important for mucosal immunity and extracellular patho-
gens.  
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In paper III, pigs administered with probiotics early in life had an upregulated expression of IL-8 
post-weaning. IL-8 is not a typical T helper cell cytokine, however, according to Gasch et al. (2014) 
IL-8 producing T cells can be generated under Th17 polarizing conditions. Both E. faecium, L. rham-
nosus, and B. breve demonstrated in the in vitro study a potential for shifting the immune response 
towards Th17 effector T-cells, which are important for detection of extracellular pathogens. Indeed, 
it would have been of great interest to look further into the development of immune cells, 
specifically T cell subsets in lamina propria as well as formation of GAPs, in the pigs early 
inoculated with probiotics. To assess whether the gut mucosal immunity was primed by early probi-
otic inoculation, secretory IgA could have been quantified in mucosa or feces. Secretory IgA pro-
motes clearance of pathogens by preventing adhesion to intestinal tissues, and is thus an important 
indicator of a local immune response (Mantis et al., 2011). In fact, a recent study observed increased 
levels of secretory IgA in feces of pigs administered with L. johnsonii early in life (2020).

The fact that the investigated genes from small intestinal mucosa were upregulated to higher extent 
in non-probiotic supplemented pigs pre-weaning (Paper III) could be indicative of the pigs being 
more challenged compared with the probiotic pigs. Yet, none of the other measured parameters ac-
counted for an increased disease picture in any of the two treatment groups in the week prior to 
weaning. It is difficult to conclude whether the probiotic administered pigs indeed had a more accel-
erated or efficient local immune system. First of all, analyzed immune parameters only revealed a 
glimpse of the total picture, why we should be careful in interpreting the results. In addition, most 
samples, collected for analysis of immune parameters, were collected in a non-invasive way (blood 
sampling), and such samples reveal something about responses on a systemic level. To conclude on 
more local immune responses, we would have had to collect invasive samples (i.e. euthanize the pigs). 
Sets of pigs were euthanized twice (pre- and post-weaning) to collect samples from intestinal content 
and tissue. Yet, in a scenario with no economical constrains, it would have been of great interest to 
sample tissue from the intestine earlier in the pig’s life – perhaps already at birth and during the first 
two weeks. In addition, collecting tissue samples later in the pig’s life (at day 50 or even later) may 
have given some answers on whether the effect of early probiotic inoculation is lasting. Interestingly, 
Lewis et al. (2017) demonstrated that the urinary host metabolic profile could function as a biomarker 
for inaccessible parameters such as mucosal immune responses. This is in agreement with Merrifield 
et al. (2011) who found that collection of urine samples during intervention studies would provide 
better information about gut microbiome and host metabolism compared with serum samples. Urinary 
samples thus represent a non-invasive method, which should be utilized in future pig studies.   

The spearman’s correlation analysis was performed to determine the relationship between host-gene 
expression in small intestinal mucosa samples and microbial composition in mucosa and digesta sam-
ples as well as DM%, SCFA and biogenic amines in digesta (Paper III). Indeed, the analysis showed 
a negative correlation between both pro- and anti-inflammatory cytokines and DM%. A negative 
correlation between IL-10 and pro-inflammatory cytokines was also found for C. sensu stricto and 
Erysipelotrichaeceae in mucosa as well as Streptococcus and Lactobacillaeceae in digesta. Yet, nei-
ther DM% nor any of the mentioned microbial families or genera were found to significantly differ 
between the two treatment groups within the specific intestinal compartment or tissue. The heatmap 
of top 15 families (illustrated in Paper III, Additional file 5) showed that small intestinal mucosa of 
the probiotic pigs post-weaning was more abundant in Enterobacteriaceae, which is consistent with 
IL-8 being significantly more upregulated in probiotic pigs post-weaning. The Enterobacteriaceae 
family is often considered as unfavorable for the pig because species such as E. coli are part of this 
family (Zeng et al., 2017). However, Enterobacteriaceae are commensal opportunistic bacteria, 
meaning that not all are to be considered as pathogenic. It can be speculated why the abundance of 

185

Chapter 7. General discussion



Enterobacteriaceae was that high in the small intestinal mucosa of probiotic pigs one week post-
weaning. Still, it can be considered advantageous that the expression of pro-inflammatory cytokines 
such as IL-8 were upregulated in probiotic pigs in a state with high abundance of Enterobacteriaceae. 
Nonetheless, high Enterobacteriaceae abundance and upregulated levels of pro-inflammatory cyto-
kines did not resolve in high incidences of diarrhea which on the other hand was observed in the non-
probiotic administered pigs one week post-weaning.  

7.1.4. Application time and combination of strains 
When selecting the probiotic strains in WP1, we decided to combine several species with beneficial 
and compatible attributes to achieve the highest potential positive effect. Indeed, there may be a risk 
of antagonism when combining different strains, but it was assumed that a possible antagonism would 
not pose a big risk in the large environment of the piglet intestine. Choosing between a single or 
multi-species product was a trade-off. We put our stake on observing a beneficial effect, which we 
did, however, trying to elucidate the MoA of each of the four probiotic strains is near impossible. 
Accordingly, it would be of great interest to carry out a new in vivo study to assess the effect of each 
of the four probiotic strains when inoculated orally to newborn piglets. The probiotic dosage (4x109 
CFU/dose) was determined based on a combination of knowledge from other swine probiotic prod-
ucts in Chr. Hansen and other studies with the aim of administering probiotics to suckling piglets. 
According to Andersen et al. (2017), caution is required when introducing probiotic strains in high 
dosages to newborn piglets. However, no adverse effects were observed in our in vivo study, why the 
dosage presumably was not too high.  

Based on the in vivo studies carried out in this PhD project, there is no doubt that early inoculation 
with a multi-species probiotic product to piglets affects the piglets and the way they respond to the 
weaning challenge. It is difficult to speculate whether the probiotic product was indeed administered 
during the specific window of opportunity. Yet, considering the frequent administration of probiotics 
during suckling, it is unlikely that we missed the specific time window – unless we were too late. 
Merrifield et al. (2016) discovered that interventions implemented 24 hours after birth did not affect 
the intestinal colonization pattern to the same extend compared with events occurring within the first 
24 hours after birth. In our in vivo study, the piglets were inoculated with placebo or probiotics max-
imum 16 hours after birth. It would have been difficult to inoculate earlier than that, both due to it 
being labor-intensive, but also in consideration to the farrowing process. Nevertheless, results from 
both in vivo studies stress that early probiotic inoculation exerts beneficial effect on the pig after 
cessation of the probiotic administration, justifying that the probiotics were administered during the 
window of opportunity.  

In summary, based on the reviewed literature in Chapter 2, three theories which may explain MoA of 
microbial priming were proposed, and the theories have been discussed in this chapter. Considering 
the findings of this PhD project, it is difficult to conclude which of the three theories is most likely to 
describe the mechanisms behind probiotic priming early in life. Yet, both Cox et al. (2014) and Benis 
et al. (2015) have studied variables in early-life microbe-host metabolic interactions, and they con-
cluded that early life crosstalk between gut microbes and the host drives the long-term immune- and 
metabolic programming. Both studies found that the microbiota composition was influenced by the 
perturbation (stress handling and/or antibiotics), and that the composition returned to the normal state 
after the perturbation. Even so, the metabolic and immunological effects (i.e. gene expressions related 
to T cell differentiation or protein metabolic processes) were found to last. Interestingly, in the study 
by Benis et al. (2015), the perturbations did not influence overall performance of the pigs. The authors 
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suggested that stressors like pathogen challenges could promote variations in immune responses 
which would otherwise not be visible. Indeed, these observations are in agreement with the findings 
from this PhD project. Accordingly, the effect of early inoculation of probiotics to piglets may be a 
combination of theory two and three, that is, the gut microbiota composition is influenced during the 
critical development window, which in turn accelerates the development of the immune system. The 
long-term effect is however only measurable through e.g. intestinal gene expressions, and an effect 
on overall health or performance may only be evident during challenging conditions.  
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The work generated in this PhD project provides insights in a functional in vitro screening of probiotic 
strains for a specific health challenge. In addition, the generated results contribute to scientific knowledge 
about the mechanisms involved in early probiotic inoculation of newborn piglets. The following includes 
conclusions for each of the three work packages constituting this PhD thesis, and an overall conclusion.  

Work package 1 (WP1): In vitro screening of probiotic strains (Paper I & II) 
 Four probiotic strains were selected to be included in the probiotic product: Bifidobacterium

longum subsp. infantis, Bifidobacterium breve, Lactobacillus rhamnosus, and Enterococcus
faecium. The combination was determined based on beneficial and compatible attributes of the
probiotic strains in regard to; barrier function, exclusion of ETEC F18 adhesion to intestinal
epithelial cells, growth in porcine milk oligosaccharides and inhibitory effects towards ETEC F18
growth.

Work package 2 (WP2): Effect of early inoculation of probiotics to newborn piglets on gut 
microbiota composition and immune responses (Paper III) 
 A shift in microbial diversity was observed between the two treatment groups post-weaning and

after cessation of probiotic administration in digesta from the ascending colon, small intestinal
mucosa and in feces. Gene expression data from small intestinal mucosa showed that probiotic
supplemented pigs seemed to have a higher local expression of genes post-weaning, whereas in
non-probiotic administered pigs, a higher expression of genes associated with a systemic immune
response prevailed. The systemic response in non-probiotic supplemented pigs was accompanied
with higher incidence of diarrhea in the first week post-weaning. Early probiotic inoculation may
drive a long-term immunomodulation through changes in specific microbial antigens, leading to
higher resilience in regard to challenging situations such as weaning

Work package 3 (WP3): Effect of early inoculation of probiotics to newborn piglets on resistance 
to post-weaning diarrhea (Paper IV) 
 Pigs supplemented with probiotics early in life and challenged with ETEC F18 post-weaning had

a more rapid response towards the pathogen challenge and a faster clearance of the ETEC
infection compared with non-probiotic supplemented pigs challenged with ETEC F18. The effect
of early probiotic inoculation was seen as fewer days with diarrhea and a significantly reduced
number of pigs shedding ETEC F18 and STb toxin.

In summary, it may be deduced that piglets, supplemented with a multi-species probiotic product early 
in life and during suckling, may be better at overcoming the weaning process (even after cessation of 
probiotic administration) possibly through increased local mucosal immune responses due to early 
probiotic priming. This may explain part of the mechanisms making the early probiotic administered pigs 
faster at clearing ETEC F18 shedding in feces in the ETEC challenge experiment. 
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In this PhD project, it was decided to evaluate the concept of early probiotic inoculation by 
administering the probiotic product orally during the entire nursing period. In order to increase the 
chance of observing an effect, the probiotics were administered repeated times. Considering that pig 
producers are the target group, it should be investigated whether the beneficial effects of early 
probiotic inoculation can be reproduced if the probiotics are administered, for example, the day after  
birth. If so, the administration could be carried out at the same time as the pig producer already 
handles the piglets when cutting the umbilical cord and administering iron. Furthermore, it would 
also be of interest to look into more novel application methods such as a spray on the sow udder or a 
gel applicable to the sow’s vagina. This type of applications would, on the other hand, not be suitable 
for anaerobic probiotic strains.  

An application method relevant for many current pig producers could be through milk cups. However, 
disadvantages of this alternative include variation in intake among piglets and most probably later 
initiation of intake than the first day of life. The latter would have consequences for the potential 
effect of the probiotics if the window of opportunity is shortly after birth. Indeed, the oral application 
method allowed us to select probiotic strains (i.e. lower stability) which would otherwise not have 
been possible to apply via feed, for example due to the pelleting process. No doubt that formulating 
a product including spore-forming probiotic strains would increase the possibilities for application 
methods. Yet, according to the in vitro screening in WP1, the two spore-forming strains did not exert 
as great effect as the four chosen strains, why other potential spore-forming strains should be screened 
for the targeted effects if they were to be considered as an early inoculation product. Keeping that in 
mind, if early inoculation of probiotics to newborn piglets is to become part of normal pig practice, 
application methods ought to be investigated further. 

The in vivo experiments included in this PhD project were carried out to evaluate the MoA of early 
probiotic inoculation. They were not designed to assess the effect of early probiotic inoculation on 
performance parameters, i.e. daily weight gain and feed conversion ratio, diarrhea incidence and 
medical treatments. These features are undoubtedly crucial for whether the farmer will choose to 
administer probiotics to the newborn piglets or not. Future studies ought to investigate the effect of 
early probiotic inoculation in a large-scale study designed to assess such parameters. Following the 
pig from birth to slaughter to assess the effect of early probiotic inoculation would also be of great 
interest. Even though the in vivo experiments carried out in this PhD project focused on MoA of early 
probiotic inoculation, it seems that we are left behind with more questions than answers when it comes 
to understanding the MoA. Further studies, including more intestinal tissue samples during the first 
week post-partum and following several weeks post-weaning, could potentially clarify whether the 
development of local mucosal immune responses is indeed accelerated by early probiotic inoculation. 
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