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Abstract

The gastrointestinal (GI) tract of pigs is colonized by a dense and metabolically active microbiota, 
comprising mainly bacteria, that have not only a commensal but also a symbiotic (beneficial for 
both) relationship with the host. These bacteria are important for host health, as they provide the 
pig with essential products, form a key barrier against pathogens and are involved in development 
and homeostasis of morphology, digestion, and host immunity. The fact that the GI tract microbiota 
plays such an important role in pig health, allows to influence host health by modifying microbiota 
composition and activity. Supplementing pigs with diet ingredients that can have an effect on the GI tract 
microbiota is a common strategy to affect pig’s health, especially around the time of weaning. During 
weaning, piglets suffer a dramatic imbalance in composition and activity of the GI tract microbial 
community that, during the last decades, has been treated with antibiotics to control harmful micro-
organisms. This practice has raised concerns in the last years due to the cross-resistance of pathogens 
to antibiotics used in humans, causing a ban on their use in the European Union from January 2006 
onwards. This triggered an increased interest in finding alternatives for in-feed antibiotics, such 
as prebiotics, probiotics, organic acids and other plant-derived bioactive compounds. This thesis 
presents the results of various in vitro and in vivo studies addressing the response of piglet GI tract 
microbiota to the supplementation with different feed additives. To this end, we developed the Pig 
Gastrointestinal Tract Chip (PITChip), a semi-quantitative and high-throughput diagnostic tool that 
allows us to gain novel insight in composition and dynamics of porcine GI tract microbiota at high 
taxonomic and spatiotemporal resolution. Furthermore, a specific and sensitive real-time PCR assay 
was developed for quantification of the pathogen Streptococcus suis. This revealed that abundance 
of S. suis in the piglet intestine increased after weaning, whereas that of Lactobacillus populations 
decreased. The application of the PITChip, together with other molecular tools, allowed us to follow 
microbial changes in time and in response to a range of different dietary supplements. Addition of 
sodium butyrate (SB) and different blends of organic acids had a significant effect on the microbial 
profiles in different sections of the GI tract, reinforcing previous reports on the antimicrobial effect 
of organic acids on piglet GI tract microbiota. SB administration most strongly affected populations 
within the Clostridium cluster XIVa and the Bacteroidetes. Results from different studies proved 
as well the antimicrobial effect of essential oils, and more specifically oregano oil (carvacrol), both 
in vivo and in vitro. The essential oil lowered overall microbiota diversity and relative abundance 
of members of Clostridium clusters IV and XIVa, and several Streptococcus- and Bacteroides-like 
species. In conclusion, the development and application of complementary molecular tools described 
in this thesis provided important information towards sound design of sustainable dietary strategies 
aiming at the replacement of in-feed antibiotics.

Keywords: GI tract, microbiota, pig, PITChip, weaning
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Chapter 1

Introduction

The widespread use of in-feed antibiotics in pig production to control harmful microorganisms 
has raised concerns in the last years about the cross-resistance of pathogens to antibiotics in 
humans [1, 2], causing a ban on their use in the European Union from January 2006. Because 
antibiotics are considered responsible for reducing post-weaning disorders such as diarrhea, it 
had been anticipated that their ban would have a negative effect on pigs and therefore important 
losses in the pig industry [3]. Hence an increased interest was raised in alternatives for in-feed 
antibiotics, including prebiotics, probiotics, organic acids and plant extracts to enhance pig 
health and performance. In order to identify the best alternative strategies it is necessary to 
have an improved understanding of the complex relationship between the indigenous intestinal 
microbiota and the host immune system. The work described in this thesis and outlined at 
the end of this chapter aimed at improving our knowledge on the effect of several natural 
alternatives on piglet gastrointestinal (GI) tract microbiota. For that purpose, we used molecular 
techniques targeting the 16S ribosomal RNA gene (rRNA) that allowed the comprehensive 
detection of microbial species most of which are still recalcitrant to cultivation [4, 5].

Gut microbiota and weaning

From birth to death, piglets are colonized by a vast, complex, and dynamic consortium of 
microorganisms [6]. During birth, the sterile GI tract of piglets experiences a first fast colonization 
by a very diverse microbial community originating from the sow and the environment [7, 8]. 
In this colonization step the main bacteria are aerobes and facultative anaerobes that make up 
to 80% of the total bacteria. After 12h from birth, total bacterial numbers in the distal colon are 
already in the order of 109 CFU/g of colonic content [9]. Due to this high number of aerobic 
bacteria, consuming oxygen and reducing the redox potential, 48h after birth 90% of the total 
bacteria are strict anaerobes, including mainly lactobacilli and streptococci [9]. After the initial 
colonization of the piglet GI tract, the microbiota remains quite stable during suckling, although 
qualitative changes may occur [10, 11]. Some of the dominant bacterial genera found in this 
period are Clostridium, Bacteroides and Bifidobacterium [9]. The introduction of solid food 
causes important qualitative and quantitative alterations in the microbiota, and can increase 
the vulnerability of young pigs to the presence of potentially pathogenic microorganisms 
[12]. This problem is aggravated in a production environment where piglets experience a 
very early and sudden weaning. Diet changes together with separation from the mother and 
other social alterations (i.e. new litter mates) cause a lot of stress to the piglets resulting in 
important changes in the gut microbiota [12] and growth stasis [13, 14]. More specifically, 
weaning-associated starvation causes a reduction in fermentable substrates in the GI tract 
provoking shifts in microbial communities that become unstable and less diverse [15]. One of 
the important changes is an increase in strict anaerobes such as Bacteroides, that will remain as 
one of the most predominant groups, and a decrease of facultative organisms [16, 17]. Another 
important change is a decrease in lactobacilli species at the same time as enterobacteria increase 
in abundance. All these alterations result in an increased susceptibility to pathogenic bacteria 
[18].
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Two to three weeks after weaning the gut microbiota develops and becomes stable 
and diverse  [6, 11, 12, 19]. This resident microbiota confers many benefits to the intestinal 
physiology of the host and can, therefore, be seen as an example of a symbiotic relationship 
[20, 21]. Some of these benefits include the metabolism of nutrients and organic substrates, 
and the contribution to the phenomenon of colonization resistance which is the ability of this 
community to resist invasion by exogenous microorganisms [22, 23].

It is well established that bacterial numbers differ greatly between the small and the 
large intestine due to the different conditions in these two sections of the GI tract. With respect 
to cultivable bacteria, the lower gastrointestinal tract, caecum and colon, harbors around 1011-
1012 CFU/g digesta [7], mainly gram-positive anaerobes: streptococci, lactobacilli, eubacteria, 
clostridia and peptostreptococci and only 10% of gram-negative bacteria, including mostly 
Bacteroides and Prevotella [24]. In contrast, the upper GI tract, stomach and duodenum, 
and jejunum and ileum, harbors only up to around 100-104 and 107-109 CFU/g fresh matter, 
respectively [25], mainly lactobacilli and streptococci [26], due to the acidic conditions that 
characterize this part of the gut, the rapid flow of digesta and the concomitant rate of microbial 
washout.   

Even though the composition of the GI tract microbiota remains quite stable during 
life, it is now well established that changes in the diet can cause changes in microbial activity 
and composition [27-29]. For example it was shown that feeding benzoic acid to weaning pigs 
improved piglets’ performance and was associated with a greater ileal microbiota biodiversity 
[30]. Hence, manipulation of the diet is a viable strategy towards the identification of alternatives 
to the use of in-feed antibiotics. 

Plant extracts and other natural substances (PENS) as alternatives

Plants have been recognized as rich and diverse sources of a broad range of different bioactive 
ingredients of potential use in animal production, including prebiotic dietary fibers and 
oligosaccharides, as well as a broad range of additional bioactive compounds that can be 
extracted from plant biomass [31] (Table 1).

Dietary fibers
Dietary fiber refers to indigestible carbohydrates of plant origin. This category of plant-derived 
dietary ingredients mainly constitutes non-starch polysaccharides (such as arabinoxylans, 
cellulose, waxes, chitins, pectins and beta-glucans), resistant starch (RS) and lignin [66]. Pigs 
do not have endogenous enzymes that can degrade non-starch polysaccharides (NSP). As a 
result, NSP and RS can reach the lower part of the GI tract being available for fermentation by 
bacteria [67]. Short chain fatty acids (SCFA) are the principal end products of dietary fibers 
fermentation and have several physiological and clinical properties, such as enhancement 
of water and electrolyte absorption, modulation of intestinal mucosal growth and relief of 
symptoms in patients with ulcerative colitis. Furthermore, butyrate is the major energy source 
for colonocytes [68, 69]. However, microbial fermentation differs among different types of 
dietary fibers, depending on solubility, degree of lignification, technological processing of the 
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feed (ingredients) and inclusion levels in the diet. For example, fibers fermented at a slow 
rate have beneficial effects such as increase in stool output, dilution of colonic contents and 
production of distal colonic SCFA [70]. 

   Table 1. Some of the most frequently studied PENS to use as alternatives to in-feed antibiotics.

The potential of these PENS, as well as of organic acids, as alternatives to in feed-
antibiotics is outlined in the present chapter, providing an overview of the state of the art of their 
application in animal nutrition.

Prebiotics
Prebiotics have been defined as “selectively fermented ingredient that allows specific changes, 
both in the composition and/or activity in the gastrointestinal microbiota that confers benefits 
upon host well-being and health” [71]. Thus the function of prebiotics is to provide a substrate 
to the gut beneficial microbiota.
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     Not all dietary carbohydrates are prebiotics. In order to classify a food ingredient as 
a prebiotic it has to fit the following criteria [42]: a prebiotic has to be 1) resistant to gastric 
acidity, to hydrolysis by mammalian enzymes, and to gastrointestinal absorption; 2) fermented 
by intestinal microbiota; and 3) selectively stimulating the growth and/or activity of those 
intestinal bacteria that contribute to health and well-being. The fact that a prebiotic has to be 
resistant to host digestion does not imply that the carbohydrate has to be completely indigestible 
but at least a significant amount should be available in the intestine to be used as a fermentation 
substrate by the microbiota.

Usually short-chain prebiotics (e.g. oligofructose, containing 2-8 links per saccharide 
molecule) are usually fermented faster and already in the ascending colon, whereas long-chain 
prebiotics (e.g. inulin, containing 9-64 links per saccharide molecule) tend to be fermented 
slower, and in the descending colon [6, 72].

Early studies reported that in human diets prebiotics have mainly a bifidogenic effect, 
shifting microbial metabolism from being proteolytic to being saccharolytic, concomitant with 
reduced production of toxic products of protein fermentation [73]. However, later studies indicated 
that prebiotics stimulate, as well, strains of Lactobacillus sp., Bacteroides sp., Clostridium sp., 
Eubacterium sp. and Escherichia coli [42]. In studies focusing on piglets, oligosaccharides have 
been shown to be a potential alternative to in-feed antibiotics [74] due to their effect on the gut 
microbiota by providing a substrate for beneficial microorganisms. Therefore, some prebiotic 
feed additives could be applied to control post-weaning diarrhea. In the last years, several 
studies investigated the effect of prebiotics on the GI tract microbiota in piglets, especially 
focusing on the period around weaning. Konstantinov and co-workers [75, 76] showed that the 
composition of the microbiota in the gut of weaning piglets was affected by the dietary addition 
of a mix of sugarbeet pulp, inulin, lactulose and wheat starch. Moreover, they showed evidence 
of fermentable carbohydrates being able to enhance colonic microbial stability and diversity 
at the same time as enhancing the growth of Lactobacillus sobrius [76]. Lactobacillus sobrius 
has recently been reported to belong to the Lactobacillus amylovorus group, that has been 
found to specifically colonize the intestinal tract of pigs being abundant in the ileum, where it 
exerts probiotic activity, preventing epithelial damage by enteropathogenic E. coli as well as 
increasing daily weight gain in weaning piglets [77-81].

Organic acids
During many years organic acids supplementation in piglet feed has been a common practice 
for enhancing animal performance and to prevent digestive problems, especially in the post-
weaning period, when intestinal problems are more frequent. Several studies indicated that 
organic acids and their salts are among the best alternatives to the use of growth promoting 
antibiotics in pig production [49, 82, 83]. Moreover, it is known that SCFA and their salts, 
independently of their origin (bacterial fermentation product or supplemented with the diet), 
have important antibacterial effects [26, 84]. Some of the most used organic acidifiers include 
formic, acetic, propionic, butyric, lactic, sorbic, fumaric, malic, and citric acid, Ca-formate, Ca-
lactate, Ca-propionate, K-diformate, Ca-butyrate, Mg-citrate and Na-lactate [85]. 

The addition of organic acids generally lowers the pH and buffering capacity of the 
diet, increases gastrointestinal acidity, proteolysis and nutrient digestibility, promotes beneficial 
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bacteria that decrease pathogens and modulates several physiological processes after absorption. 
These effects can confer a series of benefits to the host; improved health and resistance to 
disease, faster growth, better diet utilization and better carcass quality [85].

The mode of action of organic acids is not yet fully understood, but a consensus has been 
reached on several hypotheses. Their antimicrobial effect in the diet itself is due to a decreased 
pH, acting as a preservative and inhibiting the growth of many bacterial species, yeasts and 
moulds on the feed before its consumption [86, 87]. Their antimicrobial effect in the pig GI 
tract is most probably explained by the ability of acids to change from the undissociated to the 
dissociated form depending on the environmental pH. Undissociated forms are lipophilic and 
can diffuse across cell membranes of pathogens [82], destroying their cytoplasm or inhibiting 
growth through the inactivation of bacterial decarboxylases and catalases. The antimicrobial 
activity is mainly against bacteria belonging to the Enterobacteriaceae family and against 
yeasts [88].

Plant extracts
Natural plant or herbal extracts are another potential viable alternative to traditional antimicrobials 
[89]. Several in vitro studies have proved antimicrobial activity of different plant extracts: the 
addition of daidzein to the diet caused an increase in the relative abundance of lactobacilli 
in in vitro fermentation assays [90]; a mixture of carvacrol, cinnamaldehyde and capsicum 
oleoresin, given to piglets at increasing doses, linearly increased intestinal lactobacilli as well 
as lactobacilli:enterobacteria [91]; dietary addition of essential oils and antibiotics into diets for 
weanling pigs improved growth performance, IgG concentration and nitrogen digestibility and 
decreased noxious gas concentration [92].

Molecular techniques for the study of intestinal microbiota

During many years, the intestinal microbiota has been studied using traditional methods of 
culture, microscopy and identification based on phenotypic characterization, but this is 
laborious, time consuming and it filters our view of the biodiversity of microbial life as only 
10-40% of all bacteria present in the mammalian intestine are cultivable [93, 94]. As a result, 
molecular cultivation-independent techniques are now being used increasingly as routine tools 
for the analysis of the complex intestinal ecosystem, contributing to a better understanding of 
the interaction between host and microbes in the GI tract [94].

The application of molecular techniques, mainly targeting 16S rRNA and the 
corresponding gene, allows researchers to bypass cultivation. These ribosomal sequences are 
present in all cellular life forms and are highly conserved (due to the fact that their essential 
function in all organisms translates into a very slow genetic evolution), but also contain variable 
regions, the latter of which provide the means to discriminate among bacterial phylotypes [95]. 
These characteristics make 16S rRNA sequences very useful in the identification of bacterial 
species by aligning the sequences with those stored in publicly available databases, and analysis 
of bacterial communities. In the following, molecular approaches used in this PhD thesis are 
being described in more detail.
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Denaturing Gradient Gel Electrophoresis
Denaturing Gradient Gel Electrophoresis (DGGE) is a powerful technique to study community 
behavior in response to environmental changes and to compare different communities [96]. 
16S rRNA gene fragments of no more than 500 bp are amplified by polymerase chain reaction 
(PCR) from environmental DNA samples and are subsequently separated in a polyacrylamide 
gel where a gradient of denaturing chemicals has been applied. Because of the variation in the 
16S rRNA gene sequences of different bacterial species, chemical stability is also different, 
causing double-stranded 16S rRNA gene fragments to migrate through the gel until the point 
in the gradient where partial denaturation occurs (melting point of the sequence). At this point 
the migration almost stops allowing the separation of sequences of the same size but different 
base-pair composition [97]. Complete denaturation of the fragments is prevented by addition of 
a GC clamp that is introduced with one of the primers during the amplification step. 

DNA bands in DGGE are visualized using ethidium bromide, SYBR Green or silver 
staining [98]. Resulting banding patterns represent the diversity of the rRNA gene amplicons 
present in a given sample. Band intensities can be used as a semi quantitative measure for the 
relative abundance of this sequence in the community. Furthermore, DNA fragments can be cut 
from the gel and re-amplified for sequencing and thus, identification.

Another possibility is the analysis of 16S rRNA fragments reverse transcribed and PCR-
amplified from RNA samples, providing information on the 16S rRNA sequences of those 
bacteria that are most metabolically active in the ecosystem, based on the assumption that for 
the majority of bacteria, activity is related to the cellular concentration of ribosomes.

Because DGGE bands patterns can be quite complex, advanced statistical analysis is 
often used to discern their diversity as well as similarities between patterns obtained from 
different samples, using software package such as Bionumerics (Applied Maths, St-Martens-
Latem, Belgium) for the analysis. Denaturing Gradient Gel Electrophoresis has been applied 
successfully to study community changes in many different environments, including the GI 
tract of pigs [65, 76, 77, 99-101]. 

Real time PCR
Real time PCR or quantitative PCR (qPCR) is a quantitative method where the data is collected 
after each cycle of the reaction (real time) instead of at the end of the procedure as for conventional 
end-point PCR. The mode of action of the qPCR is based on the detection and quantification 
of a fluorescent reporter [102]. In this thesis, SYBR Green dye is used as a fluorescent DNA 
intercalating dye, which has hardly any fluorescence in solution but emits a strong signal when 
it is bound to double-stranded DNA [103].

Quantification of amplicons takes place during the exponential phase of the reaction, and 
the first significant increase in PCR product, defined as the threshold cycle (CT), corresponds 
to the initial amount of the target sequence in the sample. To be able to quantify the amount of 
DNA it is necessary to interpolate in a standard curve that is created with dilutions of a known 
amount of the target gene. To this end, it has to be kept in mind that bacterial species differ in 
genome sizes and numbers of 16S rRNA gene copies per genome, making extrapolation of the 
data to cell numbers inherently dependent on this bias [104, 105].
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There are several reports of application of qPCR for the quantification of GI tract 
microbiota in pigs [106-108]. Table 2 provides a list of the recent development of qPCR assays 
for the quantification of different microbial groups in the pig.

     Table 2. Quantitative PCR assays developed for microbial groups in the pig.

Phylogenetic Microarrays
In order to make statistically relevant links between the bacterial composition and GI tract 
disorders high-throughput techniques that allow for the comprehensive and fast analysis of 
microbiota profiles at sufficient spatiotemporal resolution, are necessary.  Phylogenetic 
microarrays are currently among the most used high-throughput tools and are mainly based on 
the small subunit ribosomal RNA (SSU rRNA) gene [118].

Phylogenetic microarrays are glass surfaces spotted with thousands of covalently linked 
DNA or RNA probes. These microarrays have a very successful application in diversity analysis 
[119, 120]. In the last years, specific phylogenetic microarrays have been designed focusing on 
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microbial communities of specific ecosystems, including the human oral cavity as well as the 
human intestinal tract [121-124] (Table 3). In this thesis, the development of a phylogenetic 
microarray specific for pig gut microbiota is being described. 

It should be noted that while phylogenetic microarrays represent powerful diagnostic 
tools [120], the fact that these analyses are dependent on the isolation of nucleic acids and PCR 
amplification of SSU rRNA genes makes them vulnerable to the same technical biases as other 
approaches described before, such as sequence artifacts and unequal amplification.

454 pyrosequencing
In the last decades, molecular techniques like PCR, qPCR, DGGE and cloning and sequencing 
of the 16S rRNA gene have been very successful to study microbial communities. However, 
conventional clone library analysis by Sanger sequencing is costly and time-consuming, 
preventing its application for the analysis of a larger number of samples in order to provide 
information of microbial composition at sufficient spatiotemporal resolution. Recently, 
microarrays appeared as an addition to the already existent molecular techniques, allowing us 
to fill this apparent gap as described above. Still, microarrays target only known sequences, 
their design being dependent on the publicly available sequence space. The newest approach 
to improve our knowledge on complex microbial studies is the next-generation sequencing 
technologies that are able to sequence genomes faster and cheaper than with Sanger sequencing. 
At the moment there are several high-throughput sequencing technologies available, such as the 
454 GS20 pyrosequencing platform, GS FLX platform, Solexa GA or SOLID platform. The 
Roche GS20 and FLX systems developed by 454 Life Sciences (454 pyrosequencing) represent  
emerging sequencing techniques, able to generate around one million DNA sequence reads of 
up to 450 base pairs when using the latest Titanium chemistry using a parallel sequencing-by-
synthesis approach. There are already several studies describing the use of 454 pyrosequencing 
in complex communities and benchmarking the results with previous techniques (this thesis) 
[130-132]. It should be noted, however, that also pyrosequencing-based analysis of microbial 
diversity based on rRNA genes is subject to generally acknowledged biases introduced by PCR, 
such as the generation of chimera [133]. Furthermore, pyrosequencing is specifically sensitive 
to homonucleotide stretches.

Statistical analyses in microbial ecology
Advances in molecular techniques are increasing the amount of biological information and 
environmental variables that have to be analyzed to get a clear picture of the behavior of a 
given target ecosystem. When generating microbial profiles with techniques such as DGGE or 
microarrays, multivariate statistical analyses are needed to be able to explain the effects of the 
environmental variables on the distribution of species and the relation among samples taken 
along spatial and temporal gradients. DGGE statistical analyses, for example, usually include 
principal component analysis,  multidimensional scaling and hierarchical cluster analysis [134-
138] and measurement of community diversity using different indexes like Shannon’s H’ and 
Simpson’s reciprocal [139, 140]. 
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           Table 4. Multivariate statistical methods more common in the analysis of microbial profiles [134].

Multivariate statistical analyses are techniques with a great potential for microbial 
ecology because they allow us to test different ecological hypotheses including several 
environmental variables that otherwise would be out of the picture. Some of these tools are 
cluster analysis, principal component analysis (PCA), canonical correspondence analysis 
(CCA) and redundancy analysis (RDA) (Table 4). 
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Outline of this Thesis

The work presented in this thesis, embedded in a larger EU-FP6 funded project, Feed for Pig 
Health, aimed to provide an improved knowledge of the diversity and population dynamics of 
the pig GI tract microbiota, in response to a broad range of different in-feed additives explored 
as an alternative to antibiotics.

In Chapter 1, an overview is provided on the current state of the art in molecular 
approaches towards microbial community analysis, specifically focusing on the mammalian 
GI tract. Furthermore, dietary additives of plant origin, including those investigated in more 
detail in the framework of this thesis, are described, including indigestible fibers, prebiotic 
oligosaccharides, plant extracts as well as organic acidifiers.

In Chapter 2 the effect of weaning on Lactobacillus spp. and Streptococcus suis is 
presented, together with the development of a specific and sensitive real-time PCR assay for the 
quantification of S. suis. This assay showed S. suis to predominate in the stomach, jejunum and 
ileum samples of weaned piglets whereas it was not detected before weaning. In the following 
chapters, the effect of different additives used to overcome problems such as the one presented 
in Chapter 2, are described. In addition, Chapter 3 describes the development of a diagnostic 
microarray specific for pig intestinal microbiota, the PITChip (Pig Intestinal Tract Chip). In 
order to benchmark the performance of this new phylogenetic microarray, the microbiota 
composition generated by the PITChip was compared to that obtained by pyrosequencing of 
PCR-amplified 16S rRNA gene fragments as well as to the quantification of specific groups by 
16S rRNA gene-targeted quantitative PCR. Furthermore, this chapter describes the application 
of the PITChip as a novel high-throughput tool for the comprehensive analysis of pig intestinal 
microbial diversity in samples obtained during an animal experiment focusing on the effect of 
different blends of organic acids.

In order to allow for the efficient and simultaneous screening of a large number of 
potential dietary additives (PENS: plant extracts and natural substances) that could have a 
positive effect on piglets’ intestinal microbiota, a combination of in vitro fermentation and 
molecular fingerprinting techniques was applied, as described in Chapter 4. The additives 
studied here belonged to the categories of dietary fibers, organic acids, plant extracts and 
prebiotics. Analysis of the data revealed a possible lack of effect due to the fact that additives 
were tested at inclusion levels that are frequently used in animal nutrition practice, and which 
are relatively low in comparison to those normally used in in vitro experiments. 

The next chapters summarize the use of some of these additives in different animal 
experiments, designed to gain insight into the effect of these PENS in vivo. Essential oils are 
plant extracts, often with an antimicrobial effect. Carvacrol is the active compound in oregano 
oil and is such an essential oil with antimicrobial activity. As described in Chapter 5, the 
administration of carvacrol to piglets at weaning resulted in more stable microbial profiles in 
time. In this study, a T-cannula was fitted into the piglets to be able to follow the same animal in 
time, reducing the impact of inter-individual variation often impairing significance of observed 
effects.

In Chapter 6 the effect of sodium butyrate treatment from birth until weaning on the gut 
microbiota of piglets is evaluated. The application of molecular techniques such as denaturing 
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gradient gel electrophoresis, real time PCR and PITChip analysis revealed that the microbiota 
was affected predominantly before weaning, whereas the animals’ intestinal microbiota only 
differed in a limited number of microbial groups in the ileum after the butyrate treatment was 
terminated after weaning. 

Chapter 7 compares the effect that two different antimicrobials such as an antibiotic 
(oxytetracyclin) and a blend of organic acids, had on the performance and microbial dynamics 
of piglets weaned at around 4 weeks of age. These feeding strategies decreased the incidence of 
diarrhea in the animals and caused a change in GI tract microbiota composition, without having 
a strong effect in any particular microbial group.

Finally, the general discussion (Chapter 8) summarizes and discusses the results of 
the work described in this thesis, relating them with the latest findings in the field, with an 
emphasis on the different directions towards which studies of gut microbiota composition and 
functionality are evolving in response to the need to find effective and sustainable alternatives 
to antibiotic growth promoters.  
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Abstract

Weaning is a crucial period for piglets as they can experience many stresses due to the change 
of diet and environment. The stress can result in an imbalance of the gastrointestinal (GI) 
microbiota, which allows opportunistic pathogens to multiply and cause GI disorders. The 
present study investigated the changes in bacterial community composition, with emphasis on 
Lactobacillus spp. and Streptococcus suis populations as potentially beneficial and harmful 
groups, in stomach, jejunum and ileum of piglets after weaning (21 day postpartum) by 16S 
ribosomal RNA gene-based molecular methods. Denaturing gradient gel electrophoresis 
(DGGE) profiles of bacterial communities in the stomach, jejunum and ileum of piglets 
showed that, after weaning, predominant bands related to Lactobacillus spp. disappeared 
and were replaced by potential pathogenic species, such as Peptostreptococcus anaerobius, 
Moraxella cuniculi, S. suis and Porphyromonas catoniae. Quantitative real-time PCR revealed 
that the abundances of lactobacilli and Lactobacillus sobrius as a proportion of total bacterial 
abundance were significantly lower in foregut samples of weaned piglets than in 21-day-old 
piglets. A specific and sensitive real-time PCR assay was developed for quantification of the 
important pathogen S. suis in complex gastrointestinal microbiota. This assay showed that S. 
suis predominated in stomach samples of weaned piglets with population levels of up to 107 
copies/g digesta, although this species was not detected in the stomach before weaning. S. suis 
was dominant in jejunum and ileum digesta before weaning, and became more dominant after 
weaning, with population levels of up to 107 copies/g digesta. The results for the first time 
demonstrated the dominance of S. suis, a potentially harmful species, in the piglet intestine 
and that the abundance of this species increased after the piglets were weaned. Our study may 
also suggest that the defensive barrier of the stomach can be impaired as S. suis became most 
dominant while the proportion of Lactobacillus populations decreased after weaning, which 
may further result in an increase of S. suis abundance in the intestine. This finding may imply 
that practical cares should be taken to ensure that piglets have a smooth transition of weaning.
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Introduction

Weaning is a particularly crucial period for piglets since they can experience many stresses 
including separation from the sow, the end of lactational immunity and changes in their 
environment and diet. Such periods of stress can result in an imbalance of the gastrointestinal 
(GI) microbiota, which allows opportunistic pathogens to multiply and cause GI disorders. 
Qualitative and quantitative analysis of the predominant microbiota around weaning is therefore 
essential for an understanding of the patterns of porcine GI tract bacterial colonization. 
Moreover, greater insight is required into the role of specific bacteria in the maintenance of a 
healthy porcine microbiota. Over the past decade, 16S ribosomal RNA gene-targeted PCR, in 
combination with denaturing gradient gel electrophoresis (DGGE), and cloning and sequence 
analysis have been used widely to study GI microbiota [1-3]. Recently introduced real-time 
PCR assays allow quantitative analysis of specific microbial groups and species in complex 
ecosystems such as the porcine GI tract [4, 5].

The mammalian intestine harbors a highly diverse microbial community, including 
potentially beneficial, neutral and harmful bacteria, the latter often constituting transitory 
bacterial populations [4]. Within the microbial community, Lactobacillus spp. are considered 
to be beneficial for the host due to their potential effect on gut function and health [5, 6]. In 
particular, Lactobacillus sobrius sp. nov. has been identified as an abundant member of the 
intestinal microbiota of piglets in different regions [7, 8]. Our present knowledge of the bacterial 
diversity associated with the GI tract of piglets is based mainly on analysis of fecal samples 
or representative intestinal segments such as the ileum and colon. In contrast, only limited 
information is available on bacterial colonization of different foregut segments, particularly 
the stomach, or sites in piglets. Because of their importance to the health of piglets, further 
studies on the changes in microbial communities from the stomach to the small intestine are still 
needed, especially around the weaning period.

While numerous studies have been focused on microbial community and potential 
beneficial bacterial populations such as Lactobacillus spp. and Bifidobacterium spp. in the gut, 
little information is available on changes in potentially harmful bacteria, which may be present 
particularly when animals experience stress. Streptococcus suis is an important cause of a wide 
variety of infections in pigs, including meningitis, pneumonia, septicemia and arthritis [9, 10]. 
In addition, S. suis has been described as a human pathogen [11, 12]. To date, 35 serotypes 
of S. suis have been described [15, 16], of which S. suis serotype 2 is the most prevalent type 
isolated from diseased pigs. This serotype was identified as the causative agent of more than 
10 human deaths for the first time in China (Jiangsu province) in 1998 [13] and, subsequently, 
of an outbreak of 30 human deaths in Sichuan province of China in 2005 [14]. This has led to 
extensive research on pathogenesis and etiopathogenesis but no information is available on the 
existence and distribution of S. suis in the GI tract of piglets.

During investigations into the development of bacterial communities in the GI tract of 
weaning piglets, in which dominant bacterial species were characterized by analysis of 16S 
rRNA gene sequencing, we surprisingly found, for the first time, dominance by sequences 
related to S. suis. The aim of this study was to determine changes in the bacterial community 
composition in stomach, jejunum and ileum of piglets during the weaning transition using 
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16S rRNA gene-based techniques, and in particular, to compare changes in populations of 
Lactobacillus, a potential beneficial species, and S. suis, a species related to human pathogens.

Materials and methods

Piglets and Sampling
Three litters (L1-3), comprising triplicates, of neonatal piglets (10-11 piglets in each litter) from 
a commercial maternal line herd (Landrace-Yorkshire-Duroc) were investigated. All piglets 
were weaned at 21 days of age. On the day of weaning, sows were removed from the piglets, 
while piglets remained in the nursing pens, to avoid the stress caused by the environment 
change. Piglets were fed ad libitum with free access to water. The diet did not contain any 
antibiotics and the composition is presented in Table 1. On days 7, 14, 21, 24 and 35 (age), 
one piglet from each litter was euthanized. Fresh digesta from stomach, jejunum and ileum 
(approximate middle segments) were collected and stored at -20°C for molecular analysis. To 
analyze the microbiota intimately attached to jejunum mucosa, middle segments of jejunum (3 
- 4 cm) were excised, immediately snap frozen in liquid nitrogen, and stored at -20°C. Mucosal 
samples were collected from the frozen tissue after defrosting by scraping the luminal surface 
with a sterile glass slide after draining the luminal fluid. All surgical and animal care procedures 
throughout the study followed protocols approved by Experimental Animal Care and Use 
guidelines (Chinese Science and Technology Committee, 1998).

              Table 1. Composition of the diet used for weaned piglets.

aThe mineral and vitamin premix (1%) 
consisted of (per kg diet): VA 11 000 IU, VD3 
(cholecalciferol) 1 000 IU, VE (tocopherol) 16 
IU, VK1 (phylloquinone) 1mg, VB1 (thiamin) 
0.6 mg, VB2 (riboflavin) 0.6 mg, d-pantothenic 
acid 6 mg, VB3 (nicotinic acid) 10 mg, VB12 
(cyanocobalamin) 0.03 mg, folic acid (folacin) 
0.8 mg, VB6 (pyridoxin) 1.5 mg, choline 800 mg, 
Fe 165 mg, Zn 165 mg, Cu 16.5 mg, Mn 30 mg, 
Co 0.15 mg, I 0.25 mg, Se 0.25 mg.

             

DNA extraction and PCR amplification
Total DNA was extracted from digestive and mucosal samples by bead-beating for 3 min using 
a mini-bead beater (Biospec Products, Bartlesville, OK, USA), followed by phenol-chloroform 
extraction [15]. DNA was then precipitated with ethanol and pellets were re-suspended in 50 
ml of TE.
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Primers U968-GC and L1401 were used to amplify the V6-V8 variable regions of the 
bacterial 16S rRNA gene [16] (see Table 2 for all primers used in this study). PCR amplification 
was performed with the Taq DNA polymerase kit from Promega (Madison, WI, USA) in a T1 
Whatman Biometra Thermocycler (Göttingen, Germany) using the following program: 94°C 
for 5 min, and 35 cycles of 94°C for 30 sec, 56°C for 20 sec, 68°C for 40 sec, and 68°C for 7 
min final extension. Aliquots of 5 ml were analyzed by electrophoresis on a 1.2% agarose gel 
(w/v) containing ethidium bromide to determine the size and concentration of the PCR products.

   Table 2. DNA primers used in this study.

DGGE analysis
PCR amplicons obtained from V6-V8 regions of 16S rRNA genes were separated by DGGE 
according to the specifications of Muyzer et al. (1993) [22], using a Dcode TM system (Bio-
Rad, Hercules, CA, USA). DGGE was performed in 8% polyacrylamide gels containing 37.5:1 
acrylamide-bisacrylamide and a denaturing gradient of 38-51% of urea and 40% (v/v) formamide. 
Electrophoresis was initiated by pre-running for 10 min at 200 V and subsequently continued 
at a fixed voltage of 85 V for 12 h at 60°C. Gels were stained with AgNO3 after completion of 
electrophoresis [23]. DGGE gels were scanned using a GS-800 Calibrated Densitometer (Bio-
Rad) and analyzed using Molecular Analyst 1.61 software (Bio-Rad). Similarities between 
DGGE profiles were determined by calculating a band similarity (Dice) coefficient, SD. SD = 
2nAB / (nA + nB), where nA is the number of DGGE bands in lane 1, nB represents the number of 
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DGGE bands in lane 2, and nAB is the number of common DGGE bands [24, 25].

Cloning and sequencing of PCR amplified products
Bacterial full-length 16S rRNA genes from stomach samples of 24-day piglets in L1 and L2 were 
amplified by PCR with primers 8f and 1510r [17]. PCR products were purified using the PCR 
product purification kit (Invitrogen, Shanghai, P. R. China) and cloned in E. coli JM109 using 
the pGEM-T vector system (Invitrogen). After overnight growth, single colonies of ampicillin-
resistant transformants were picked, transferred to Luria Broth medium and incubated at 37°C 
overnight. One hundred microliters of the above cultures were centrifuged and the pellets were 
resuspended in 100 ml TE buffer. Suspensions were boiled for 5 min to lyse cells, and were then 
used as templates to perform PCR amplification using pGEM-T-specific primers Sp6 and T7 
(Promega) to check the size of the cloned inserts. Plasmids containing an insert of approximately 
1.6 kb were used to amplify the V6-V8 regions of 16S rRNA gene as described above. The 
amplicons were then compared with the bands derived from the same, original samples by 
DGGE profiling. Amplicons corresponding to distinct bands on DGGE profiles were selected 
and then sequenced commercially (Invitrogen, Shanghai, China). Similarity searches of the 
GenBank DNA database were performed with the BLAST Search tool [26].

Real-time PCR quantification of total bacteria, lactobacilli, L. sobrius and S. 
suis
Real-time PCR was performed on an iCycler IQ real-time detection system associated with the 
iCycler optical system interface software version 2.3 (Bio-Rad, Veenendaal, the Netherlands) 
as described by Konstantinov et al. [8]. The reaction mixture (25 ml) consisted of 12.5 ml of 
IQ SYBR Green Supermix (Bio-Rad), 0.2 mM of each primer set and 5 ml of the template 
DNA. Quantification of 16S rRNA gene copies in each sample was performed in triplicate, 
and the mean values were calculated. Standard curves were generated using the seriate 10-
fold diluted 16S rRNA gene amplified from the respective target strains. L. sobrius was also 
used as reference strain in assays for quantification of total bacteria and lactobacilli. Universal 
primers, Bact1369 and Prok1492 [20], were used to estimate the total number of copies of the 
bacterial 16S rRNA gene in each sample, and PCR amplification was performed with an initial 
denaturation step of 95°C for 3 min, followed by 40 cycles of 95°C for 15 sec, 56°C for 30 
sec and 72°C for 30 sec. Species-specific primer L-*-OTU171-0077-a-S-2 [8] and the primer 
Lab0159 [18] were used for the quantification of L. sobrius. The PCR conditions were: An 
initial DNA denaturation step at 95°C for 3 min, followed by 40 cycles of denaturation at 95°C 
for 15 sec, and primer annealing and extension at 62.5°C for 45 sec. Total lactobacilli were 
quantified using the combination of forward, LAC1 [19], and reverse primer, Lab0677 [18], in 
a cycling program, after which the initial denaturation conditions of 95°C for 3 min, 40 cycles 
were applied at 95°C for 30 sec, with binding and extension at 60°C for 1 min.

Species-specific primers 16S-195 and 16S-489, initially designed for analysis of S. suis in 
tonsil samples [21], were optimized to determine the abundance of S. suis in complex microbial 
samples of pig digesta. The 16S rRNA gene amplified from a S. suis-related single clone was 
used as standard template for the real-time PCR assay. Gradient PCR was initially used to 
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determine the optimal annealing temperature, with amplification efficiency, range of linearity 
and lowest detectable concentration as criteria. Efficiency of amplification was calculated using 
the formula Eff (n) = [10 (-1/slope) -1]. Amplification conditions included an initial step at 95°C for 
3 min, followed by 40 cycles of 95°C for 15 sec, annealing temperatures from 53°C to 60°C for 
30 sec and 72°C for 30 sec. Optimal amplification was observed at an annealing temperature 
of 57°C, which was subsequently used for all analyses (see results for details on optimization). 
To confirm the predicted specificity of the assay, real-time PCR products obtained from one 
porcine stomach sample (L1, D 24) was purified, cloned as described before, and twenty single 
clonal colonies were then sequenced commercially (Invitrogen, Shanghai, China).

Nucleotide sequence accession numbers
Sequences of stomach bacterial 16S rRNA gene clones have been deposited in the GenBank 
database under accession numbers: DQ256403, DQ256404, DQ256406, DQ318876, DQ318877, 
DQ318879 and DQ318880. To identify sequences corresponding to dominant bands in DGGE 
profiles from samples of pre-weaning piglets, three Lactobacillus-like clones obtained from 
caecum of piglets in the same litter were used as markers and their 16S rRNA gene sequences have 
also been deposited in GenBank (accession number DQ238616, DQ487214 and DQ487215). 
Fourteen 320 bp sequences of the 16S rRNA gene fragments obtained using S. suis specific 
primers were deposited under GenBank accession numbers EF431898 to EF431911.

Statistical analysis 
Statistical analysis involved the use of the One-Way ANOVA program in the statistical software 
package SPSS10.0. All values are expressed as means of three replicates (three litters), treating 
one piglet from one litter as a single replicate for each day. Significant differences were declared 
when p < 0.05. 

Results

Shift of bacterial community composition in stomach, jejunum and ileum of 
piglets after weaning
Bacterial DGGE profiles of the contents of stomach, jejunum and ileum of piglets on day 21 
and 24 revealed that bands migrating to lower positions in DGGE profiles (Fig.1A, Frame I) 
constituted the predominant bacterial community in stomach, jejunum and ileum of piglets at 
the time of weaning (day 21). Using cloned 16S rRNA gene fragments of Lactobacillus-like 
organisms as markers, three of the dominant bands were identified to be related to L. reuteri, L. 
johnsonii and L. sobrius (Table 3). On day 24, however, the relative intensity of these bands had 
decreased significantly, and in some cases below the level of detection, and bands 6, 7, 8, 9 and 
10 increased in relative intensity and became dominant (Fig. 1A, Frame II).
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Figure 1. (A) DGGE profiles of PCR products 
of the V6-V8 region of the 16S rRNA gene 
from samples of stomach (S), jejunum (J) 
and ileum (I) in piglets on days 21 and 24. 
The bands identified from the 16S rRNA 
gene clone libraries are numbered and are 
indicated by arrows. The bands are described 
in Table 3. M, Marker; L1-L3, number of 
litter. (B) UPGMA cluster analysis of Dice 
similarity indices of DGGE profiles from 
bacteria in stomach (S), jejunum (J) and ileum 
(I) of piglets on days 21 and 24. 1, 2 and 3, 
number of litter. (C) Similarity indices for 
comparisons between stomach (S), jejunum 
(J) and ileum (I) of piglets in the three litters. 

Some of the newly appearing bands from bacteria in the stomach of weaned piglets were 
also found in the upper intestinal tract (i. e. jejunum and ileum; bands indicated with arrows in 
Fig. 1A). Cloning and sequencing of the corresponding 16S rRNA genes indicated that, seven 
of these bands corresponded to organisms closely related to Peptostreptococcus anaerobius 
(band 4), Moraxella cuniculi (bands 5 and 10), S. suis (bands 6, 7 and 8) and Porphyromonas 
catoniae (band 9) (Table 3). In particular, the bands related to S. suis were observed in all three 
litters (band 6 in L1, bands 7 and 8 in L2 and L3).

Objective analysis of the DGGE profiles of the pre- and post-weaning piglets was 
obtained by numerical analysis based on the Dice similarity coefficient, followed by cluster 
analysis using the unweighed pair group method with averaging algorithm (UPGMA) (Fig. 
1B). Cluster analysis revealed that all nine samples from post-weaning piglets formed a 
coherent cluster with similarity indices above 55%. The low similarities between pre- and post-
weaning samples confirmed visual differences in the corresponding DGGE profiles (Fig. 1A). 
To determine whether bacterial communities in stomach, jejunum and ileum were significantly 
different in single individuals, similarity indices of the DGGE profiles were calculated (Fig. 
1C). Before weaning, for litters L1 and L3, very low similarities (< 25%) were found between 

A
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stomach and small intestinal microbiota, which indicated that the microbial community patterns 
in the stomach was different to those in the jejunum and ileum. This phenomenon was not 
observed in L2, where similarity indices between stomach and small intestinal samples were 
greater than 80%. However, after weaning, stomach and small intestinal microbiota showed 
relatively high similarity indices (> 65%). In addition, similarity indices between samples of 
jejunum and ileum in the three litters remained at high levels throughout the weaning transition.

   Table 3. Identification of bacteria from the stomach, jejunum and ileum in weaned piglets.

     *Band numbers are indicated by arrows in Fig. 1A.

Quantitative real-time PCR analysis of total bacteria, lactobacilli, L. sobrius 
and S. suis in stomach, jejunum and ileum samples of piglets around weaning
Quantitative real-time PCR was used to determine the abundance of total bacteria, total 
lactobacilli, L. sobrius and S. suis in stomach, jejunum and ileum samples of piglets on D 21 
and 24 (Table 4). For L. sobrius-specific assays, all 16S rRNA genes of Lactobacillus-related 
clones obtained from samples of piglets were also tested, confirming previous results that only 
L. sobrius-like sequences can be detected (data not shown). Optimization of S. suis-specific 
primers for real-time PCR was conducted using a gradient of annealing temperatures and 57°C 
was identified as optimal with respect to efficiency and range of linearity of amplification (data 
not shown), and was used as the annealing temperature throughout this study. Sequence analysis 
of 20 cloned amplicons obtained from a sample of piglet stomach digesta (L1, D 24) confirmed 
the specificity of the assay, as all sequences were most closely related to the 16S rRNA gene of 
S. suis.

The concentrations of lactobacilli and L. sobrius 16S rRNA gene copies were significantly 
higher in stomach samples of piglets on D 24 than those of pre-weaning piglets, but percentages 
relative to total bacteria decreased to less than 10% of those of pre-weaning piglets (Table 4). 
This change in lactobacilli was associated with a dramatic increase in abundance of S. suis, with 
16S rRNA gene copies 3 orders of magnitude higher than in pre-weaning piglets. In contrast, 
jejunal and ileal numbers of total lactobacilli and L. sobrius as well as their percentage relative 
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to total bacteria, declined significantly after weaning, while the percentage of S. suis relative to 
total bacteria increased more than ten-fold, despite no significant change in numbers of S. suis.

Table 4. Quantitative real-time PCR analysis of total bacteria, lactobacilli, L. sobrius and S. suis in digesta samples 
of porcine stomach, jejunum and ileum.

*Significant differences between day 21 and day 24 compared at p < 0.05.
Three samples were quantified for each age and counts are expressed as mean ± SD Log 10 (16S rRNA gene 
copies/g wet weight), n =3. 

Comparison of bacterial communities in jejunal digesta and mucosa of piglets 
in litter 1
To gain insight into mucosa-associated microbial community in intestine, jejunal samples of 
piglets in L1 were also used to compare predominant digesta- and mucosa-derived microbiota 
by DGGE analysis (Fig. 2A) and UPGMA analysis (Fig. 2B). Cluster analysis revealed that the 
similarity index between digesta and mucosa samples from the same piglet was greater than 
90% at day 7, while the indices decreased to below 80% from days 14 to 35. Profiles grouped 
into two distinct clusters: pre-weaning and post-weaning, with similarity indices below 50%, 
which indicated that weaning also caused significant changes in mucosa-associated bacterial 
communities, as well as in digestive samples in jejunum of piglets in L1. The L. sobrius-related 
band (arrow 2) was also visible in jejunal mucosa of piglets before weaning and faintly visible 
after weaning, while the predominant band 7, observed only in weaned piglets, did not appear 
in profiles generated from mucosal samples. These observations were confirmed by quantitative 
real-time PCR assays on samples of representatives from litter 1 (Table 5). L. sobrius-related 
populations were detected in mucosal samples until D 21, while numbers decreased below 
detectable levels after weaning. In contrast, S. suis could not be detected in jejunal mucosa of 
piglets from days 7 to 35.
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A B

Figure 2. (A) DGGE analysis of amplicons generated by bacterial 
universal primers U968-GC and L1401, originating from samples 
in jejunal digesta and mucosa of piglets from L1. Bands numbered 
with arrows in gel were the same ones in Fig. 1A. (B) Similarity 
indices of DGGE profiles obtained from bacteria in jejunal digesta 
and mucosa of piglets from L1.

Table 5. Quantitative real-time PCR analysis of 16S rRNA gene copies of total bacteria, L. sobrius and S. suis in 
total DNA from jejunal mucosal samples of piglets in litter 1 (16S rRNA gene copies/ml DNA sample).

Discussion

The development of intestinal microbiota of piglets from age 7 to 35 days was investigated by 
using 16S rRNA gene-based approaches, focusing on the stomach and small intestine. Drastic 
changes were observed in GI bacterial community composition of piglets during the weaning 
transition. This was evidenced by a significant change in the similarity indices of DGGE profiles 
obtained for samples from days 21 and 24. Similar results were also observed in colon and feces 
of piglets during weaning [24, 27, 28]. The changes were probably due to the establishment of 
a new bacterial community after weaning, following the dietary changes from maternal milk 
onto a solid feed rich in plant polysaccharides.

Previous studies on intestinal bacterial microbiota of weaned piglets have shown that 
E. coli concentrations increased while numbers of lactobacilli decreased after weaning [27, 29, 
30]. In the present study, real-time PCR showed that numbers of Lactobacillus spp. 16S rRNA 
gene copies declined significantly in the jejunum and ileum of piglets after weaning, while S. 
suis tended to increase after weaning, although there were no obvious changes in the abundance 
of total bacteria. These changes in different bacterial populations in the intestine may be related 
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to the defensive barrier in the stomach. Our previous results demonstrated that the pH in the 
stomach of piglets increased apparently from 3.0 to 5.0 after weaning [31]. The low pH in the 
stomach before weaning may keep the bacterial population at a low level, especially controlling 
the proliferation of those potentially harmful bacteria species. The present study for the first 
time demonstrated bacterial community change in piglet stomach before and after weaning. 
Indeed, our results showed that the total bacteria population was low, with those potentially 
harmful bacteria species under the detection limit before weaning. After weaning, total bacteria 
population markedly increased, of which the percentage of lactobacilli decreased significantly, 
while that of S. suis-like populations dramatically increased. This is also evident in DGGE 
profiling in our study, where bands corresponding to Lactobacillus-like organisms decreased 
below detection limits, while bands corresponding to S. suis-like organisms became dominant 
after weaning. Thus, the results suggest that bacterial proliferation in the stomach, especially 
of potentially harmful species, may provide inocula to the proximal small intestine. Sequence 
analysis showed that many common bands that appeared in post-weaning piglet samples were 
closely related to P. anaerobius, M. cuniculi, S. suis and P. catoniae. Although phenotypic 
characteristics of microorganisms can not always be directly predicted from 16S rRNA gene 
sequences [32], all of the closest relatives have previously been reported as potential pathogens 
for pigs [9, 33, 34]. These results indicated that the function of the stomach as a barrier against 
pathogens might be impaired after weaning.

In the present study, considerable differences in the GI microbiota transition around 
weaning were found among different litters of piglets. This has also been observed in other 
studies of porcine intestinal microbiota [4, 37]. A possible reason is that different piglets from 
the same litter were used to study the change of microbiota patterns with time. Indeed, piglets 
from the same sow before weaning showed higher similarity in DGGE profiles than those from 
different sows, after weaning, however, all piglets developed their own characteristic DGGE 
profiles and no apparent cluster was observed in DGGE profiles [28]. Use of ileal cannulas 
may enable repeated intestinal samples from a single pig, but it would be also difficult to 
sample from many sites of the gut and stomach. The aim of this study was to investigate the 
spatial and temporal changes in the microbial community of the gut of naturally raised piglets. 
To overcome the limitation caused by slaughtering different piglets from the same litter, our 
approach used piglets from three litters as replicates. Although differences existed in the DGGE 
profiles among different piglets, it is evident that some dominant species before weaning, such 
as lactobacilli, became undetectable after weaning, while other species, such as S. suis-like 
species, appeared on DGGE gels after weaning. Further, this approach enabled identification 
of the gradual development of characteristic mucosa-associated microbiota in litter L1 that 
differed from that in digesta.

Lactobacilli related to L. sobrius have previously been identified as common inhabitants 
of the porcine intestine [35] and L. sobrius was therefore specifically investigated in this study, 
where it was detected in relatively high abundance in the intestine of piglets before weaning. 
Lactobacilli are known for their potential to prevent infection or colonization of pathogens 
by competition for nutrients and epithelial binding sites, and the production of antimicrobial 
factors, such as lactic acid and bacteriocins [36]. The fact that L. sobrius was abundant in 
the intestine of the suckling piglets, both in digesta and attached to small intestinal mucosa, 
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reinforces suggestions that this particular Lactobacillus species may play a crucial role in the 
establishment and the maintenance of the GI tract bacterial homeostasis after birth [27].

S. suis is an important cause of meningitis, septicemia, arthritis, and sudden death in 
young pigs [9, 10] and can infect humans [11, 12], as evidenced in the outbreaks in China 
in 1998 and 2005 [13]. Currently, bacteriological techniques and PCR tests are routinely 
applied to detect or characterize S. suis in pure cultures [37, 38]. Here, we developed a fast and 
sensitive, cultivation independent, real-time PCR assay to quantify S. suis in porcine intestine 
inhabited by a complex microbial community. This assay can quantify S. suis with 16S rRNA 
gene concentrations higher than 10 copies/ml DNA sample (data not shown). The present study 
using DGGE and real-time PCR demonstrated the dominance of this S. suis-like species in the 
gut of piglets, especially in the stomach and intestine of weaning piglets. However, this species 
was not detectable in mucosa samples of representatives from litter 1, which may suggest that 
S. suis was incapable of adhering to the small intestine or perhaps not being a regular resident 
in the gut. This is consistent with the generally accepted belief that the infection route of S. suis 
is through replication in the upper respiratory tract [39]. Therefore, the distribution of S. suis in 
GI tract of piglets has not received much attention. However, piglets with high concentrations 
of S. suis may serve as a source of S. suis transmission in pig herds if their stomach and intestine 
were colonized with S. suis at considerable abundance. This could also be a source for human 
infections. Indeed, with the S. suis human infection outbreak in 26 counties in Sichuan province 
in 2005, it was later speculated that S. suis had been present in farms for a long time and 
human infections outbreak when the environment favors the proliferation of the pathogen [13]. 
Nevertheless, further studies are needed regarding transmission of S. suis via intestinal carriage. 

In conclusion, the present study for the first time demonstrated the dominance of S. 
suis, a potentially pathogen in the intestine of piglets. While predominant bacteria related to 
Lactobacillus spp. in stomach, jejunum and ileum of suckling piglets became less abundant 
after weaning, potentially pathogenic species including S. suis became dominant in the stomach 
and more abundant in the intestine after weaning. The shift in mucosa-associated microbiota 
in the jejunum was different from that in digesta during the porcine weaning transition, with S. 
suis being dominant in digesta while not detectable in mucosa samples. Microbiota in stomach 
and intestinal digesta of piglets can be adversely influenced by the weaning. Thus, practical 
measures should be taken to ensure that piglets have a smooth transition of weaning, especially 
to maintain the defensive barrier function of the stomach.
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Abstract

Microarrays are high-throughput tools ideally suited for the study of complex microbial 
ecosystems like the mammalian gastrointestinal (GI) tract. In this chapter we present the 
development and application of the PITChip, a 16S ribosomal RNA (rRNA)-targeted DNA 
oligonucleotide microarray for studying the pig GI tract microbiota. A total of 627 bacterial 
phylotypes (< 98% identity) previously reported to occur in the GI tract of pigs were identified, 
and the hypervariable regions V1 and V6 of their 16S rRNA gene were used to design 2985 
unique probes. High technical reproducibility was observed for different hybridizations, 
labeling and in vitro transcriptions. Benchmarking of the PITChip with 454 pyrosequencing 
and quantitative PCR revealed comparable results, especially at higher taxonomic levels, and 
minor differences at lower phylogenetic ranks. Analyses of ileum and colon samples from 18 
piglets that received either a control diet or one of two different organic acids blends, revealed 
significant differences (p < 0.02) between the microbiota of the piglets receiving the control diet 
and the ones receiving the acidified diets. PITChip analysis was instrumental in identification 
of phylotypes most significantly affected by the change in diet, namely members of the 
Bacteroidetes and Proteobacteria. The development of the PITChip as semi-quantitative and 
high-throughput tool now provides the necessary means to gain novel insight in composition 
and dynamics of porcine GI tract microbiota at high taxonomic resolution, knowledge urgently 
needed towards improved dietary strategies in sustainable pig production.
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Introduction

The gastrointestinal (GI) tract of pigs is a complex and dynamic ecosystem colonized by a highly 
diverse microbiota comprising more than 400 phylotypes (microbial species-level phylogenetic 
types) [1, 2]. In the caecum and colon several hundred anaerobic bacterial species coexist [3, 4] 
with total counts of more than 1011-1012 CFU/g digesta [5], whereas there are relatively lower 
numbers of bacteria (107-109 CFU/g fresh matter) found in the stomach and small intestine [6]. 
These bacteria that inhabit the GI tract from birth, have an important impact on animal health, 
as they provide essential nutrients to the host from fermentation processes, form a key barrier 
against pathogens [7, 8] and play important roles in GI tract development, physiology and 
immunology [9-11]. 

Until recently, the majority of studies addressing the intestinal microbiota of pigs have 
been based on traditional methods, paying most attention to easily cultivable commensal 
bacteria and a few opportunistic pathogens [12, 13]. However, a large fraction of the intestinal 
microbiota remains difficult to cultivate and therefore, impossible to detect using conventional 
techniques [14, 15]. The development in the last years of high resolution molecular techniques 
based on in vitro amplification of 16S ribosomal RNA (rRNA) genes and other phylogenetic 
markers by polymerase chain reaction (PCR), combined with fingerprinting techniques, has 
highly improved our knowledge of complex microbiota such as those found in the pig gut, 
showing a much higher diversity than described previously by cultivation [1-3]. 

Phylogenetic microarrays are one of the most advanced comprehensive molecular 
techniques that enable high-throughput analysis of complex microbial communities and can be 
used to analyze the composition, structure, variance and functionality of microbial ecosystems 
[16-19]. To be able to detect microorganisms within complex samples, multiple DNA probes, 
derived from the small subunit ribosomal RNA (SSU rRNA) gene sequences, are arrayed onto 
solid surfaces to allow for parallel, multispecies detection [20]. Different types of phylogenetic 
arrays have been designed for this purpose, targeting either small or large subunit rRNA genes 
[21-23].

This chapter presents the development and successful application of the Pig Intestinal 
Tract Chip (PITChip), a new phylogenetic microarray comprehensively targeting pig GI tract 
microbiota, consisting of 2985 unique 16S rRNA-targeted oligonucleotide probes covering 
627 intestinal microbial phylotypes. The probe design strategy applied is based on two 
hypervariable regions of the SSU rRNA gene, as this has previously been shown to provide 
sufficient resolution to discriminate human GI tract-associated phylotypes with < 98% SSU 
rRNA sequence identity [24]. This is a high-throughput approach that can produce probes with 
a similar predicted hybridization behavior and allows the easy addition of probes targeting 
newly discovered microbes. In order to benchmark the performance of the PITChip, the 
community profiles of three piglets’ colon samples obtained with the phylogenetic microarray 
were compared to microbiota fingerprints based on 454 titanium pyrosequencing data, and the 
quantification of selected important groups with quantitative PCR (qPCR). In addition, the 
applicability of the PITChip for routine microbiota profiling in intervention trials was tested 
analyzing a set of samples from piglets receiving a control diet or a diet supplemented with 2 
different blends of organic acids.
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Materials and Methods

The design of the Pig Intestinal Tract Chip (PITChip) was done using design criteria as 
previously described by Rajilic-Stojanovic and collaborators, for the Human Intestinal Tract 
Chip (HITChip; [24]).

Phylogenetic analysis of pig intestinal microbiota and probe design
In order to design the SSU rRNA-targeted probes for the microarray, a pig-specific database was 
built, using the ARB software environment [25]. To this end, a total of over 1100 SSU rRNA 
gene sequences of pig GI tract microbiota were extracted from the SILVA database 95 release 
(July 2008). Only sequences of more than 1200 nucleotides were considered. Operational 
taxonomic units (OTU, phylotypes) were defined based on a threshold of sequence identity 
of 98%. For each group of similar sequences with ≥ 98% sequence identity, a representative 
type sequence was chosen, using sequence length, quality as well as availability of a cultured 
representative, as criteria. Due to the high number of sequences corresponding to yet uncultured 
organisms with < 98% identity to sequences of cultured strains, a customized classification 
was introduced based on four levels of taxonomic resolution, similar to what was previously 
proposed by Collins and co-workers [26]. The four levels are: Level 0 (phylum level), Level 
1 (class or cluster), Level 2 (including sequences with 90% or more sequence similarity) and 
Level 3 (OTU’s formed by unique phylotypes, for cultivated organisms, and by representatives 
of each group of sequences with < 98% sequence identity, for uncultured microorganisms). The 
phylogenetic classification of all sequences resulted in a total of 627 unique OTU’s (Fig. 1, 
supplementary material S1).   

Eight variable regions of the 16S rRNA genes were exported from ARB to test for their 
suitability to discriminate between individual OTU’s (Table 1). Regions with lowest redundancy 
(V1, V6) were selected for probe design. 

Table 1. Variable regions of the SSU rRNA gene from 627 unique pig phylotypes. The total number of sequences 
included in the analysis, as well as the total number and percentage of unique variable region sequences are given.
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Each variable region sequence was initially divided in 3 overlapping segments of 24 
nucleotides that were used to design six probes for each 16S rRNA sequence representing 
individual OTU’s. The melting temperature of the probes was predicted using the nearest 
neighbor algorithm described by SantaLucia [27] with 0.5M as sodium ion concentration. The 
average of the Tm of all the sequences ± 2.5°C was then defined as a desired temperature range 
for iterative probe optimization. To maximize the number of probes with a Tm in this range 
their length was adjusted, starting from 24 nucleotides, and it was extended or shortened in 
single nucleotide steps, keeping the length of oligonucleotides between 18 and 30 to maintain 
similar duplex kinetics. Every time that the length was changed by one nucleotide, the predicted 
Tm was re-evaluated, until it fitted within a range of 60.9 ± 2.5°C. To be able to use an internal 
control for the hybridization, six probes targeting Dehalococcoides ethenogenes were designed.
Microarrays were synthesized by Agilent Technologies (Agilent Technologies, Palo Alto, CA, 
USA) in 8×15K format.

Sample preparation
DNA was extracted from 200 mg of digesta, previously defrosted, using the Fast DNA Spin 
Kit for Soil (Qbiogene, Inc, Carlsbad, CA, USA). Electrophoresis in agarose gels 1.2% (w/v) 
containing ethidium bromide was used to check the amount and quality of DNA.
 
PITChip analysis
Hybridization and analysis of the generated data was performed essentially using procedures as 
described before [24, 28]. 

From DNA to RNA: Near-full length 16S rRNA gene fragments were 
amplified from extracted DNA samples using a GS0001 thermocycler 
(Gene Technologies, Braintree, U.K.) with the primers T7prom-Bact-27-for 
(5´-TGAATTGTAATACGACTCACTATAGGGGTTTGATCCTGGCTCAG-3´) and Uni-
1492-rev (5´-CGGCTACCTTGTTACGAC-3´) [29], using 10 ng of DNA as a template in a 
final volume of 50 ml. The PCR program used was: pre-denaturation of 2 min at 94°C followed 
by 35 cycles of 94°C during 30 sec (denaturation), 52°C during 40 sec (annealing), 72°C during 
90 sec (elongation) and a final extension at 72°C for 7 min. PCR products were purified (High 
Pure PCR Cleanup Micro Kit, Roche Diagnostics GmbH, Mannheim, Germany) and the DNA 
concentration was measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop® 

Technologies, Wilmington, DE, USA). 
The 16S rRNA genes carrying the T7-promoter were transcribed using the Riboprobe 

System (Promega, La Jolla, USA). The amplicon (500 ng) together with rATP, rGTP, rCTP and 
a 1:1 mix of rUTP and aminoallyl-rUTP (Ambion, Austin, TX, USA) were incubated at room 
temperature for 2h; afterwards possible DNA present was digested with the Qiagen RNAse-free 
DNAse kit (Qiagen, Hilden, Germany). Purification of RNA was done using the RNeasy Mini-
Elute Kit (Qiagen) and concentration was quantified as mentioned above.

Labeling and hybridization: The in vitro transcribed RNA was coupled with CyDye using 
the Post-Labeling Reactive Dye (Amersham Biosciences, Little Chalfont, UK) dissolved in 
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DMSO. The labeling reactions containing 20 µl of CyDye, 2 mg of pure RNA and 25 mM of 
sodium bicarbonate buffer (pH 8.7) in a total volume of 40 µl, were incubated during 90 min in 
the dark and at room temperature. The reaction was stopped by adding 15 ml of 4M hydroxyl-
amine and incubating in the dark for 15 min. RNAse-free water was added to 100 ml and the 
labeled RNA was quantified.

Prior to hybridization, Cy3/Cy5-labeled-target mixtures were fragmented using 10× 
fragmentation reagent (Ambion). Hybridization on the arrays was performed at 62.5°C for 16h 
in a rotation oven (Agilent). Slides were washed at room temperature in 2× SSC with 0.3% SDS 
(10 min) followed by 0.1× SSC + 0.3% SDS at 38°C (10 min) and 0.06× SSPE (5 min) [30]. 

Data extraction: Agilent Feature Extraction software, version 9.1 (http://www.agilent.com) 
was used to extract the data from the generated microarray images. Data normalization and 
further microarray analysis were performed using a set of R based scripts (http://r-project.
org) in combination with a custom designed relational database, which runs under the MySQL 
database management system (http://www.mysql.com). The reproducibility of the hybridization 
was determined calculating the Pearson’s linear correlation of spatially normalized samples. 
Reproducibility values above 0.98 were considered acceptable and the arrays that fulfilled this 
condition were further normalized using quantile normalization [31]. 

Ward’s minimum variance method was used for the generation of hierarchical clustering 
of probe profiles by calculating a distance matrix between the samples based on the Euclidian 
distance, i.e. the squared difference, between each pair of profiles [32]. Similarity of the total 
microbiota composition based on the PITChip profiles was assessed by calculating Pearson’s 
product moment correlation (Pearson’s correlation). 

Animal housing and diet
Two sets of samples were analyzed with the PITChip. Colonic digesta samples used for the 
comparison of the PITChip with microbiota profiling by pyrosequencing and quantitative 
PCR analysis of 16S rRNA gene fragments were taken from three different piglets (Piétrain 
x Landrace x Large-White), two males and one female (BW = 2 kg ± 0.12 kg), that during 
the suckling period (from day 5 after birth until weaning at day 28) received an oral saline 
solution of sodium butyrate (SB) supplied at a concentration of 3 g/kg of the daily milk dry 
matter intake (see Chapter 6 for additional details of the animal experiment). At an age of 28 
days supplementation stopped and animals were weaned on a standardized starter diet (EU-
reference diet). Piglets were sacrificed at the end of the weaning period (day 40) and samples 
from the colon were collected and kept at -20°C. The experimental procedures were carried out 
according to the guidelines of the French Ministry for Animal Research. 

The second set of samples (18 samples) was from 9 crossbred (Yorkshire × Dutch 
Landrace) piglets, of both genders, that were weaned at 28 days of age at approximately 8 kg 
initial BW, and that were part of a larger experiment with 44 piglets. Experimental piglets were 
housed individually in pens (1 × 1.5 m) within a special compartment of the Experimental Unit 
of the Animal Sciences Group, Wageningen University and Research Centre, Lelystad, The 
Netherlands. The effects of 2 combinations of acidifiers, mix of organic acids 1 (OA1; formic 
acid, phosphoric acid, citric acid and benzoic acid) and mix of organic acids 2 (OA2; that is a 
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combination of OA1 plus a blend of formic acid, acetic acid, lactic acid, phosphoric acid and 
citric acid), in diets for young pigs were tested using a completely randomized design, in which 
three treatments (control, OA1 and OA2) were implemented over a period of three weeks post-
weaning (Table 2). 

Table 2. Ingredients of the experimental diets. Components differing between the three diets are indicated in bold.

1This trace mineral-vitamin premix (0.4%) supplies per kg diet as follows: vit. A (retinol): 1750 IU, vit. D3 
(cholecalciferol): 200 IU, vit. E (tocopherol): 11 IU, vit. K1 (phylloquinone): 0.5 mg, vit. B1 (thiamin): 1.0 mg, 
vit. B2 (riboflavin): 4 mg, d-pantothenic acid: 9 mg, niacin (vit. B3, nicotinic acid): 12.5 mg (available), biotin (vit. 
H): 50 μg,  vit. B12 (cyanocobalamin): 15 μg, folic acid (folacin): 0.3 mg, vit. B6 (pyridoxin): 1.5 mg, choline: 400 
mg, Fe: 80 mg, Zn: 54 mg, Mn: 30 mg, Co: 0.15 mg, I: 0.14 mg, Se: 0.25 mg, antioxidants (E310,320,321): 50 mg, 
and maize starch as carrier. 2OA1: mix of organic acids 1; 3OA2: mix of organic acids 2.
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The experimental diet for the starter period (weeks 1-3 post-weaning) contained 21.8% of crude 
protein. The diets were allotted to particular animals and offered ad libitum in addition to free 
access to tap water from drinking-nipples, as to match typical Dutch feeding systems for pigs. 
The delivery rate of water was 1100 cm3/min and Colistine sulphate (60 mg/L water) was added 
to the drinking water on days 0-3 post-weaning only. On days 18, 20 or 22 post-weaning, the 
pigs were euthanized with an intravenous injection of Nembutal and digesta samples from 
the distal ileum and proximal colon were collected. Handling of animals and experimental 
layout were reviewed and approved by the ASG-Lelystad Animal Care and Use Committee 
(Lelystad, The Netherlands), and were executed in accordance with Dutch legislation on the 
use of experimental animals.

454 Titanium pyrosequencing 
V1-V6 amplification: Amplicons from the V1-V6 region of 16S rRNA genes were generated by 
PCR using the non-degenerated primer Bact-27-for (5´-GTTTGATCCTGGCTCAG-3´; [33]) in 
combination with the degenerate reverse primer 1061-rev (5´-RRCACGAGCTGACGAC-3´; 
[34]), for each of the three colon samples from pigs receiving SB. To facilitate 454 pyrosequencing 
using the titanium chemistry, each forward primer carried the 454 titanium adaptor A and an 
‘NNNN’ barcode sequence at the 5’ end, where NNNN is a tag of four nucleotides that did 
not start with G nor have triple successive identical bases (CCC or TTT). The reverse primer 
carried the 454 titanium adaptor B at the 5’end. Adaptor and barcode sequences were kindly 
provided by GATC Biotech (http://www.gatc-biotech.com). 

PCRs were performed using the thermocycler GS0001 (Gene Technologies, Braintree, 
U.K.) in a final 50 ml volume containing 1x PCR buffer, 1 ml PCR grade nucleotide mix, 2.4 U 
of Faststart Taq DNA polymerase (Roche, Diagnostics GmbH, Mannheim, Germany), 200 nM 
of a forward and the reverse primer (Biolegio BV, Nijmegen, The Netherlands), and 0.2 ng/ml 
of template DNA. The PCR program used consisted of a 95°C pre-denaturation step during 5 
min, 35 cycles of denaturation at 95°C during 5 sec, annealing step at 56°C during 40 sec and 
elongation at 72°C during 70 sec and a final extension step at 72°C during 10 min. The size 
of the PCR products was checked by electrophoresis on a 1% (w/v) agarose gel containing 
ethidium bromide. After purification of the PCR products with the ZR-96 DNA Clean and 
Concentrator kit (Zymo Research, Orange, CA, USA) DNA concentration was determined with 
a NanoDrop ND-1000 spectrophotometer.

Purified PCR products together with similarly prepared samples (52 amplicons in total) 
from additional projects (van den Bogert et al., in preparation; Derrien et al., in preparation) 
were equimolarly mixed to a total amount of 7500 ng with a final DNA concentration of 100 
ng/ml. The pooled DNA was subsequently sent to GATC-Biotech for pyrosequencing on half 
a picotiterplate using a Genome Sequencer FLX in combination with the titanium chemistry. 
Sequencing was performed from adaptor A.

Quality filtering and taxonomic classification of sequences: To the best of our knowledge, there 
are no published recommendations for quality filtering of reads generated by pyrosequencing 
using titanium chemistry. Therefore, recommendations [35] for GS FLX pyrosequencing were 
applied by using an in house Perl script (van den Bogert et al., in preparation) that passed 
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sequences with exact matches to the forward primer, no ambiguous bases [36], and read-
lengths not longer or shorter than 1 SD (standard deviation) from the average sequence length. 
Additionally, pyrosequencing reads were cured from primer sequences.

Taxonomic classification of sequencing reads was done using a locally installed version 
of the Ribosomal Database Project (RDP) Classifier [37], which produced classifications into 
the Bergey’s taxonomy [38]. The corresponding assignments differed from those produced by 
PITChip analysis, which had a standard output of the contributions of the 627 phylotypes, 
present in the pig ARB database, at Level 0, Level 1, and/or Level 2 in the phylogeny. Therefore, 
the sequences present in the pig ARB database were exported with corresponding taxonomic 
assignments and used to train the RDP-classifier. This yielded a classifier that (in combination 
with a trial multiclassifier provided by the RDP staff) could classify pyrosequencing reads with 
the same assignments as were produced by PITChip analysis. Moreover, the multiclassifier 
summarized the assignments per taxon, which facilitated calculation of relative abundances and 
subsequent construction of microbial profiles for comparison with those that were generated by 
PITChip analysis. 

Quantification of specific microbial groups by quantitative PCR (qPCR)
Quantification of total bacteria, Firmicutes, Bacteroidetes and Bifidobacterium species was done 
by qPCR, using an iCycler IQ real-time detection system associated with the iCycler optical system 
interface software version 2.3 (Bio-Rad, Veenendaal, The Netherlands). The reaction mixture 
(25 µL) consisted of 12.5 µL of IQ SYBR Green Supermix (Bio-Rad), 0.2 µM of each primer and 
5 µL of template DNA diluted in water (10 or 100 times) to avoid PCR inhibition. All reactions 
were done in triplicate. The standard curves were produced using serially diluted 16S rRNA gene 
amplicons obtained from Lactobacillus casei (for total bacteria and Firmicutes), a Bacteroidetes 
16S rRNA clone (for Bacteroidetes) and Bifidobacterium longum (DSM 20219) (Bifidobacterium 
quantification). Universal primers, Bact 1369 (5´-CGGTGAATACGTTCYCGG-3´) and Prok 
1492 (5´-GGWTACCTTGTTACGACTT-3´) [39] were used to estimate the total number of 
copies of the bacterial 16S rRNA gene in each sample. For the quantification of 16S rRNA gene 
copy numbers of Firmicutes, Bacteroidetes or Bifidobacterium, primers Firm934F/Firm1060R 
(5´-GGAGYATGTGGTTTAATTCGAAGCA-3´, 5´-AGCTGACGACAACCATGCAC-3´)
[40], Bact934F/Bact1060R (5´-GGARCATGTGGTTTAATTCGATGAT-3´, 5´-AGCTGACG
ACAACCATGCAG-3´) [40], and g-Bifid-F/g-Bifid-R (5´-CTCCTGGAAACGGGTGG-3´, 
5´-GGTGTTCTTCCCGATATCTACA-3´) [41] were used, respectively. Quantitative PCR 
reactions were performed as follows: 95ºC for 3 min, 40 cycles of 95ºC for 15 sec, 56ºC for 
30 sec and 72ºC for 30 sec and a two final steps of 95ºC and 60ºC for 1 min each (for total 
bacteria); 50ºC for 2 min, 95ºC for 10 min and 40 cycles of 95ºC for 15 sec and 60ºC for 1 min 
and two final steps of 95ºC and 60ºC for 1 min each (for Firmicutes and Bacteroidetes), and 
95ºC for 5 min, 40 cycles of 95ºC for 30 sec, 55ºC for 30 sec and 72ºC for 40 sec and two final 
steps of 72ºC for 10 min and 55ºC for 30 sec (for Bifidobacterium). Melting curve analysis of 
amplicons was done after amplification.

Statistical analysis
The number of OTUs, and total species richness estimations Chao1 [42] and Abundance-based 
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Coverage Estimators (ACE; [43, 44]) for the quality filtered sequences were calculated for 
each sample using ESPRIT [45] with default settings (without removing low quality reads) at 
a distance level of 0.02.

Multivariate analysis was applied for microarray data interpretation. In order to relate 
changes in microbial profiles to environmental variables, redundancy analysis (RDA) was 
used as implemented in the CANOCO 4.5 software package (Biometris, Wageningen, The 
Netherlands) [46]. RDA is a multivariate direct gradient analysis method that allows ordering 
of samples and taxa (i.e. phylogenetic groups) considering that species have linear relationships 
to environmental variables [47]. The sum of hybridization signal intensities for 144 Level 2 
groups, were used as predictors. Treatment classes and sampling sites were introduced as 
nominal environmental variables and co-variables, respectively, by introducing them as 0 
or 1 (dummy variables). The redundancy analysis was performed focusing on inter-samples 
correlation and the Monte Carlo permutation test was applied [48] to decide whether treatment 
had a statistically significant influence on the microbiota composition. Since the animal 
experiment had a randomized design, unrestricted permutation was used that yields completely 
random permutations [49]. Treatment was considered to interfere significantly with microbiota 
composition at p-values < 0.05. Diagrams were plotted as triplots using CanoDraw. Student’s 
t-test was used to evaluate significant differences in relative abundance of phylogenetic groups 
between treatments. The p-values were calculated as two tailed and were considered significant 
below 0.05 and highly significant below 0.01.

Diversity of microbial profiles obtained by PITChip analysis was expressed as Simpson’s 
reciprocal index of diversity (1/D) [50]. Diversity was calculated with the equation l = 1/SPi2, 
where Pi is the proportion of ith taxon. This is the proportion of each probe signal compared 
to the total signal for each sample. A higher Simpson’s index value indicates a higher degree 
of diversity. Pearson’s product moment correlation (Pearson’s correlation) reflects the degree 
of linear relationship between analyzed data sets. It was used to identify similarities of the 
total microbiota composition based on the PITChip profiles and similarities between different 
phylogenetic groups. To this end, Pearson’s correlation was calculated for sets of probes 
corresponding to the different phylogenetic groups.

Results 

Design of the PITChip 
To allow for the high-throughput and comprehensive profiling of microbiota residing in the GI 
tract of pigs, the Pig Intestinal Tract Chip (PITChip) was developed using a generic strategy 
previously reported for the design of the Human Intestinal Tract Chip (HITChip) [24]. A pig GI 
tract-specific SSU rRNA sequence database was established, comprising approximately 1100 
SSU rRNA gene sequences previously retrieved from pig intestinal samples, or corresponding 
to isolates obtained from this environment. These sequences were used to construct a consensus 
tree that was evaluated by maximum-parsimony and distance matrix analyses with the respective 
ARB tools ([25]; Fig. 1). 
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The distance matrix analyses allowed us to group all sequences into a non-redundant set 
of 627 unique phylotypes based on a threshold of 98% sequence identity. A detailed analysis 
of the redundancy of the corresponding variable regions of the 16S rRNA gene showed that 
regions V1, V2 and V6 had the highest number of unique sequences (> 90%; Table 1). From 
these, the V1 and V6 regions were selected for the design of oligonucleotide probes. To this 
end, variable region sequences, which ranged from 41 to 56 nucleotides in length, were divided 
in 3 overlapping segments of 24 nucleotides, yielding six probes for each of the 627 OTUs. 
This resulted in a total of 3762 probes with melting temperatures (Tm) predicted to range 
between 44.2ºC and 76ºC (Fig. 2A). In order to further homogenize the hybridization behavior 
of the probes, their length was adjusted by addition or removal of nucleotides (maximum six) 
at either end to maximize the number of probes falling in a narrow Tm range of  60.9 ± 2.5°C, 
which is in the range of predicted error of the algorithm used for Tm prediction [51]. After this 
optimization, the Tm of 99% of the probes was within the desired limits (Fig. 2B). 

Figure 1. SSU rRNA-based phylogenetic tree of the unique phylotypes found in the pig gastrointestinal tract. 
Numbers of distinct phylotypes are given for each phylum.
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Subsequently, the complete set of 3762 probes was checked for probe redundancy, as it has 
been shown previously for the HITChip that closely related phylotypes share at least to some 
extent identical probes [24] . This resulted in a final, non-redundant, set of 2985 probes that 
were printed in quadruplicate on Agilent microarrays of the 8×15K custom array format. 

From the 627 phylotypes, the phyla with the highest number of OTUs were the Firmicutes 
with 401 different sequences (64% of the total number), followed by the Proteobacteria (105 
OTUs, 17%), Bacteroidetes (65 OTUs, 10%) and the Actinobacteria with 37 unique sequences 
(6%). 

Technical reproducibility is essential for the generation of robust data, especially when 
applying high-throughput analysis tools such as the PITChip diagnostic microarray. Therefore, 
the reproducibility of PITChip experimentation with respect to microarray hybridization, in 
vitro transcription and labeling was tested. The reproducibility values obtained were 0.97 both 

Figure 2. Distribution of melting temperatures of probes predicted using the nearest neighbor algorithm described 
by SantaLucia [27] with 0.5M as sodium ion concentration. A) Initial situation where 41.1% of the probes have a 
Tm in the range 58.4 to 63.4 (60.9 ± 2.5) °C. B) Predicted melting temperatures after iterative adjustment of probe 
length. 99% of the probes’ melting temperatures are in the range 58.4 to 63.4 (60.9 ± 2.5) °C.

B

A
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for different hybridizations and for different labeling reactions and 0.99 for different in vitro 
transcriptions (Fig. 3). Moreover, the median reproducibility of 147 samples analyzed was 
0.992 (data not shown).

A B

C
Figure 3. Correlation of PITChip hybridization 
signals obtained with different in vitro 
transcriptions (A; Pearson’s correlation = 0.99), 
different hybridizations (B; Pearson’s correlation 
= 0.97) and different labeling reactions (C; 
Pearson’s correlation = 0.97). 

Comparison of the PITChip with 454 pyrosequencing and quantitative PCR
In order to benchmark PITChip performance, microbiota profiles generated by array analysis 
were compared to those obtained by pyrosequencing of PCR-amplified 16S rRNA gene 
fragments as well as 16S rRNA gene-targeted qPCR of selected groups. The samples used for 
this comparison were colon digesta from 3 different piglets that received a sodium butyrate 
supplementation during the suckling period (Chapter 6).

PITChip analysis resulted in the summed hybridization signal data of 144 level 2 
taxonomic groups, of 27 level 1 groups and of 10 level 0 groups, and data on the hybridization 
signal for each probe. Pyrosequencing analysis yielded in total 15,558 sequences with an 
average of 5,186 sequences per colon sample. After quality filtering approximately 50% of 
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the sequences remained, with an average length of 218, 221 and 235 nt in the three samples, 
respectively (Table 3). At 0.02 distance level, the number of observed OTUs per sample ranged 
from 694 to 938. The total species richness, as estimated by Chao1 and ACE, ranged from 1242 
to 1499 and 1203 to 1481 OTUs, respectively.

Table 3. Characteristics of the sequences obtained by pyrosequencing, before (upper table) and after (lower table) 
quality filtering.

The modified RDP classifier was used to assign sequences that passed quality filtering 
to the 144 different level 2 taxonomic groups and higher phylogenetic levels. The resulting 
classification summary was used to construct a plot to correlate PITChip probe intensities 
with pyrosequencing reads at two taxonomic ranks, namely genus level and class level. This 
revealed satisfying agreement of the two approaches, especially at class level, with a Pearson’s 
correlation of 0.7 (Fig. 4). In contrast, correlation at higher phylogenetic resolution was less 
pronounced, mostly due to the higher number of phylogenetic groups detected by the PITChip, 
probably indicating a higher dynamic range of this tool as compared to pyrosequencing at the 
sequencing depth used in this study.

The RDP data was used as well to generate microbial profiles (data not shown). Relative 
contribution was calculated of level 1 groups in the microbiota profiles generated by the PITChip 
(samples PITChip 1, PITChip 2 and PITChip 3) and by 454 titanium pyrosequencing (samples 
Pyroseq 1, Pyroseq 2 and Pyroseq 3). In general, PITChip profiles were more diverse than those 
generated by pyrosequencing, indicating a higher depth of analysis (Table 4). Moreover, several 
predominant groups of the profiles seemed to have different weight depending on the technique. 
For example, both Bacteroidetes and Bacilli seemed more predominant in the pyrosequencing 
profiles than in the PITChip data. On the other hand Clostridium cluster IV appeared to be more 
abundant in the PITChip profiles while Clostridium cluster XIVa was comparable between 
profiles. Groups like Clostridium cluster XIVb and Gammaproteobacteria did not appear or 
with very low relative abundance in the pyrosequencing profiles.
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It was observed that in the PITChip profiles of the three samples used for the benchmarking, 
the Proteobacteria group was significantly higher (p = 0.05) than the Bacteroidetes, but this 
was not the case in the pyrosequencing profiles. The Actinobacteria were also one of the 
predominant groups in the PITChip profiles and both the Proteobacteria and the Actinobacteria 
were significantly (p ≤ 0.001) higher with the PITChip analysis than with the sequencing 
analysis (data not shown).  

Figure 4. Comparisons of ratios of PITChip spot intensities and number of pyrosequencing reads for two taxonomic 
ranks, class- and genus level. The average Pearson’s correlations are shown for each rank.
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Subsequently, the relative abundances of microbial groups observed based on PITChip 
and pyrosequencing analyses were in several cases compared to those obtained by group-specific 
qPCR, focusing on specific groups including Firmicutes, Bacteroidetes and Bifidobacterium. 
Average relative abundances of Firmicutes and Bacteroidetes were not significantly different 
between either of the three techniques (Fig. 5).  Only for the level 2 group Bifidobacterium a 
statistically significantly higher (p = 0.001) relative abundance was found with the PITChip as 
compared to the other two approaches, albeit at a relatively low level of abundance, suggesting 
superior sensitivity of the microarray tool (Fig. 5). 

Table 4. Comparison of Simpson’s index of diversity for samples analyzed both by the PITChip and by 
pyrosequencing.

Figure 5. Comparison of the relative contribution of three different microbial groups obtained using PITChip, 
pyrosequencing and qPCR techniques. The average of PITChip relative contributions for the Bifidobacterium is 
significantly higher than observed by pyrosequencing or qPCR (** indicates that the difference is significant, with 
a p-value of 0.001). 
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Application of the PITChip: analysis of piglet digesta samples
In order to demonstrate the ability of the PITChip to provide high-resolution data on the effect of 
dietary treatments on pig intestinal microbiota, ileal and colonic digesta samples were analyzed 
from a total of 18 piglets that were included in an animal experiment testing the influence 
of different organic acidifiers. A first redundancy analysis of the microbial composition data 
obtained with the PITChip was performed projecting the summed hybridization signals of 
144 phylogenetic groups on the first two RDA axes that had the highest explanatory potential, 
accounting for 29.5% and 6.1% of the total variance in the microbiota profiles, respectively. 
This revealed that both the sampling site and the addition of a mix of organic acids (OA1 or 
OA2) to the diet after weaning had a significant effect (p < 0.05) on the microbial composition 
as compared to the control diet (Fig. 6A). In order to focus only on the effect of the treatment, 
a subsequent analysis was done treating sampling site, i.e. distal ileum and proximal colon, as 
co-variables (Fig. 6B). In this second redundancy analysis, separation of samples taken from 
animals given one of either organic acid mixes and those from control animals was mostly along 
the first RDA axis, with a significant difference between organic acid treatments and control 
(p = 0.014). Furthermore, although samples from the two organic acids mixtures clustered 
separately, their difference was not found significant (p = 0.26). Co-variables ileum/colon 
explained 19% of the variation on the data.

In order to identify the bacterial groups responsible for the separate clustering of control 
piglets and treatment piglets, the summed hybridization signals of each of the 144 level 2 groups 
were subjected to a Student’s T test, comparing each of the treatment groups (OA1 and OA2) 
with the control group (Table 5). 

Interestingly, all the observed changes corresponded to an increase in the hybridization 
signals in one or both of the treatment groups. In the distal ileum the hybridization intensity 
of several microbial groups showed a significant change when piglets received organic acid 
mix OA2. These groups included mainly members of the Bacteroidetes phylum, in addition 
to Mucispirillum schaedleri- and Sphingobacterium thalpophilum-like organisms within the 
Deferribacteres and Sphingobacteria. Organic acids mix 1 (OA1) also caused a significant 
increase in several groups, which were, however, distributed over a broader range of phyla than 
with OA2, belonging to the Bacteroidetes, Proteobacteria, Spirochaetes and Sphingobacteria. 
In the proximal colon the microbiota composition seemed more stable, showing a significant 
increase in only a limited number of microbial groups when the organic acids were added in the 
diet (Table 5). 

Simpson’s reciprocal index of diversity indicated that the microbial composition of 
treated piglets appeared to be more diverse than the one of the control piglets, but this difference 
was not significant (data not shown). As it could be expected, colon microbial diversity was 
higher than ileum microbial diversity (187.5 ± 31.9 versus 143.3 ± 21.3). 

In order to globally compare overall microbiota profiles of the treated groups and the 
control group, as well as at class-level (i.e. level 1), pair-wise similarities were calculated using 
Pearson’s correlation. This analysis revealed that total microbiota profiles of the control subjects 
and those receiving OA1 showed a higher similarity (90.3 ± 3.07%), but not significant, than 
the profiles from pigs receiving OA2 (89.3 ± 3.37%) in the distal ileum (Fig. 7A). A similar 
trend was observed for the proximal colon samples (87.1 ± 4.78% between control and OA1 
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and 84.2 ± 5.58% between control and OA2; Fig. 7B). Similarities of the microbial profiles of 
the two treatments were in the same range, and amounted to 90.4 ± 3.35% and 86.8 ± 3.89% for 
distal ileum and proximal colon, respectively. Similarities within the treatment groups were 91 
± 1.31%, 91.2 ± 0.92% and 90.6 ± 0.77% for the control, OA1 and OA2 groups respectively, 
for the distal ileum, and 87.3 ± 4.87%, 89.3 ± 3.22% and 85.5 ± 2.43% for the same treatment 
groups for the proximal colon.  

Figure 6. RDA triplots of the 
microbiota composition in ileal 
and colonic digesta samples of 
piglets receiving a control diet 
(●), piglets receiving either mix 
of organic acids 1 (OA1, ■) or 
mix of organic acids 2 (OA2, ◊), 
expressed as the summed hybrid-
ization signal of 144 phyloge-
netic groups (level 2). In A, both 
sampling sites (ileum, colon) and 
treatments (control, OA1 and 
OA2) are treated as nominal vari-
ables represented by centroids 
(▲). In B, sampling sites are 
treated as co-variables and treat-
ments as nominal variables. In 
both plots microbial groups con-
tributing at least 60% and 29%, 
respectively, to the explanatory 
axes are represented as vectors, 
and the nominal environmental 
variables (treatments: OA1, OA2 
and control) are represented by 
centroids (▲). Percentage values 
at the axes indicate contribution 
of the principal components to 
the explanation of the total vari-
ance of the species in the data-
set. Co-variables ileum/colon 
explained 19% of the variation. 
Monte Carlo permutation test in-
dicated that the control diet had a 
significant effect on the variation 
of microbiota composition with a 
p-value of 0.014.

A

B
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Furthermore, we calculated Pearson’s correlation for those different level 1 groups, for 
which significant changes were observed at level 2 with the addition of the organic acids, for 
both sampling sites (Fig. 7A and 7B). This analysis indicated that in the ileum, profiles of 
Betaproteobacteria, Deferribacteres, Epsilonproteobacteria and Spirochaetes in the treated 
pigs were very similar to those in the control pigs (> 95%; Fig. 6A). In contrast, ileal profiles 
within the Bacteroidetes and Sphingobacteria had lower similarity between the treatment and 
the control pigs (≤ 90%; Fig. 7A). In the proximal colon, changes in profiles of Epsilon- and 
Gammaproteobacteria, Flavobacteria, and Sphingobacteria and Bacilli were only minor (> 
91%), whereas the profiles of Clostridium cluster IX had a lower similarity with the control 
group (< 89%; Fig. 7B), albeit not significant. 

Table 5. SSU rRNA-based groups for which the hybridization signals were found to be significantly different 
between samples from piglets that were fed a control diet and samples from piglets receiving one of two mixes 
of organic acids (OA1 and OA2). The p-values were calculated in comparison to the control and using the sum 
of intensities (hybridization signals) of 144 level 2 phylogenetic groups. All significant changes are indicated in 
bold and corresponded to an increase in relative abundance due to the organic acid treatment. 
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Figure 7. Similarity of the microbial profiles between the control piglets and those of one of the two treatment 
groups: OA1 (filled bars) and OA2 (empty bars). Similarity in the distal ileum (A) was calculated for the total 
microbiota, Bacteroidetes, Betaproteobacteria, Deferribacteres, Epsilonproteobacteria, Sphingobacteria and 
Spirochaetes; in the proximal colon (B) similarities were calculated for total microbiota, Bacilli, Clostridium 
cluster IX, Epsilonproteobacteria, Flavobacteria, Gammaproteobacteria and Sphingobacteria. 

A

B
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Discussion

The high complexity of microbial ecosystems and the low coverage of culture-dependent 
methods have increased the need of more comprehensive molecular techniques to study 
compositional dynamics of GI tract-associated microbiota and their interactions with the host. 
During the last years several high-throughput probe design strategies have been reported for 
the development of diagnostic microarray platforms based on 16S rRNA sequences [18, 52-55]. 
However, none of them had the capacity to target all of the more than one million SSU rRNA 
gene sequences present in today’s databases (http://www.arb-silva.de), showing the necessity 
for a design of ecosystem-specific phylogenetic microarrays, like the PITChip. In the pig GI 
tract database created in ARB, unique phylotypes were defined as groups of sequences that 
have a sequence similarity of 98% or less with any other SSU rRNA sequence in the database. 
A cut-off of 98-99% identity is used commonly [56-58] to delimit species, although this value 
is somewhat arbitrary and has a major effect on the obtained diversity. 

Benchmarking of PITChip profiling of porcine intestinal microbiota
Pigs are known for being very similar to humans with respect to the anatomy, physiology and 
metabolism of the digestive system, being a valuable biomedical model [59]. As in humans, the 
pig large intestine is an extremely densely populated microbial ecosystem, with total counts of 
more than 1011- 1012 CFU/g digesta in the large intestine [12]. Moreover, the gut microbiota of 
pigs mainly consists of members of the Firmicutes and Bacteroidetes divisions [2], as has been 
found also for mice and humans (more than 90% of all phylogenetic types) [56, 60, 61]. 

In our microarray analysis, Firmicutes dominated in the 3 colon samples with 
approximately 53% of the total signal (Fig. 5). Contrary to what was found by pyrosequencing, 
the Proteobacteria were the second most abundant group in all samples, detected at higher 
relative abundance than Bacteroidetes. This is in disagreement with other studies, which found 
that Firmicutes and Bacteroidetes are the most predominant bacterial groups in the intestinal 
tract of mammals [2, 56, 61]. In a molecular study of human intestinal microbiota, Wang and 
co-workers reported as well higher numbers of Proteobacteria than of Bacteroidetes, albeit 
only for one subject, which probably was related to a pathology [62]. Furthermore, relative 
abundance of Proteobacteria observed in this study was in line with values previously published 
for the pig GI tract [2]. Although PITChip analysis showed lower contribution (not significant) 
of Bacteroidetes (11%) as compared to pyrosequencing and qPCR (19% and 20% respectively), 
the value was consistent to what was found in other studies in pigs [2, 40]. Interestingly, this 
proportion is lower than that of Bacteroidetes found in humans [60] and mice [63] (20-40%). 

Bifidobacterium levels described previously for the porcine GI tract, though always 
low, are very variable and range between 0 and 109 CFU/g [64-66]. Therefore, even though 
significant differences in Bifidobacterium levels were detected by PITChip analysis (0.4%) as 
compared to those found by qPCR and pyrosequencing (0.1% and 0%, respectively), all values 
are well within the range of those commonly found in the porcine GI tract.

The PITChip used as a high-throughput analysis tool 
Because of the ban on the use of antibiotics in animal production in the last years other possible 
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solutions are being studied. Acidifiers seem to be one of the most promising alternatives to 
replace antibiotics in post-weaning pig diets because of the large body of evidence regarding 
their positive effects [67-69].

In the present pilot experiment, PITChip analysis of distal ileum and proximal colon 
samples from piglets fed with diets supplemented with two different mixes of organic acids during 
three weeks after weaning, indicated that there was a significant effect of the supplementation on 
the microbial community as revealed by multivariate analysis. Observed hybridization signals 
were significantly higher in animals receiving the organic acid supplement for mainly members 
of the Bacteroidetes but also Firmicutes, Proteobacteria, Deferribacteres, Spirochaetes and 
Sphingobacteria. In previous studies it has been reported that the addition of organic acids had 
beneficial effects on piglet microbiota, reducing the numbers of pathogenic bacteria [67, 70] 
and increasing the number of some beneficial populations including Lactobacillus species [71, 
72]. This is consistent with our results that showed an increase of Lactobacillus gasseri related 
species. However, we also observed a significant increase in potentially pathogenic bacteria, 
like Campylobacter related species [73]. The fact that most of the phylotypes that increased 
with the addition of the organic acids belonged to the Bacteroidetes could also indicate a 
beneficial effect of the organic acid treatment, as Bacteroidetes is one of the predominant 
microbial groups in healthy pigs [2, 40]. The increase in populations related to the acid-utilizing 
Mitsiokella multiacida has been reported before when acidifiers were added to the diet [74]. On 
the other hand, Bacteroides fragilis is a major microbial factor, together with other members 
of the microbiota in the production of mixed infections [75, 76]. The results of the PITChip 
analysis also confirmed the fact that the microbial diversity in the colon is significantly higher 
than in the ileum [7, 77].

The work described in this chapter presents the successful development of a high-
throughput tool for the comprehensive analysis of pig GI tract microbiota. Diagnostic microarrays 
such as the PITChip are tools that only provide identification of those microorganisms in 
environmental samples for which specific probes can be designed based on present knowledge, 
reinforcing the need for a high-quality and comprehensive, probe target sequence database [78]. 
To this end, the non-redundant database of pig-associated microbiota generated in the present 
study provided the necessary basis for the development of the PITChip, allowing a fast and 
high-resolution fingerprinting of pig gastrointestinal samples. The PITChip allows studying 
the effect of different parameters on gut microbiota composition, including inter-individual 
variation, amplitude and direction of spatio-temporal dynamics of porcine microbiota in 
response to different dietary treatments. A first application of the PITChip in comparing the 
microbiota from piglets fed with diets with different organic acids additives showed significant 
differences and supported previous studies with respect to the effect of acidifiers on piglet 
intestinal microbiota.
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Abstract

A standard diet (control substrate) was incubated in vitro together with feces of weaning 
piglets, supplemented with 23 different PENS at different concentrations. Microbiota dynamics 
was analyzed using 16S ribosomal RNA gene-targeted DGGE and PITChip (Pig Intestinal 
Tract microarray) profiling, and fermentation parameters and metabolites were measured. An 
oregano oil water-soluble extract had a significant effect on fermentation characteristics and 
microbiota composition. Cumulative gas production, organic matter loss and maximum rate of 
gas production were lower. Halftime of gas production was delayed and ammonia (p < 0.05) 
and total volatile fatty acid concentration decreased. Oregano oil water-soluble extract lowered 
overall microbiota diversity and relative abundance of members of Clostridium clusters IV 
and XIVa species but increased the relative abundance of Bacilli and Actinobacteria groups. 
In most cases, no significant effect of PENS was observed when included in the diet at doses 
commonly used in animal production. This study reports the use of two unique techniques 
(cumulative gas production technique and PITChip) and provides information on fermentation 
characteristics and effect on fecal microbiota of plant extracts and natural substances. This data, 
in combination with in vivo experiments, is essential for the optimization of dietary strategies 
involving these plant extracts and natural substances. 
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Introduction

The gastrointestinal tract (GI) tract of pigs hosts complex microbial communities of commensal 
and potentially pathogenic species, predominantly comprising facultative and strictly anaerobic 
microorganisms. These bacterial communities ferment both the ingested feed as well as 
components secreted by the host into the GI tract. A variety of host-related and environmental 
factors (e.g. stress, age) and diet, as main source of substrates for metabolism, can modulate 
bacterial interactions [1] and cause changes in microbiota composition and activity. Furthermore, 
the autochthonous and non-pathogenic microbiota of the GI tract is considered to be one of the 
body’s important natural defenses against potential pathogens, which is generally referred to as 
“colonization resistance” [2]. 

Bacterial colonization of the GI tract of neonatal piglets leads to the establishment of a 
stable microbiota during the suckling period. However, the introduction of solid food at the time 
of weaning causes important shifts in microbiota composition [3]. The weaning is a difficult 
period for piglets due to the experience of important changes in their lives: the separation from 
the mother, mixing with pigs from other litters in a new environment and the introduction 
of a less digestible solid diet. Moreover, weaning at an early age, which is common practice 
in commercial swine production, increases the general level of stress leading to diarrhea and 
growth reduction [4]. During the last decades, antimicrobial compounds have been used to 
enhance growth and suppress the activity of the gut microbiota in weaning pigs [5]. However, 
the appearance of antibiotic resistance in human commensal bacteria [6] motivated a full ban 
of these additives in the European Union from January 2006, and has triggered the search for 
alternative strategies. One of these strategies is the stimulation of the autochthonous microbiota 
to reinforce the colonization resistance, by prebiotics, probiotics and synbiotics [7-10].   

Plant extracts and natural substances (PENS) have become an alternative to replace 
antibiotics in piglets’ diets because of their potential benefits in animal and human health [11-
13]. It can be expected that these PENS will have a differential effect on the host depending 
on their mode of action, including their fermentability by intestinal microbiota. To allow for 
the simultaneous evaluation of many compounds, an in vitro screening assessment should be 
carried out that at the same time is indicative of what could happen in vivo [14]. In theory, 
highly fermentable substances are fermented in the proximal GI tract, less rapidly fermentable 
substances are fermented in the distal GI tract, whereas non-fermentable PENS will be excreted 
in the fecal matter [15] and/or taken up by the epithelium. Therefore, before implementing these 
additives in dietary strategies, it is necessary to assess and combine both in vitro and in vivo 
screening assays in order to evaluate the composition and activity of the indigenous microbiota 
present along the GI tract towards PENS. 

To complement analyses assessing the effect of PENS on epithelial cell membrane 
damage induced by enterotoxigenic Escherichia coli K88 in an in vitro pig intestinal cell model 
[16], the present work aimed to test a selection of PENS for their effect on in vitro fermentation 
kinetics (as an additive to a common control substrate), but also to study the effects of these 
dietary components on bacterial community composition. The effects of PENS addition to a 
substrate were tested in an in vitro batch culture system (cumulative gas production technique) 
using piglet feces as an inoculum [17]. A subset of samples was selected based on a significant 
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effect of PENS on fermentation characteristics and on their predicted effect on host and/or 
microbiota. These samples were analyzed for the effect of PENS on bacterial composition. 
For this purpose, molecular approaches were used based on PCR-amplified 16S ribosomal 
RNA (rRNA) gene fragments that were fingerprinted by DGGE (denaturing gradient gel 
electrophoresis) and phylogenetic microarray (Pig Intestinal Tract Chip) analysis. 

Materials and methods

Animals, housing and dietary treatment
Eighteen piglets were selected from four different litters. Healthy individuals were selected 
for uniformity and on the basis of body weight (minimum BW was 8 kg at weaning). After 
weaning, at 26 days, animals were placed into one pen and were allowed to adapt to their diets 
for an 11-days period before fecal samples were collected. The animals received a barley- and 
wheat-based diet (defined as EU-reference diet for studies in the framework of the European 
Feed for Pig Health project) in the form of a meal and had unlimited access to water. The main 
dietary ingredients are summarized in Table 1. Handling of animals and experimental layout 
were approved by the ethical committee of Wageningen University and Research Centre, and 
were executed in accordance with the Dutch legislation on the use of experimental animals.

                                              Table 1. Feed composition of the EU-reference diet 
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Sampling and preparation of inoculum
Handling of samples and preparation of inoculum was done as described before [18], however a 
description is given in this section. Fresh fecal samples were obtained from individual animals 
via rectal stimulation at day 11 post-weaning. Samples were directly placed into screw top flasks 
pre-flushed with CO2, and kept on ice during transportation. Fecal samples from individual 
animals were pooled in a glass beaker (continuously flushed with CO2) and a pre-warmed saline 
solution was added (dilution factor 1:10 w/w). This material was homogenized for 60 sec using 
a hand-mixer and filtered over two layers of cheese cloth. The resulting suspension was used 
to inoculate the fermentation batches. After inoculation of all bottles, the remainder of the 
inoculum was sampled for dry matter (DM), organic matter (OM), volatile fatty acids (VFA), 
ammonia (NH3), lactate and microbiological analyses. The characteristics of the inoculum are 
summarized in Table 2.

           Table 2. Key characteristics of the fecal inoculum used in the successive runs.*

Preparation of substrates
In this experiment 24 PENS were tested as additives to the EU-reference diet. All additives 
were tested at different levels of inclusion, according to their presumed efficacy levels in the 
feed (Table 3). 

The different PENS used in this trial were classified into two groups. A series of 11 PENS 
were included for their known fermentable properties, whereas 13 PENS were included for their 
reported microbiota-modulating properties. Mannuronic block, laminaran, oligo-laminaran, 
xylan and oligo-xylan are dietary fiber sources isolated from seaweed, which have potential 
prebiotic properties. Soycomil, a soy based protein extract used in weaning pigs diets, could, in 
addition to contain fermentable proteins, have a modulating effect on the intestinal microbiota 
through the isoflavones present in soy protein [45]. Carob pulp is obtained from the seed pods of 
the carob tree (Ceratonia siliqua) and contains in addition to insoluble and soluble fibers some 
polyphenolic compounds (e.g. gallic acid, gallotannins, flavonol glycosides) [46]. Raftilose P95 
and Topinambur 40 are fructan polymers derived from roots of the chicory (Chicorium intybus) 
and the Jerusalem artichoke (Helianthus tuberosus), respectively. Citrus pulp, an industrial 
by-product, contains next to dietary fiber also some polyphenolic and flavonoid components 

* Fermentation end metabolites in mmol/l diluted pooled inocula, DM = dry matter, OM = organic matter, TVFA = 
sum of branched and unbranched volatile fatty acids; NH3 = ammonia; 1 Molar proportions in % of TVFA; Acetate 
(AP), propionate (PP), butyrate (BP) and branched chain fatty acids (BCP = ibutyrate + ivalerate/ TVFA).
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with potential antimicrobial effects [27]. With respect to the non-fermentable PENS, a range of 
essential oils and other natural compounds were included for their potential effects on microbial 
activity. For one of these products, oregano oil, three different preparations were included in 
this study, namely oregano oil of either Mediterranean or Dutch origin, as well as an aqueous 
extract, to evaluate the potential effect of source and extraction on biological activity.

Table 3. Summary of PENS tested, their inclusion levels, their mode of action as reported in literature with 
reference between parentheses, and the provider.

*D= Dutch type; M= Mediterranean type; W= water-soluble extract. †SFR = Schothorst Feed Research, Lelystad, 
NL; CEVA = French Regional Technical Centre for Seaweed Valorisation, FR; IRTA = Institute for Food and 
Agricultural Research and Technology, Reus, ES; FBN = Research Institute for Biology of Farm Animals, 
Dummerstorf, DE; ANU/MIB = Animal Nutrition Group & Laboratory of Microbiology, Wageningen University, 
Wageningen, NL; Langley = University of Bristol, Bristol, UK; ASG=Animal Sciences Group, Wageningen 
University and research Centre, Lelystad, NL; 
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Per PENS-concentration three replicate bottles were included in the in vitro run. 
The EU-reference diet without any additive was used as the negative control. The antibiotic 
avilamycin was added to the EU-reference diet at an inclusion level of 40 mg/kg as a positive 
control. Substrate and additives were weighed into the bottles, and a vitamin/mineral, sodium-
bicarbonate based buffer solution [18] was added. Before inoculation, bottles were pre-warmed 
at 38°C. 

Cumulative gas production
Once inoculated, the bottles were incubated for a 72-h period after which cumulative gas 
production was measured manually [18]. A modified bi-phasic Michaelis-Menten equation was 
fitted to the gas production profiles [47]. In addition, the maximum rate of gas production 
(Rmax), the time at which this rate is reached (Tmax) and the time at which 50% of the asymptotic 
gas production is reached (halftime, T1/2)  were calculated [29].

Fermentation end-products 
At the end of the fermentation process, the pH of the fermentation fluids was recorded and 
samples were taken for VFA (in vials containing 0.75 ml of a stock solution composed of 25 
ml of 85% ortho-phosphoric acid dissolved in 200 ml Millipore and 300 ml of a 4 g/l 2-methyl 
valeric acid solution), NH3 (in vials containing 0.75 ml of a 10% trichloroacetic acid solution) 
and molecular microbiological analyses. Vials were stored at -20°C for further analysis (in case 
of microbiological samples vials were store at -80°C). Organic matter loss (OM Loss) was 
determined by filtration of fermentation fluids through sintered glass filter crucibles (Schott 
Duran, porosity #2, Mainz, Germany) and subsequent drying (103°C) and ashing (530°C) of 
the residual unfermented substrate.

Chemical analyses 
VFA produced was analyzed by gas chromatography (GC; Fisons HRGC Mega 2, CE 
Instruments, Milan, Italy) with a split / split-less injector operated in split mode (split ratio 1:10) 
and fitted to a flame ionization detector (FID), using a capillary column (EC-1000, Alltech; 
30 m, i.d. 0.53 mm, film thickness 1.00 μm) with helium as carrier gas (50 kPa pressure). The 
starting temperature of the column was set at 110°C for two minutes followed by an 18°C/min 
increase to 200°C that was maintained for 1 min. 2-methylvaleric acid was included as internal 
standard. Ammonia was determined according to the method described by Houdijk et al [48]. 
In short, supernatants were deproteinized using 10% trichloroacetic acid. Ammonia forms a 
blue complex with phenol and hypochlorite in an alkaline environment, which was measured 
colorimetrically at 623 nm using a UV spectrophotometer (Beckman-Coulter DU 64, Fullerton, 
USA).

Statistical analysis of in vitro gas production data
Fermentation kinetic parameters and fermentation end-products were measured for the effects 
of PENS when added to a control substrate at different levels (Equation 1) using the GLM 
procedure of SAS 9.1 (SAS Institute Inc.). 
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 Y = µ + Li (Pk) + εijkl (1)

Y is the dependent variable, µ the overall mean, Li (Pk) is the level of PENS inclusion (L) nested 
within PENS (P) and εijkl is the error term. Differences between the main effects were analyzed 
using Tukey-Kramer’s multiple comparison procedure in the LSMEANS statement in SAS.

DNA isolation
DNA isolation from in vitro incubated samples was done using the Fast DNA Spin Kit (Qbiogene, 
Inc, Carlsbad, CA, USA). Prior to DNA extraction, the samples were centrifuged and 0.2 g of 
pellet were taken and processed using the kit mentioned above. Quality and amount of extracted 
DNA were assessed by agarose gel electrophoresis in the presence of ethidium bromide.

PCR and DGGE analysis
Universal primers S-D-Bact-0968-a-S-GC and S-D-Bact-1401-a-A-17 (Table 4) were used to 
amplify the V6 to V8 regions of the bacterial 16S rRNA gene. PCRs were performed using a 
GoTaq® DNA Polymerase kit from Promega (Madison, WI, USA.). Each PCR mixture (50 ml) 
contained 1.25 U of GoTaq® DNA polymerase, Green GoTaq® reaction buffer containing 1.5 
mmol/l MgCl2, 0.2 mmol/l of each deoxynucleoside triphosphate, 0.2 mmol/l of the primers, 
1 ml of DNA solution (~1 ng/ml) and UV-sterilized water. The samples were amplified in a 
thermocycler T1 (Whatman Biometra, Göttingen, Germany) using the following program: pre-
denaturation at 94°C for 5 min, 35 cycles of denaturation at 94°C for 30 sec, annealing at 56°C 
for 20 sec, extension at 68°C for 40 sec and final extension at 68°C for 7 min. The size of the 
PCR products was checked by electrophoresis on a 1% (w/v) agarose gel containing ethidium 
bromide. DNA concentration was determined with a NanoDrop ND-1000 spectrophotometer 
(NanoDrop® Technologies, Wilmington, DE, USA).

To study the Lactobacillus-specific GI tract community, Lac1/Lac2 primers were used 
(Table 4). The cycling conditions were as described above.

The PCR amplicons were separated by DGGE according to the specifications of Heilig et 
al. [52] using a Dcode TM system (Bio-Rad Laboratories, Hercules, CA, USA). Electrophoresis 
was performed in an 8% (v/v) polyacrylamide gel (37.5:1 acrylamide-bisacrylamide and 
dimensions: 200 by 200 by 1 mm) and 0.5× Tris-acetate-EDTA (TAE) (pH 8) buffer. The gels 
were prepared using a gradient maker and a pump (Econopump; Bio-Rad Laboratories). The 
denaturing gradient used was 30-60% for both total bacterial and Lactobacillus-group specific 
PCR products. Electrophoresis was done for 16 h at 85 V in 0.5× TAE buffer at a constant 
temperature of 60°C, and gels were stained with AgNO3 as described before [53], scanned 
at 400 dpi and analyzed using Bionumerics software package version 4.5 (Applied MathS, 
Kortrijk, Belgium). 
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PITChip analysis
Phylogenetic analysis of incubated samples was done using the Pig Intestinal Tract Chip 
(PITChip, Chapter 3). This is a phylogenetic microarray with more than 2900 oligonucleotides 
based on 16S rRNA gene sequences targeting over 627 porcine intestinal microbial phylotypes 
[54]. The protocol for hybridization and analysis of the generated data was essentially performed 
as described before for the HITChip (Human Intestinal Tract chip) [55]. 

PCR: The 16S rRNA gene was amplified using the primers T7prom-Bact-27-for and Uni-1492-
rev (Table 4). For each reaction 10 ng of DNA samples was used as a template in a final volume 
of 50 ml. Samples were denatured at 94°C for 2 min followed by 35 cycles of 94°C (30 sec), 
52°C (40 sec), 72°C (90 sec) and a final extension at 72°C for 7 min. After purification of the 
PCR products (High Pure PCR Cleanup Micro Kit, Roche Diagnostics GmbH, Mannheim, 
Germany) the DNA concentration was measured using a NanoDrop spectrophotometer. 

RNA production and labeling: In vitro transcription of the 16S rRNA gene amplicons carrying 
the T7-promoter was performed using the Riboprobe System (Promega, La Jolla, USA). For 
the reaction in the presence of rATP, rGTP, rCTP and a 1:1 mix of rUTP and aminoallyl-rUTP 
(Ambion, Austin, TX, USA), 500 ng of the PCR product were used. The transcription reaction 
was incubated at room temperature for two hours, followed by digestion with Qiagen RNAse-
free DNAse (Qiagen, Hilden, Germany) to remove remaining DNA. RNA was purified (RNeasy 
Mini-Elute Kit, Qiagen, Hilden, Germany) and the concentration was determined using a 
NanoDrop spectrophotometer. RNA samples containing modified amino-allyl nucleotides were 
coupled with CyDye using the Post-Labeling Reactive Dye (Amersham Biosciences, Little 
Chalfont, UK) dissolved in DMSO to a final concentration of 0.5 nmol/ml. For the labeling 
reaction 20 µl of CyDye were added to 2 mg of purified RNA and 25 mmol/l of sodium 

Table 4. DNA oligonucleotides primers used in this study.
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bicarbonate buffer (pH 8.7) in a final volume of 40 ml. Samples were incubated during 90 min, 
in the dark and at room temperature. After this time the reaction was stopped by adding 15 ml 
of 4 mol/l hydroxyl-amine and incubating in the dark for 15 min. RNAse-free water was added 
to 100 ml and the labeled RNA was quantified.

Hybridization: Microarrays synthesized by Agilent Technologies (Agilent Technologies, Palo 
Alto, CA, USA) in 8×15K format were used for hybridization with two samples, labeled with 
Cy3 and Cy5, respectively. The Cy3/Cy5-labeled target mixtures were fragmented with 10× 
fragmentation reagent (Ambion, Austin, TX, USA). Hybridization on the arrays was performed 
essentially as described previously [55] at 62.5°C for 16 h in a rotation oven (Agilent). Slides 
were washed at room temperature in 2× SSC with 0.3% SDS for 10 min, followed by 0.1× SSC 
with 0.3% SDS at 38°C for 10 min and 0.06× SSPE for 5 min [56]. 

Data extraction: Data was extracted from microarray images using the Agilent Feature 
Extraction software, version 9.1. Data normalization and the further microarray analysis were 
performed using a set of R based scripts (http://r-project.org) in combination with a custom 
designed relational database, which runs under the MySQL database management system  
(http://www.mysql.com) [54, 55]. 

Statistical analysis of microbial fingerprints
Similarities between DGGE profiles were determined by calculating the similarity indices of 
the corresponding densitometric curves using the Pearson’s product moment correlation [57]. 
The UPGMA algorithm was used as implemented in the Bionumerics analysis software for 
the construction of dendograms. Similarity of the total microbiota composition based on the 
PITChip profiles was assessed as well by calculating Pearson’s product moment correlation that 
reflects the degree of linear relationship between analyzed data sets. Ward’s minimum variance 
method was used for the generation of hierarchical clustering of probe profiles by calculating 
a distance matrix between the samples based on the squared difference between each pair of 
profiles (squared Euclidian distance – E2) [58]. 

Diversity of microbial profiles obtained by PITChip analysis was expressed as Simpson’s 
reciprocal index of diversity (1/D) [59]. This diversity was calculated with the equation 
l = 1/SPi2, where Pi is the proportion of ith taxon. This is the proportion of each probe signal 
compared to the total signal for each sample. A higher Simpson’s index value indicates a higher 
degree of diversity.

To determine whether observed differences between datasets were statistically 
significant, Student’s t-test was applied. Calculated p-values were two tailed. If the p-value was 
lower than 0.05, the difference between data was considered significant and p-values lower than 
0.01 were considered indicative of highly significant differences.
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Results

Effect of PENS on in vitro fermentation
The different PENS used in this trial were classified in two groups according to their presumed 
fermentability by intestinal microbiota (Table 3). Fermentation characteristics of the substrate 
as such (Control, EU-reference diet), the substrate in the presence of a commonly used in-feed 
antimicrobial (avilamycin) or in the presence of added PENS, are summarized in Tables 5 and 
6. The addition of avilamycin did not have any significant effect on fermentation characteristics, 
including kinetic parameters of gas production and concentrations of fermentation end products 
(Tables 5 and 6).

Fermentable PENS: Addition of Guar gum (5000) resulted in numerically the lowest cumulative 
gas production (OMCV) and lowest maximum rate of gas production (Rmax) compared 
to the other fermentable PENS (Table 5). This was found in a range of Guar gum (5000) 
concentrations (data not shown). In contrast, addition of carob pulp and Topinambur 40 yielded 
the highest OMCV and Rmax. Seaweed products (poly- and oligosaccharides), considered as 
highly fermentable dietary fiber, did not cause significant changes in the fermentation kinetics 
at any of the concentrations used in this study. None of the seaweed fractions affected the 
OMCV distinctively compared to the control. With increasing levels of laminaran the OMCV 
tended to increase but the effect was non-significant (p > 0.668) (data not shown). The other 
seaweed products (mannuronic block, oligo-laminaran, oligo-xylan) showed no dose-response 
like trends. Curve fit parameters like Rmax, Tmax and T1/2 were deviating from the control 
substrate, but differences showed no consistent pattern and the effects were non-significant. 

As to fermentation end products, VFA concentrations showed some inconsistent 
and non-significant deviations from the control substrate (Table 6). In case of NH3, higher 
inclusion levels of Guar gum (5000) and Raftilose P95 caused a numerical decrease in NH3-
concentration (data not shown). No effects of PENS addition on the molar proportions of VFA 
and on the branched chain fatty acids (BCP) were observed compared to control. However, the 
molar proportion of branched chain fatty acids (Table 6) tended to be negatively related to the 
proportion of acetate (BCP = 20.1 – 0.32xAP; R2 = 0.61). 

Non-fermentable PENS: Addition of the pure oregano oil types (Mediterranean and Dutch) as 
well as the other etheric oils, did not alter the fermentation characteristics significantly. However, 
addition of the water-soluble oregano oil extract affected the fermentation characteristics 
drastically (Table 5). The cumulative gas production (OMCV) and organic matter loss (OMloss) 
were significantly lower (p < 0.0001) compared to the control and control + avilamycin, to the 
Mediterranean oregano oil and to the Dutch type. Rmax was also lower and the halftime (T½) 
was considerably delayed by about 14 h (p < 0.0001 for both parameters). 

Neither the addition of the pure oregano oil types nor the addition of the other extracts 
affected the fermentation end-products (Table 6). In general, the proportion of BCP was higher 
for the control with avilamycin, the Mediterranean oregano oil and the Dutch oregano oil, 
compared to the control without addition of PENS, but differences were not significant. However, 
in case of the water-soluble form of oregano oil the total VFA (tVFA) and NH3 concentrations 
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*OMCV = cumulative gas production (ml/g OM initial weight); A = asymptotic gas production (ml); B = switch-
ing characteristic; C = half time of asymptotic gas production (h; T½); Rmax = maximal rate of gas production 
(ml/h); Tmax = time of occurrence of Rmax (h); OMLoss = organic matter loss (%). 1D= Dutch type; M= Medi-
terranean type; W= water-soluble extract. 2SEpooled = pooled standard error; 3MSD = Minimum Significant Dif-
ference. 4Main effects PENS (n = 26), Level (n = 3) nested within PENS and Rep (n = 3). Different superscripts 
indicate a significant difference between any pair of treatments (p < 0.05). 

were lowered considerably compared to the control (p < 0.0001). 

Table 5. In vitro fermentation characteristics of substrate as affected by different plant extracts and other natural 
substances using feces as inoculum.*
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Table 6. End products from the in vitro fermentation of substrate as affected by different plant extracts and other 
natural substances using feces as inoculum.*

*TVFA = sum of branched and unbranched VFA (mmol/g OM initial weight); NH3 = ammonia (mmol/g OM 
initial weight); Acetic, propionic and butyric proportions (% of TVFA); BCP = Branched Chain Proportion ((iBu 
+iVal)/TVFA).  1D= Dutch type; M= Mediterranean type; W= water-soluble extract. 2SEpooled = pooled standard 
error; 3MSD = Minimum Significant Difference. 4Main effects PENS (n = 26), Level (n = 3) nested within PENS 
and Rep (n = 3). Different superscripts indicate to a difference between any pair of treatments (p < 0.05). 
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Moreover, there was a distinct shift in the molar proportions of VFA, with a relative 
increase in acetic acid (p < 0.0001), mainly at the expense of butyric acid (p < 0.0001) as well 
as propionic acid (p < 0.0001). The proportion of BCP was significantly lower compared to the 
control and other treatments (p ≤ 0.0001). 

Additive-associated dynamics of fecal slurry bacteria
The effect of the presence of PENS at different inclusion levels on fecal microbiota was assessed 
by community fingerprinting of selected samples using two 16S rRNA gene-based techniques, 
namely DGGE as well as PITChip phylogenetic microarray analysis of PCR-amplified 16S 
rRNA gene fragments. For DGGE analysis, the selection of samples was based on in vitro 
fermentation results (substances with a significant effect on one or more fermentation parameters) 
as well as on the nature of the predicted effect (antimicrobial, antioxidant, anticancer, etc) of the 
PENS on the microbiota.  

The analysis of piglet fecal bacteria associated with the presence of additives showed 
almost identical DGGE profiles for most of the PENS, with an average Pearson’s similarity of 
95.1% (Fig. 1). Only the addition of water-soluble oregano oil resulted in a remarkable change 
on the microbiota profile. Cluster analysis based on Pearson’s similarity coefficients showed 
two clearly different clusters with an average similarity of only 23% (Fig. 1).

Figure 1. Similarity dendogram of DGGE profiles of bacterial community associated with different PENS, 
generated by UPGMA clustering based on Pearson’s similarity coefficients. The upper cluster contains examples 
of samples fermented in the presence of different PENS whereas the lower cluster contains only the water-soluble 
oregano oil sample.

For in-depth analysis of the effect of the different PENS used during the in vitro 
fermentation, microbiota composition in selected representative samples was profiled as 
well by PITChip analysis. These profiles were obtained based on the signal intensity of 2985 
oligonucleotide probes targeting 627 porcine microbial phylotypes so far reported in literature 
and/or public nucleotide sequence databases. In agreement with the results obtained by DGGE 
analysis, the PENS-based clustering was also observed by hierarchical clustering of the 
microarray-based profiles of fermentation batches incubated in the presence of water-soluble 
oregano oil or oregano oil Dutch type, the control fermentation and the inoculum (Fig. 2). 
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Figure 2. PITChip phylogenetic fingerprints of the microbiota of piglets’ feces fermented in vitro using different 
additives: oregano oil W and oregano oil D. The highest phylogenetic level of specificity of probes is shown on 
the right panel of the figure.
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Pearson’s correlation analysis showed that the microbiota composition after incubation 
in presence of the oregano oil Dutch type was very similar to the one present in the control 
sample (99.2%). However, as already seen with DGGE analysis, the profile after incubation 
in presence of the water-soluble oregano oil was more different (76.6%) from the control. 
Moreover, PITChip analysis revealed a small but measurable change in the composition of the 
feces due to the in vitro fermentation, as the inoculum showed a somewhat different profile than 
the control (inoculum after fermenting the EU reference diet) (90.1%). These differences are 
also reflected in the diversity of PITChip profiles. The profile of feces fermenting water-soluble 
oregano oil extract seemed to be less diverse (106.1) compared to the other three samples: feces 
fermenting oregano oil Dutch type (277.4), feces fermenting the EU-reference diet (298) and 
inoculum (319.7). 

To gain further insight in the fluctuations in relative abundance of phylogenetic groups 
present in the fermented samples, changes in the summed signal intensities for 144 genus-
level bacterial groups represented on the PITChip were studied. Overall, genus-level bacterial 
groups with higher relative abundance (> 2%) belonged to the classes of Clostridia, Bacilli 
and Actinobacteria. Remarkably, feces fermented in the presence of the water-soluble oregano 
oil extract had an overall lower relative abundance of members of Clostridium cluster XIVa 
(Bryantella- and Lachnospira pectinoschiza-like organisms) and Clostridium cluster IV 
(Ruminococcus callidus- and Sporobacter termiditis-like species) but higher relative abundance 
of Bacilli and Actinobacteria groups, including members of the genus Lactobacillus as well as 
uncultured Bacilli.

To further identify those groups that significantly changed in relative abundance after 
incubation in the presence of the control substrate with or without additives, Student’s T-tests 
were performed (Table 7).

On one hand, this showed that not many bacterial groups (7 out of 144) were significantly 
affected by the in vitro fermentation of the control substrate when compared to the inoculum. On 
the other hand, this analysis confirmed that there was an important change in the composition 
when the feces fermented the substrate in the presence of water-soluble oregano oil extract, 
and 32 bacterial groups had a significant increase or decrease in relative abundance (compared 
to the control). These groups were mainly members of the Bacteroidetes and Firmicutes. In 
contrast, when the fecal slurry was incubated in the presence of oregano oil Dutch type, no 
bacterial group was significantly affected as compared to the control incubation.

Discussion

Effect of PENS on in vitro fermentation
Addition of fermentable carbohydrates, probiotics and other natural feed additives to the diet of 
weaning piglets can significantly affect microbiota composition and functionality. This is known 
to be an efficient way to improve the microbial balance in both the small and large intestines 
of piglets, preventing intestinal disorders [60, 61]. In this study we used a manual in vitro 
technique to measure kinetics of fermentation and to assess activity of microbial populations 
[18, 62]. 
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Table 7.  PITChip-based analysis of bacterial groups significantly affected by either the in vitro fermentation 
without additive or by the in vitro fermentation in the presence of oregano oil (W) or oregano oil (D). The p-values 
were calculated comparing to the control and using the sum of intensities of 144 phylogenetic groups. The effect 
caused on the bacterial group intensity is indicated by Inc (increase) or Dec (decrease). Significant values are 
marked in bold.

Different plant-derived diet additives (PENS) were tested for their potential effect on activity 
of microbiota associated with the fermentation of the feedstuff. To complement information on 
kinetics and product formation of the in vitro fermentation, we analyzed several samples using 
complementary molecular fingerprinting techniques that allowed us to determine microbiota 
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dynamics. In general, most of the additives had little or no effect on fermentation parameters or 
microbiota composition. 

Fermentable PENS: Of all fermentable additives tested, Topinambur 40 (source of inulin) 
gave the largest reduction in Tmax with an increase in Rmax, indicating that it was fermented 
faster and more by the fecal microbiota than the other additives, but differences were not 
significant. VFA levels showed as well non-significant deviations from the control substrate. 
Ammonia concentration decreased (p < 0.05) upon addition of higher amounts of citrus pulp, 
Guar gum (5000) and Raftilose P95 (indigestible carbohydrates) demonstrating reduced protein 
breakdown. This is of interest, as reduced proteolytic fermentation can lead to the reduced 
formation of potentially toxic metabolites such as ammonia, amines, volatile phenols and 
indoles [63, 64]. This result confirmed earlier observations that such prebiotic carbohydrates 
affect proteolytic fermentation [65-68]. 

It is known that seaweeds contain a large quantity of insoluble and soluble dietary 
fiber [69]. Some water-soluble fibers, such as resistant starch from potatoes and undigested 
oligosaccharides, are metabolized to short-chain fatty acids (SCFA; acetic acid, propionic acid 
and butyric acid) and lactic acid by colonic bacteria [70]. Therefore, a significant increase in 
SCFA concentrations was expected in this study after the in vitro fermentation in the presence 
of seaweed components. Nevertheless, the inclusion of different seaweed fractions at varying 
doses to the control substrate did not affect the fermentation characteristics. This lack of effect 
is probably due to the inclusion levels. For the study described here, it was decided to set the 
levels of PENS inclusion on the basis of concentrations generally accepted in diet formulations, 
and PENS were added at 1-5% of the reference diet. The most pronounced effect was the 
reduction of ammonia production, albeit not significant, when the glucan laminaran was added. 
This was in line with observations by Kuda [71], who found that laminaran reduced ammonia 
produced by rat intestinal microbiota in vitro. 

The control diet used in this study was composed mainly of barley, wheat and soybean 
meal. Such ingredients contain considerable levels of non-digestible oligosaccharides (NDOs), 
therefore, the use of such control diets may have diluted or masked the effects of NDOs added 
[72]. Hence, it is tempting to speculate that the absence of any effect of treatment for most 
PENS studied here is likely related to the low levels of inclusion. Therefore, the choice of the 
height of inclusion level to be used in this type of batch culture system should be considered in 
further research.

Non-fermentable PENS: Essential oils were included in the trial because many of them are 
known to have strong antibacterial effects [73]. Nevertheless, the only essential oil included in 
the experiment that had a significant effect on the fermentation characteristics and fermentation 
end products was water-soluble oregano oil. The lower cumulative gas production (OMCV) 
and organic matter loss (OMloss) pointed to a significant reduction of microbial activity when 
oregano oil water-soluble (20%) was used as additive, in comparison with the controls (with 
and without avilamycin) and with the other two types of oregano oil (Dutch and Mediterranean). 
Rmax was also lower and the halftime (T½) was considerably delayed. These results were 
in line with observations described in literature [74]. The fact that only one of the oregano 
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oil preparations had a significant effect on the fermentation might be attributed to the high 
concentration used (2000 mg/kg) in comparison with the 200 mg/kg used for the other two 
types. Furthermore, a number of microbial metabolites were decreased in the presence of the 
water-soluble oregano oil compared to the control, namely ammonia (p < 0.05) as well as total 
VFA concentration. This was consistent with the known antimicrobial activity of carvacrol 
(active component of oregano oil) [73, 75] and in line with the findings of Busquet et al. [76] 
and Oh et al. [77] who reported that high doses of different plant essential oils, tested in in 
vitro fermentation of mixed ruminal microorganisms, resulted in a general inhibition of rumen 
microbial fermentation. However, the observed decrease in pH at 2000 mg/kg is not consistent 
with these previous results. This pH decrease could be caused by the significant increase in 
acetate concentration by approximately 50% when compared to the control and other PENS. The 
BCP was significantly lower for the water-soluble oregano oil extract compared to the control 
and other treatments. This together with the lower ammonia content indicated a significantly 
lower proteolytic activity.

Additive-associated dynamics of fecal microbiota
The most striking observation with respect to microbiota composition after incubation in the 
presence or absence of a number of different PENS was a big difference between the composition 
between batches where feces were incubated in the presence of the water-soluble oregano oil, 
and feces incubated in the presence of any other PENS. This latter group of samples clustered 
together and the similarity between the two clusters was only 23% based on DGGE analysis, 
confirming previously reported changes on microbiota composition caused by oregano oil 
supplementation [33, 78, 79].  

The analysis of microbiota composition of the inoculum, as well as after in vitro 
fermentation in the absence or presence of two different oregano oil preparations (water-soluble 
form and Dutch type), using the PITChip, allowed us to confirm the in vitro fermentation 
kinetics, metabolite production and DGGE results and to add more detailed information to these 
findings. The lower microbial diversity in the presence of the high concentration oregano oil 
water-soluble form (Fig. 1 and 2) confirmed its antimicrobial effect. In addition, it was possible 
to determine that feces incubated in the presence of the water-soluble oregano oil extract had 
lower relative abundance of Bryantella- and Lachnospira pectinoschiza-like organisms and 
Ruminococcus callidus- and Sporobacter termiditis-like species, but higher relative abundance 
of Lactobacillus gasseri-like phylotypes and yet-uncultured Bacilli. This confirms previous 
studies that showed that feeding diets supplemented with plant extracts can influence the 
microbiota in the digestive tract of early-weaned piglets by increasing the number of lactobacilli 
and the ratio of lactobacilli and enterobacteria in the caecum [80, 81]. 

In conclusion, this study evaluated the effect of plant-derived additives on fecal 
microbiota composition and activity during in vitro fermentation of a standard feed-stuff. When 
included in the diet at doses commonly used in animal production, in most cases no significant 
effect of PENS could be observed. This is in contrast to previous findings of studies where 
products were tested at higher doses, or in the absence of feed stuff. To this end, the information 
provided here, in combination with in vivo experiments, is essential for optimization of effective 
dietary strategies involving plant extracts and other natural substances such as studied here. 
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Abstract

Essential oils are being considered as possible alternatives to in-feed antibiotic growth 
promoters in pig nutrition. The effect of carvacrol, the active component of oregano oil, on ileal 
microbiota dynamics was studied in piglets. Animals were fitted with an ileal T-shaped cannula 
at 17-18 days of age, and 26 days after birth (day 0) they were weaned and offered either a 
control diet or a control diet plus carvacrol (150 g/ton of diet). Samples from ileal digesta were 
collected at days -10, -3, 1 to 7, 10, 13, 14 and 15. DNA was extracted and total amounts of 
bacteria and lactobacilli were measured by real time PCR. Detailed phylogenetic analysis by 
the Pig Intestinal Tract Chip (PITChip) was performed on a representative selection of samples. 
Specific differences in microbial communities were identified at each time point for the two 
treatment groups. An antimicrobial effect of carvacrol was observed at different days as the 
phylogenetic analysis showed significantly lower relative intensity of several microbial taxa, 
among which there were several Streptococcus- and Bacteroides-like species. Furthermore, 
carvacrol was found to stabilize total bacteria numbers during the weaning transition.
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Introduction

In modern pig production weaning of piglets occurs at a very young age and is associated 
with very severe stress. The main reasons are an abrupt removal of the young piglets from 
the dam, mixing of different litters, dietary changes (from a milk to a cereal-based diet) and 
contact with new bacteria. These all result in changes in the intestinal microbial community, 
a suppressed immune system and an increased prevalence of intestinal pathogens [1, 2]. As a 
result, piglets stop eating and become easy targets for the development of post-weaning diarrhea 
with resultant performance losses [3]. In an attempt to control these problems, antibiotics are 
included in the feed as growth promoters [4]. This has been common practice for many years, 
until the use of antibiotics was banned in the European Union due to an increased concern on 
emergence of antimicrobial resistance in humans [5, 6]. For this reason there is a strong interest 
in finding alternatives to modify pig gastrointestinal (GI) tract microbiota and help piglets in 
their weaning transition.

Due to their antimicrobial properties, plant extracts have been used during many years for 
different purposes, including their application in traditional medicine and as food preservatives 
[7, 8]. It has been reported that these plant extracts can also influence the gut microbiota when 
used in piglets’ diets [9-11]. In many cases, the exact origin of the antimicrobial activity of plant 
extracts has not been unequivocally elucidated, but it is often attributed to a number of secondary 
plant metabolites, which include saponins, tannins and essential oils [12, 13]. Essential oils 
are aromatic oily liquids obtained from non-woody plant material, mainly produced by steam 
distillation. Many of these extracts have strong antimicrobial activities against a wide range 
of Gram-positive and Gram-negative bacteria, yeasts and moulds [14-16]. Hence, they can be 
used as a substitute to antibiotics in the animal feed industry. Active components of essential 
oils are also known to have anti-oxidative and anti-inflammatory effects [17-19].

In general, the antimicrobial activity of the active components of essential oils is highest 
in oxygenated cyclic hydrocarbons, and particularly in phenolic structures such as thymol and 
carvacrol [20, 21]. This could be due to the hydroxyl group and the dislocated electrons that 
permit the interaction with water through hydrogen bridges, making them particularly active 
against a wide range of microorganisms [7, 22]. Hence, carvacrol, the active component of 
oregano oil, can act both on Gram-positive and Gram-negative bacteria [13, 22-25]. Recently, 
another mechanism for the broad action of carvacrol was proposed in which the hydroxyl group 
of the phenol acts as a carrier of monovalent cations and protons through the cytoplasmic 
membrane [26]. 

The work presented here studied the effect of carvacrol on the global microbiota 
composition of piglets weaned at an early age. In addition, the development of the microbial 
community during the weeks after weaning was determined. To this end, ileal digesta was 
continuously sampled through T-shaped cannulas, and a phylogenetic microarray custom-
designed towards comprehensive profiling of the pig intestinal microbiota was used to provide 
a detailed insight in the piglets’ GI tract microbial dynamics. 
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Materials and Methods

Animals & Housing
 Twelve Landrace piglets selected from four different sows were fitted with an ileal T-shaped 
cannula at an age of 17 to 18 days (day -10; body weight, BW, 6.13 ± 0.46 kg). Before surgery 
piglets were fasted for 2 h (with water ad libitum) and were medicated (approx. ½ hour before 
surgery) with 4 mg/kg BW azaperone and 0.04 mg/kg BW atropine. Anesthesia was induced 
with isoflurane. A T-cannula was inserted in the intestinal lumen, exteriorized through a hole, 
fastened to the exterior part and closed with a stopper. After surgery the animals were placed 
back with the sows. Ten days later (day 0) piglets were weaned and per litter randomly assigned 
to one of the two dietary treatments, control vs. carvacrol. After weaning (26 days after birth) 
the animals were housed individually in metabolic cages (L x W x H: 90 x 60 x 45 cm) at 
ambient temperature (24°C).

Dietary treatment and sample collection 
This study involved two periods: the pre-weaning period from day -10 (17-18 days after birth) 
when piglets were cannulated, and the post-weaning period from day 0 (26 days after birth) 
to day 15. Before weaning piglets were suckled by the sow, no creep feed was provided. At 
weaning, animals were randomly assigned to either an EU-reference diet (Table 1; control) or 
an EU-reference diet with added carvacrol (150 ppm; provided by Pancosma S.A.S., Bellegarde 
s/Valserine, France). Diets were offered in pelleted form and in increasing portions twice daily. 
Water was offered ad libitum. Samples of approximately 1g of ileal chyme were taken twice per 
day (11.30 h and 16.30 h) at the moment of surgery (day -10), at day -3, day 1 to day 7, day 10, 
day 13, day 14 and day 15. Samples were stored in eppendorf tubes at -20°C. At day 16 post-
weaning, animals were slaughtered, 5 h after the last meal.

DNA isolation
A total of 117 samples, from 10 piglets that had either a control or carvacrol supplemented diet, 
were selected for DNA extraction. Samples (stored at -20ºC) were defrosted and DNA was 
extracted from 100 mg of digesta using the Fast DNA Spin Kit (Qbiogene, Inc, Carlsbad,CA, 
USA). A NanoDrop ND-1000 spectrophotometer (NanoDrop® Technologies, Wilmington, DE, 
USA) was used to determine DNA concentrations and electrophoresis in agarose gel 1.2% 
(w/v) containing ethidium bromide was used to check the quality of DNA.

Quantitative PCR (qPCR)
Quantitative PCR was performed on an iCycler IQ real-time detection system associated with the 
iCycler optical system interface software version 2.3 (Bio-Rad, Veenendaal, The Netherlands). 
The reaction mixture (25 µL) consisted of 12.5 µL of IQ SYBR Green Supermix (Bio-Rad), 
0.2 µM of each primer and 5 µL of template DNA diluted in water (10 or 100 times) to avoid 
PCR inhibition. A standard curve was generated using the serially diluted 16S ribosomal RNA 
(rRNA) gene amplicons obtained from a pure culture of Lactobacillus sobrius. All reactions 
were done in triplicate. Universal primers, Bact 1369 (5´-CGGTGAATACGTTCYCGG-3´) 
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and Prok 1492 (5´-GGWTACCTTGTTACGACTT-3´) [27] were used to estimate the total 
number of copies of the bacterial 16S rRNA gene in each sample. PCR was performed with an 
initial denaturation step of 95ºC for 3 min, followed by 40 cycles of 95ºC for 15 sec, 56ºC for 
30 sec and 72ºC for 30 sec. 

Primers Lacto F (5´-TGGAAACAGRTGCTAATACCG- 3´) and Lacto R (5´-GTCCA
TTGTGGAAGATTCCC 3´) [28] were used to quantify the Lactobacillus group present in the 
sample using the following PCR program: initial denaturation step of 95ºC for 10 min, followed 
by 40 cycles of 95ºC for 15 sec and 62ºC for 60 sec.

                                            Table 1. Feed composition of the EU- reference diet. 

PITChip analysis
The phylogenetic analysis of the digesta samples was done using the PITChip, a diagnostic
microarray (Chapter 3), composed of approximately 3000 DNA oligonucleotide probes 
targeting bacterial 16S rRNA variable regions V1 and V6 of in total 627 bacterial 
phylotypes previously described for the porcine gastrointestinal tract (Chapter 3) 
[29]. Hybridization, washing and data analysis was essentially done as described 
previously for the human intestinal tract chip [30]. Primers T7prom-Bact-27-for 
(5´-TGAATTGTAATACGACTCACTATAGGGGTTTGATCCTGGCTCAG-3´) and
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Uni-1492-rev (5´-CGGCTACCTTGTTACGAC-3´  [31] were used for the amplification of 
bacterial 16S rRNA gene fragments from 10 ng of DNA extracted from intestinal samples 
in a final volume of 50 m). The PCR program included initial denaturation at 94°C for 2 min 
followed by 35 cycles of 30 sec at 94°C, 40 sec at 52°C, and 90 sec at 72°C, and a final 
extension of 7 min at 72°C. PCR products were purified using the NucleoSpin Extract II kit 
(Macherey-Nagel, Düren, Germany), and a NanoDrop ND-1000 spectrophotometer was used 
to determine DNA concentrations. 

In vitro transcription of the 16S rRNA genes carrying the T7-promoter was performed 
with the Riboprobe System (Promega, La Jolla, USA), using 500 ng of the gene amplicon plus 
rATP, rGTP, rCTP and a 1:1 mix of rUTP and aminoallyl-rUTP (Ambion, Austin, TX, USA). 
Following incubation for 2 h at room temperature, DNA was digested with the Qiagen RNAse-
free DNAse kit (Qiagen, Hilden, Germany). RNA was purified (RNeasy Mini-Elute Kit, Qiagen, 
Hilden, Germany) and the concentration was quantified spectrometrically (NanoDrop). 

For fluorescent labeling of RNA samples containing modified amino-allyl nucleotides, 
the CyDye Post-Labeling Reactive Dye (Amersham Biosciences, Little Chalfont, UK) dissolved 
in DMSO (84 µl) was used. Twenty microliters of either Cy3 or Cy5 dye were added to 2 mg 
of purified RNA in the presence of sodium bicarbonate buffer (25 mM, pH 8.7). Samples were 
incubated in a final volume of 40 µl for 90 min in the dark and at room temperature. The 
reaction was stopped by addition of 15 µl of 4 M hydroxyl-amine and incubation in the dark for 
15 min. RNAse-free water was added to 100 µl and the labeled RNA was quantified.

Custom microarrays of the 8×15K format were synthesized by Agilent Technologies 
(Agilent Technologies, Palo Alto, CA, USA). To each array, two samples that were labeled as 
described above with Cy3 and Cy5 dye, respectively, were hybridized. The Cy3/Cy5-labeled 
target mixtures were fragmented with 10× fragmentation reagent (Ambion), and hybridization 
was performed for 16 h in a rotation oven (Agilent) at 62°C. Subsequently, slides were washed 
at room temperature for 10 min in 2× SSC with 0.3% SDS, followed by washing at 38°C 
for 10 min with 0.1× SSC with 0.3% SDS, and for 5 min in 0.06× SSPE [32]. The Agilent 
Feature Extraction software, version 9.1 (http://www.agilent.com) was used for data extraction 
from scan images. A set of R based scripts (http://r-project.org) in combination with a custom 
designed relational database, running under the MySQL database management system (http://
www.mysql.com), was used for normalization of raw data, and further statistical analysis. 
To this end, Ward’s minimum variance method was used for hierarchical clustering of probe 
profiles by calculating a distance matrix between the samples based on the squared difference 
between each pair of profiles (squared Euclidian distance – E2) [33]. 

Statistical analysis
For the statistical analysis of 16S rRNA gene copy numbers of bacteria and lactobacilli as 
measured by qPCR, the number of gene copies was log10 transformed to achieve normal 
distribution and the mean and standard deviation were calculated. Comparisons between 
control and carvacrol treatments were calculated with ANOVA and were considered statistically 
significant if p < 0.05. 

Simpson’s reciprocal index of diversity (1/D) was used to measure diversity of microbial 
profiles obtained by PITChip analysis [34], and was calculated with the equation l = 1/SPi2, 
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where Pi is the proportion of ith taxon. This is the proportion of each probe signal compared to 
the total signal for each sample. A higher Simpson’s index value indicates a higher degree of 
diversity.
Multivariate analysis was applied for PITChip data interpretation. In order to relate changes 
in bacterial microbiota composition to environmental variables, redundancy analysis (RDA) 
was used as implemented in the CANOCO 4.5 software package (Biometris, Wageningen, 
The Netherlands) [35]. This direct gradient analysis method allows ordering of samples and 
taxonomic groups (also referred to as species data in the statistical analysis) considering that the 
latter have linear relationships to environmental variables. As species data, the sums of signal 
intensities for 144 phylogenetic groups defined at approximately the genus level (90% 16S 
rRNA sequence identity threshold) were used. Treatment classes (i.e. control vs. carvacrol) were 
introduced as nominal environmental variables, and time was treated as a quantitative variable 
(vector). Redundancy analysis was performed focusing on inter-samples correlation and the 
Monte Carlo permutation test was applied to test for significance of the effect of treatment and/
or time on microbiota composition [36]. Environmental variables were considered to interfere 
significantly with microbiota composition at p-values < 0.05. Diagrams were plotted as triplots 
using CanoDraw for Windows. Another multivariate analysis applied was Principle Response 
Curve (PRC). This is done by performing RDA but this time introducing the relation between 
sampling date and treatment as species variables and the sampling time points as co-variables 
[37].

Results

The present study aimed at determining the ileal microbiota dynamics during the first weeks 
of life, focusing on the weaning transition, as well as the effect of dietary carvacrol on the 
microbiota composition. To this end, newborn piglets were fitted with an ileal cannula to 
allow repeated sampling. Subsequently, the intestinal microbiota dynamics was analyzed in 
the recovered samples, using 16S rRNA gene-targeted quantitative PCR as well as diagnostic 
microarray analyses, without the need to sacrifice the animals. This notably reduced the impact 
of inter-individual differences that often interfere with the significance of the observations. 

Total number of bacteria and Lactobacillus spp. 
The total and Lactobacillus microbial populations were quantified in the distal ileum during 
the weaning period (from 3 days before weaning till day 15 post-weaning) using qPCR (Fig. 
1). Total numbers of bacteria before weaning, expressed as log 16S rRNA gene copies/g of 
ileal chyme, were 11.0 ± 1.04 and these decreased more than one log unit (to 9.9 ± 0.54 log 
copies/g) one day after weaning. After the first day post-weaning the numbers of bacteria 
increased slowly until they stabilized at the end of the sampling period 15 days after weaning. 
After weaning (from day -3 to day 1) there was a reduction in total bacterial numbers that was 
almost significant (p = 0.078) and from day 1 bacterial numbers started increasing until reaching 
significant levels (compared to day 1) at day 4, 5 and 6 (p < 0.05). From day 6, total bacterial 
numbers started decreasing significantly again until day 13 when they stabilized. Interestingly, 
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piglets receiving carvacrol had a more stable transition from before weaning till day 15 after 
weaning. At weaning bacterial numbers only decreased from 10.7 ± 0.41 log copies/g of ileal 
chyme to 10.4 ± 0.55 log copies/g one day after weaning. There were no further changes until 
day 6 from when there was a significant decrease until day 13 and from then on, they remained 
stable till day 15  (Fig. 1A). 

Figure 1. Quantitative PCR results for total bacteria (A) and Lactobacillus (B) in the ileum of piglets fed with a 
control diet (light bars) and piglets fed the control diet supplemented with 150ppm carvacrol (dark bars). Bacterial 
counts were measured at different time points, from 3 days before weaning (-3) until 15 days post-weaning, and 
were expressed as log 16S rRNA gene copies/g ileal chyme. * indicates a significant difference (p < 0.05) between 
the value corresponding to the control group and the value corresponding to the carvacrol group. Different letters 
indicate significant differences (p < 0.05), lowercase for the control group and uppercase for the carvacrol group. 
Bars represent means and SEM.

A

B
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No significant differences in total bacterial loads related to experimental diets were found at any 
day of the studied period.

The weaning transition had a drastic effect on the Lactobacillus numbers. There was a 
decrease of more than 2 log units (from 9.6 ± 1.21 to 7.5 ± 0.81 log copies/g ileal chyme; 
p = 0.010) during weaning (from day -3 to day 2) and from that point onward, the numbers of 
lactobacilli increased until reaching significant differences at day 4 and the maximum value at 
day 10 (10.6 ± 0.81 log copies/g). During the last 5 days (from day 10 till day 15) a significant 
decrease (p < 0.01) was observed and numbers equivalent to the initial pre-weaning level were 
reached (9.1 ± 0.11 log copies/g) (Fig. 1B). Lactobacilli dynamics did not change much in 
piglets fed with carvacrol. However, there was a significant decrease in lactobacilli numbers 
from before weaning to day 1 (p < 0.01; from 9.8 ± 0.80 to 7.9 ± 0.42 log copies/g) and from 
there on, numbers increased reaching 10.3 ± 0.61 log copies/g at day 6, followed by slight 
oscillations without significant changes till the end of the experiment (Fig. 1B). Compared to 
the control group, the decrease in lactobacilli numbers was faster after weaning (already at day 
1) and numbers were significantly higher in the carvacrol group at day 15 (p = 0.03).

Microarray profiling
In order to provide a more detailed assessment of microbial composition dynamics with time 
and treatment, a selection of samples taken at day -3, 1, 5, 10 and 15 was analyzed with the 
PITChip, a phylogenetic microarray. A multivariate analysis (RDA) of the phylogenetic data 
generated by the PITChip was performed projecting the summed hybridization signals of 144 
phylogenetic groups on the two canonical axes that had the highest explanatory potential (they 
accounted for 20.4% of the total variance in the species data; Fig. 2). The redundancy analysis 
showed that time (day of sampling) had a significant influence on the microbial profiles (p 
= 0.006), whereas the addition of carvacrol to the diet of weaned piglets did not cause any 
statistically significant change as compared to the control group, but close to significance (p = 
0.07). Eigenvalues of the first and second RDA axes constrained to the treatment classes were 
0.184 and 0.02, respectively. Microbial groups that explained at least 26% of the differences 
among samples appear represented on the triplot and seemed to be more related to the control 
than to the carvacrol group (Fig. 2). Mainly groups within the Bacteroidetes were positively 
correlated with the control samples and negatively correlated with the samples from carvacrol-
treated animals.

Principle Response Curve analysis, which allows to identify differences between 
experimental groups in time, showed that the treatment groups were more different towards 
the end of the experiment, whereas the microbiota composition of animals of the two different 
groups was more similar directly after weaning (Fig. 3).

The relative changes in diversity in time for each pig, both from the control and the 
carvacrol group, were determined based on the PITChip results (Fig. 4A). The 3 control piglets 
showed a decrease in diversity immediately after weaning, and at day 15, in 2 of the 3 piglets, 
it was higher again. Piglets fed with carvacrol did not show this decrease in diversity after 
weaning. 
On the contrary, their diversity increased indicating a possible positive effect of carvacrol. The 
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Figure 2. Redundancy analysis triplot of the ileum microbiota composition, as measured by PITChip analysis and 
expressed by the summed hybridization signals of 144 phylogenetic groups, for 15 pigs from the control group (●) 
and 15 pigs from the carvacrol treated group (■). Microbial groups that contributed at least 20% to the explanatory 
axes are represented as vectors. The environmental nominal variables Control and Carvacrol are centroids of the 
plot and the non-nominal variable time is represented as a vector, the length of which corresponds to variance that 
can be explained by the environmental variable. Monte Carlo permutation test indicated that changes in microbial 
profiles are significantly correlated to Time (p < 0.01).

Figure 3. Diagram showing the first component of the principle response curve using the control dataset as a 
reference line. Filled triangles represent samples from pigs receiving carvacrol and empty triangles represent the 
control samples.
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average for the 3 piglets also showed a decrease from day -3 to day 1 in the control group and 
an increase in the carvacrol group, although these changes were not significant (Fig. 4B). In the 
control piglets, the microbial diversity decreased in time from day -3 until reaching the lowest 
value at day 10 (0.72 ± 0.08; p < 0.01). Diversity was higher in piglets that received carvacrol 
than in piglets that received the control diet; this difference was significant at days 1 and 10.

Figure 4. Relative diversity of PITChip microbial profiles along the sampling period. (A) Diversity for the 
individual piglets, with control piglets on the left half and treatet piglets on the right half. Time points are 
indicated above the bars. (B) Average diversity for both the control group and the carvacrol group. Time points 
are labeled in the interior of the bars. * indicates that the difference between the treatment and the carvacrol is 
significant (p < 0.05) and letters indicate significant differences between time points (small for the control and 
capital for carvacrol), p < 0.05. Bars represent means and SEM.

A

B
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To assess the effect of carvacrol supplementation on specific microbial groups detected 
by the PITChip, the sums of hybridization signals of the most abundant (> 1%) phylogenetic 
groups (level 2, 90% 16S rRNA sequence identity threshold) were compared for the two 
treatment groups using t-tests (Table 2). Comparison of the two treatment groups before 
weaning indicated that the lower diversity in piglets from the treatment group was most likely 
due to a significantly lower abundance of Bacteroides populations. One day after weaning, the 
bacterial profiles were very similar between the two treatment groups with no clear difference in 
Bacteroides species anymore. Five days after weaning, the carvacrol group had lower levels of 
Bacteroidetes, Proteobacteria and Clostridium. At day 10 post-weaning, piglets supplemented 
with the antimicrobial showed a higher intensity of several microbial groups, possibly indicating 
an improved response to the weaning period and the beginning of the recovery. Samples 
collected 15 days after weaning presented a significanty lower intensity of several bacterial 
groups compared to the control and this is in agreement with diversity results, as well as with 
the pronounced differences between treatment groups as visualized by the principle response 
curves (Fig. 3). 

Comparisons of the microbial composition between pigs before weaning and each day 
after weaning, for both the control and the carvacrol groups, revealed a lower intensity of 
several genus-like groups (mainly from the Bacteroidetes) for the control piglets. In contrast, 
the carvacrol-treated piglets showed an increase in relative abundance of many bacterial groups, 
with a more stable weaning transition, while only a few microbial groups changed significantly 
between day -3 and the day 1 (data not shown). At day 15, many significant changes with respect 
to the pre-weaning profiles were observed in the treated group. The main trends included an 
increase in Actinobacteria, a decrease in Bacteroidetes and Clostridium cluster XIVa, and an 
increase in Proteobacteria (data not shown). These changes were not observed in piglets not 
receiving carvacrol.

Lactobacillus-like species decreased after weaning with both treatments and from day 
5 onwards they started to increase again. These results were not statistically significant but the 
trend agreed with what was observed by group-specific qPCR.

Discussion

This study describes the effect of carvacrol supplementation to the diet of newborn piglets on the 
ileal microbial composition before and after weaning. According to previous studies carvacrol, 
the main component of oregano oil, has a strong antimicrobial effect [38, 39]. Consequently 
it has been hypothesized that carvacrol supplementation to piglets’ diet could result in an 
improvement in pig performance and health around the stressful period of weaning [16].

In the present study, the ileal microbiota composition was followed from 3 days before 
until 15 days after weaning (Fig. 2). We observed a significant effect of sampling time on 
the microbial composition, in line with previous studies [40]. It has been shown previously 
that weaning is a difficult period for the pig that is reflected by major changes in the GI tract 
microbiota [41-43]. Fermentation-end products analysis reflecting an altered microbiota 
confirmed these observations (Pellikaan et al., in preparation). 

Total volatile fatty acids (TVFA), ammonia (NH3) and branched chain proportions 
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(BCP) were found to be significantly affected by time, with a decline between pre-weaning 
(day -3) and the first day post-weaning (day 1) followed by a general increase in concentrations 
through to day 15. Such changes in metabolites in literature correlated with the abundance 
and composition of Lactobacillus spp., which was in line with the data on lactobacilli counts 
observed in this study (Fig. 1B) [40-42, 44]. The effect of carvacrol on the fermentation 
parameters, however, was not significant, contrasting with previous work [45].

The total numbers of bacteria did not reveal specific changes related to the different 
diets. This result could be explained by a decrease in beneficial bacteria and an increase in 
pathogens. The decrease in good microbes would leave behind a less competitive environment 
for pathogens (more available nutrients and attachment sites to the epithelium [46].  

Although there was no significant effect of carvacrol on pig performance (Paul Bikker, 
personal communication) and fermentation characteristics, there was a clear antimicrobial 
effect on gut microbiota, where mainly the Gram-negative bacteria were found to be affected 
(Table 2). It has been reported that Staphylococcus aureus and Escherichia coli were inhibited 
by the addition of oregano oil to the diet of piglets [38, 47]. This observation was confirmed 
in the present work only for S. aureus-like populations that were significantly inhibited in the 
presence of carvacrol. However, E. coli-like species levels were not different between the 
control piglets and treated animals. This difference in results could be caused by the use of 
different doses of oregano oil, since it has been shown that the bactericidal activity of carvacrol 
depends on the concentration and the time of exposure [48]. Results from other studies provide 
support for the hypothesis that the low concentration of carvacrol could be the reason why 
only a mild effect of this compound was seen on microbial dynamics, contrasting with stronger 
effects previously reported [11, 49]. Similarly, we observed a dose-dependent effect of different 
oregano oil preparations in in vitro batch fermentation assays (Chapter 4 of this thesis). The 
microbial changes in time (from day -3 to day 15) suggested a beneficial effect of carvacrol 
when supplemented to piglets just after weaning. Moreover, the increase in diversity indicated 
a possible healthier status of piglets receiving carvacrol as diversity may be associated with 
resilience [50]. 

The objective of this study was to determine the effect of carvacrol addition to piglets’ diets 
after weaning on animal performance and ileal microbial profiles. The results found indicated 
that there was an important effect of carvacrol on ileal microbiota, albeit not concomitant with 
modulation of piglets’ performance. This may be linked to the low inclusion levels of carvacrol.
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Abstract

Sodium butyrate (SB) is used as an acidifier in animal nutrition. Provided orally at different 
stages during growth, SB has been shown to exert a positive effect on body growth and 
maturation of the gastrointestinal (GI) tract in milk-fed pigs, helping them to overcome the 
post-weaning syndrome. As SB is known to influence the GI tract microbiota, an experiment 
was designed to evaluate the effect of pre-weaning administration of SB on the gastrointestinal 
microbiota of piglets before and after weaning. Forty eight piglets were blocked in pairs within 
litters and were assigned to one of the two treatments: a control diet and one containing 3 g/
kg SB, from day 5 of life onward. There were three replicates and four litters per replicate. 
Animals were sacrificed at the end of the suckling period, at day 29, and 11 days after weaning, 
at day 40, and samples from the stomach, jejunum, ileum, caecum and colon were taken. 
Subsequently, the changes in the GI tract microbiota in response to SB were characterized 
using 16S ribosomal RNA (rRNA) gene-based analyses including PCR-Denaturing Gradient 
Gel Electrophoresis (DGGE), global profiling using the Pig Intestinal Tract Chip (PITChip), 
a phylogenetic microarray, and quantitative PCR (qPCR) using group-specific primers. It was 
observed that SB supplementation had a significant effect on total microbiota composition in 
the ileum, caecum and colon before weaning (p = 0.03) and only in the ileum after weaning (p 
< 0.05). Lactobacillus 16S rRNA gene copy numbers were higher (p = 0.03) in the stomach of 
non-weaned piglets. The PITChip analysis revealed that the SB administration most strongly 
affected populations within the Clostridium cluster XIVa group and the Bacteroidetes. This 
study reinforces previous reports on the antimicrobial effect of SB on piglet GI tract microbiota. 
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Introduction

Weaning of piglets in a natural environment is a period that lasts approximately 10 weeks, during 
which the piglet is progressively introduced to several new feed sources so that its fermentative 
capacity can develop gradually. However, due to economic demands, this process occurs 
abruptly at an early age in the production setting. This negatively impacts pig performance, and 
leads to reduced feed intake and depressed growth rates [1]. Moreover, it results in an increased 
susceptibility to disease and intestinal disorders like post-weaning diarrhea [2-4]. These are 
mainly related to dysbiosis in the microbiota of the gastrointestinal (GI) tract and it has been 
reported that the establishment of a diverse microbiota has an important role in preserving GI 
health by preventing colonization by pathogens [5].

In the past, the solution to weaning-associated problems was the use of antimicrobial 
growth promoters (AGP), to prevent GI disorders and to improve the post-weaning growth rate. 
Nevertheless, AGP have been forbidden in Europe due to public concerns over the possibility 
that they may select antibiotic-resistant genes that could be transferred to human pathogens 
[6]. An expanding alternative to dietary antibiotics are feed additives, such as organic acids, 
probiotics, prebiotics, and plant extracts [7]. The fact that organic acids are cheap and reduce 
the growth of some undesired bacteria such as coliforms and Salmonella typhimurium [8-10], 
explains their widespread use as alternatives to AGP. This protective action of organic acids has 
proven helpful especially when the transition from the maternal (milk) diet to the weaning diet 
is abrupt, as it occurs in piglets. Most studies have been done using formic, propionic, lactic, or 
citric acid, or the corresponding salts, and to a lesser extent, butyrate [11-14].

Butyrate is a short chain fatty acid (SCFA) produced by bacterial fermentation of 
carbohydrates in the colon of single-stomached species, including swine and man [15]. This 
organic acid is also released from milk fat (triglycerides) in the stomachs of suckled veal 
calves due to a continuous action of pre-gastric lipases. Butyrate is known to modulate the 
gut microbiota [16, 17] and to inhibit the growth of both Gram-positive and Gram-negative 
bacteria [18]. Moreover, butyrate is easily metabolized by b-oxidation in the mitochondria 
providing 60% to 70% of the total energy demand of colonocytes [19]. In animal practice, 
butyrate is added to feed in the form of sodium butyrate (SB) and it has been found to influence 
the inflammatory response and increase feed conversion efficiency in suckling pigs [12]. 

The objective of this study was to assess if SB administrated during the suckling period 
would have a positive effect on the pig, in order to facilitate the weaning transition. For that 
purpose, we studied changes in the small and large intestinal microbiota, both before and after 
weaning, including analyses of the diversity of the microbiota and identification of affected 
bacteria, using Denaturing Gradient Gel Electrophoresis (DGGE), quantitative PCR (qPCR), 
and the Pig Intestinal Tract Chip (PITCHip), a phylogenetic microarray developed for the 
comprehensive high-throughput profiling of porcine intestinal microbiota.
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Materials and methods

Animals, experimental design and dietary treatment
The experimental procedures were carried out according to the guidelines of the French Ministry 
for Animal Research. This study involved two periods: the suckling period, from day 5 after 
birth until weaning at day 28 and the post-weaning period, from day 29 to day 40. The effect of 
SB supplementation before weaning on piglets GI tract microbiota was investigated.

The study was done with 48 crossbred (Pietrain × Large White × Landrace) piglets 
(body wight, BW = 2 kg ± 0.12 kg) from the experimental herd of the National Institute for 
Agricultural Research (INRA; Saint-Gilles, France). Piglets were grouped in 3 replicates, 4 
litters per replicate. Piglets of the same birth weights and growth rates over the first 4 days 
of life were selected within litters and were assigned randomly to the two dietary treatments. 
During the suckling period a SB (treatment group) or saline solution (control group) were 
carefully administered by esophageal tube twice daily (at 09.00 h and 15.00 h) using a slightly 
curved brass tube (length, 12 cm; internal diameter, 3 mm; external diameter, 6 mm) [20]. The 
extremity ending with a bulbous part (length, 16 mm; wider external diameter, 12 mm) was 
made to avoid injury to the pigs. The other end was a luer-lock system fitting into 5–10 ml 
plastic syringes. Sodium butyrate was supplied at a concentration of 3 g/kg (0.3%) of the daily 
milk dry matter (DM) intake. Milk intake for each piglet was estimated during the suckling 
period from individual growth rates using the equation of Noblet and Etienne [21]. The piglets 
were kept with their littermates and the sow in the farrowing unit during this period. At day 
29, the experimental pigs were transported to the weaning building where they were housed 
in individual cages (0.6 × 0.8 m) with a mesh floor. Air temperature (27–28°C) and light 
(08.00–21.00 h) were automatically controlled. From day 29 (weaning) till day 32, piglets were 
fed with a starter diet with a progressive increasing amount, from 10% to 80% of the INRA 
recommendation [22], as previously reported [20]. The reason of this feeding strategy was to 
minimize the risk of over-feeding and subsequent GI tract disorders and scours often seen with 
ad libitum feeding immediately after weaning. Feed intake amounted to 70 g/kg BW at day 32. 
The amounts of feed were 100% of the requirements from day 33 until the end of the trial. The 
weaning diets were offered twice daily (at 09.00 h and 15.00 h) as a mash with a feed:water 
ratio of 1:1 (w/w) during the first 3 days after weaning and 2:1 thereafter. Water was provided 
ad libitum.

Treatment solutions and diet
Two solutions were prepared for oral administration during the suckling period: a saline solution 
(9 g NaCl/l), used for the control group, and a SB solution (60 g/l; Sigma, St Quentin Fallavier, 
France) dissolved in saline solution, used for the treatment group. The pH of these solutions 
was adjusted to 7.0 with NaOH. The two weaning diets (Table 1) had the same composition 
except that maize starch in the control group diet was substituted by SB (3 g/kg DM) in the 
treatment group diet. No antimicrobial agent was added to the diets.
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                                         Table 1. Composition of the control weaning diet*

 
Sampling
Piglets were weighed 3 times per week during the suckling period and day of weaning, in order 
to adjust the SB doses to their actual bodyweight. Fresh feces were collected at different time 
points: day 5 (start of the experiment), day 7, day 14, day 21 and day 28. Fecal samples were 
stored at -20°C till further analysis.

Piglets were slaughtered 4 h after the last meal, at the end of both periods (day 29 and 
day 40). The animals were stunned by electric shock and then exsanguinated. For each pig, a 
midline abdominal incision was made and the whole GI tract was gently removed and placed on 
ice for sampling digesta contents. The stomach and large intestine (LI) were separated from the 

*Calculated nutrient composition (as-fed basis, g/kg): DM, 888; crude protein, 191; crude fibre, 34; fat, 50; Ca, 
7.2; Na, 2.5; P, digestible, 3.65; lysine, 12.5; methionine, 4.4; tryptophan, 2.5; threonine, 8.0; net energy, 10.0 MJ/
kg. 
1Soycomilw (ADM, LJ Koog aan de Zaan, The Netherlands). 2Maize starch (4 %) partially substituted by sodium 
butyrate (3 g/kg) in the experimental treatment. 3Protastarw (AVEBE, Veendam, The Netherlands). 4Mixture of 
palm oil and soyabean oil (1:1, v/v). 5Supplying (per kg diet): retinol, 525mg; cholecalciferol, 5mg; a-tocopherol, 
7.4 mg; phylloquinone, 0.5 mg; thiamin, 1 mg; riboflavin, 4 mg; D-pantothenic acid, 9 mg; niacin, 
12.5mg (available); biotin, 50mg; cyanocobalamin, 15mg; folic acid, 0.3 mg; pyridoxine, 1.5 mg; choline, 400 
mg; Fe, 80 mg; Zn, 54 mg; Mn, 30 mg; Co, 0.15 mg; I, 0.14 mg; Se, 0.25 mg; antioxidants (E310, E320, R321), 
50 mg; maize starch as a carrier.
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small intestine (SI) and the stomach was weighed full and empty. Samples from the stomach, 
jejunum, ileum, caecum and colon were collected and stored at -20 °C until analysis. 

DNA isolation
In total 120 samples, from 12 piglets per treatment (control or SB-supplemented diet) distributed 
among the three replicate experiments, were selected for DNA extraction. Samples were defrosted 
and DNA was extracted from 200 mg of digesta using the Fast DNA Spin Kit (Qbiogene, Inc, 
Carlsbad,CA, USA). A NanoDrop ND-1000 spectrophotometer (NanoDrop® Technologies, 
Wilmington, DE, USA) was used to determine DNA concentrations and electrophoresis in 
agarose gels 1.2% (w/v) containing ethidium bromide was used to check the integrity of DNA.

PCR-DGGE analysis
Universal primers S-D-Bact-0968-a-S-GC and S-D-Bact-1401-a-A-17 (Table 2) were used 
to amplify the V6 to V8 variable regions of the bacterial 16S rRNA gene. To study the 
Lactobacillus-specific GI tract community, primers Lac1 and Lac2 (Table 2) were used to 
amplify the V3 region of the bacterial 16S rRNA gene. PCRs were performed using a GoTaq® 
DNA Polymerase kit from Promega (Madison, WI, USA.). Each PCR mixture (50 ml) contained 
1.25 U of GoTaq® DNA polymerase, Green GoTaq® reaction buffer containing 1.5 mM MgCl2, 
0.2 mM of each deoxynucleoside triphosphate, 0.2 mM of the primers, 1 ml of DNA solution (~1 
ng/ml) and UV-sterilized water. The samples were amplified in a thermocycler T1 (Whatman 
Biometra, Göttingen, Germany) using the following program: pre-denaturation at 94°C for 5 
min, 35 cycles of denaturation at 94°C for 30 sec, annealing at 56°C for 20 sec, extension at 
68°C for 40 sec and final extension at 68°C for 7 min. The integrity of the DNA was checked 
by electrophoresis on a 1% (w/v) agarose gel containing ethidium bromide. DNA concentration 
was determined with a NanoDrop ND-1000 spectrophotometer (NanoDrop® Technologies).

        Table 2. Oligonucleotide primers used in this study

The V6-V8 PCR amplicons were separated by DGGE according to the specifications 
of Muyzer et al. [28] using a Dcode TM system (Bio-Rad Laboratories, Hercules, CA, USA). 
Electrophoresis was performed in an 8% (v/v) polyacrylamide gel (37.5:1 acrylamide-
bisacrylamide and dimensions: 200 by 200 by 1 mm) and 0.5× Tris-acetate-EDTA (TAE) 
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(pH 8) buffer. The gels were poured from the bottom using a gradient maker and a pump 
(Econopump; Bio-Rad Laboratories). The denaturing gradient used was 30-60% and 30-55% 
for total bacterial and Lactobacillus-group specific amplicons, respectively. The gels were 
electrophoresed for 16 h at 85 V in 0.5x TAE buffer at a constant temperature of 60°C and 
stained with AgNO3 [29]. Gel images were digitally normalized by comparison with an external 
standard pattern using Bionumerics software package version 4.5 (Applied MathS, Kortrijk, 
Belgium). This normalization enabled comparison between DGGE profiles from different gels 
that were run under identical denaturing and electrophoresis conditions [30]. For comparisons 
of the profiles, the Shannon Index of diversity [31], the number of bands (richness) and the 
Pearson’s coefficient were calculated. Dendograms were constructed using an unweighed pair-
group method with averaging algorithm (UPGMA). 

Quantitative PCR
Quantitative PCR (qPCR) was performed on an iCycler IQ real-time detection system associated 
with the iCycler optical system interface software version 2.3 (Bio-Rad, Veenendaal, The 
Netherlands). The reaction mixture (25 µL) consisted of 12.5 µL of IQ SYBR Green Supermix 
(Bio-Rad), 0.2 µM of each primer and 5 µL of template DNA diluted in water (10 or 50 times) 
to avoid PCR inhibition. A standard curve was generated using the serially diluted 16S rRNA 
gene amplicons obtained from Lactobacillus rhamnosus. Universal primers, Bact 1369 and 
Prok 1492 (Table 2) were used to estimate the total number of copies of the bacterial 16S rRNA 
gene in each sample by triplicate. PCR was performed with an initial denaturation step of 95ºC 
for 3 min, followed by 40 cycles of 95ºC for 15 sec, 56ºC for 30 sec and 72ºC for 30 sec. 

Primers Lacto F and Lacto R (Table 2) were used to quantify the Lactobacillus group 
present in the sample using the following PCR program: initial denaturation step of 95ºC for 10 
min, followed by 40 cycles of 95ºC for 15 sec and 62ºC for 60 sec.

PITChip analysis
The phylogenetic analysis of the digesta samples was done using the PITChip (Chapter 3 of this 
thesis). This is a phylogenetic microarray with more than 2900 oligonucleotides based on 16S 
rRNA gene sequences targeting 627 porcine intestinal microbial phylotypes. The protocol for 
hybridization and analysis of the generated data was performed essentially as described before 
[32]. Briefly, the 16S rRNA gene from pig intestinal samples was amplified using the primers 
T7prom-Bact-27-for and Uni-1492-rev (Table 2). For the reaction 10 ng of DNA samples were 
used as a template in a final volume of 50 ml. Samples were denatured at 94°C for 2 min followed 
by 35 cycles of 94°C (30 sec), 52°C (40 sec), 72°C (90 sec) and a final extension at 72°C for 
7 min. After purification of the PCR products (NucleoSpin Extract II kit, Macherey-Nagel, 
Düren, Germany) the DNA concentration was measured using a NanoDrop spectrophotometer. 

In vitro transcription of the 16S rRNA genes carrying the T7-promoter was performed 
using the Riboprobe System (Promega). For the reaction 500 ng of the gene amplicon plus 
rATP, rGTP, rCTP and a 1:1 mix of rUTP and aminoallyl-rUTP (Ambion, Austin, TX, USA) 
were used. The transcription reaction was incubated at room temperature for 2 h and afterwards 
possible DNA present was digested with the Qiagen RNAse-free DNAse kit (Qiagen, Hilden, 
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Germany). RNA was purified (RNeasy Mini-Elute Kit, Qiagen, Hilden, Germany) and the 
concentration was quantified with NanoDrop. 

RNA samples (modified amino-allyl nucleotides) were coupled with CyDye using the 
Post-Labeling Reactive Dye (Amersham Biosciences, Little Chalfont, UK) dissolved in DMSO 
(84 ml). For the labeling reaction 20 µl of CyDye were added to 2 mg of pure RNA and 25 mM 
of sodium bicarbonate buffer (pH 8.7) in a final volume of 40 ml. Samples were incubated 
during 90 min in the dark and at room temperature. After this time the reaction was stopped by 
adding 15 ml of 4 M hydroxyl-amine and incubating in the dark for 15 min. RNAse-free water 
was added to 100 ml and the labeled RNA was quantified.

Microarrays synthesized by Agilent Technologies (Agilent Technologies, Palo Alto, 
CA, USA) in 8×15 K format were used for hybridization with two samples, labeled with 
Cy3 and Cy5, respectively. The Cy3/Cy5-labeled target mixtures were fragmented with 10× 
fragmentation reagent (Ambion). Hybridization on the arrays was performed at 62°C for 16 h 
in a rotation oven (Agilent). Slides were washed at room temperature in 2× SSC with 0.3% SDS 
for 10 min, followed by 0.1× SSC with 0.3% SDS at 38°C for 10 min and 0.06× SSPE for 5 min 
[33]. Data was extracted from microarray images using the Agilent Feature Extraction software, 
version 9.1 (http://www.agilent.com). Data normalization and further microarray analysis were 
performed using a set of R based scripts (http://r-project.org) in combination with a custom 
designed relational database, which runs under the MySQL database management system 
(http://www.mysql.com). Ward’s minimum variance method was used for the generation of 
hierarchical clustering of probe profiles by calculating a distance matrix between the samples 
based on the squared difference between each pair of profiles (squared Euclidian distance – E2) 
[34]. 

Statistical analysis
Multivariate analysis was applied for both DGGE fingerprints and PITChip data 

interpretation. In order to relate changes in total bacterial and Lactobacillus community 
composition to environmental variables, redundancy analysis (RDA) was used as implemented 
in the CANOCO 4.5 software package (Biometris, Wageningen, The Netherlands) [35]. RDA 
is a multivariate direct gradient analysis method that allows ordering of samples and taxa 
(i.e. bands) considering that species have linear relationships to environmental variables [36]. 
Relative abundance (peak areas) of bands (for DGGE) and the sum of signal intensities for 
144 genus-level phylogenetic groups (for PITChip) were used as predictors. Treatment classes, 
day and sex were introduced as nominal environmental variables (dummy variables 0 or 1). 
The redundancy analysis was performed focusing on inter-samples correlation, and the Monte 
Carlo permutation test was applied [37] to decide whether treatment and time had a statistically 
significant influence on the species composition. We used the option unrestricted permutation 
(since the experiment had a randomized design) that yields completely random permutations 
[38]. Treatment was considered to affect microbiota composition with p-values < 0.05. Diagrams 
were plotted as triplots using CanoDraw. Diversity of microbial profiles obtained by PITChip 
analysis was expressed as Simpson’s reciprocal index of diversity (1/D) [39]. This diversity 
was calculated with the equation l = 1/SPi2, where Pi is the proportion of ith taxon. This is 
the proportion of each probe signal compared to the total signal for each sample. A higher 
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Simpson’s index value indicates a higher degree of diversity.
To perform the statistical analysis of the qPCR results, the number of gene copies was 

log10 transformed to achieve normal distribution and the mean and standard deviation were 
calculated. Comparisons between control and SB treatment were calculated with the T-test and 
were considered statistically significant if p < 0.05. In addition, the abundance of Lactobacillus 
group relative to total bacteria gene copy number was calculated for each replicate, and the 
mean, standard deviation and statistical significance were determined.

Results

The piglets used in the present work and supplemented with SB or not (controls) grew equally 
well and remained healthy throughout the experiment.

In order to evaluate the effect of pre-weaning treatment of piglets with SB on the GI 
tract microbiota before and after weaning, a complementary set of 16S rRNA gene-targeted 
molecular approaches for the profiling and quantification of GI tract microbiota was used. A 
total of 12 animals were selected from control- and SB-treatment groups, respectively. From 
each piglet, samples from the stomach, jejunum, ileum, caecum and colon were obtained and 
microbial DNA was isolated and processed for a variety of total bacterial and group-specific 
profiling methods, including DGGE analysis of 16S rRNA gene amplicons, qPCR of bacteria 
and lactobacilli, and global profiling using the PITChip, a pig-specific phylogenetic microarray. 

Redundancy analysis of total bacterial and Lactobacillus DGGE profiles 
To obtain a first overview of potential effects of the SB treatment on microbiota composition, 
DGGE profiling of 16S rRNA gene fragments of total bacteria was performed as well as of 
Lactobacillus spp., which were PCR-amplified from ileal, caecal and fecal samples of randomly 
selected animals from the control and SB-treatment group. Redundancy analysis of the relative 
abundance of DGGE bands of total bacterial communities showed that SB supplementation 
during the suckling period had a significant effect in the caecum (p = 0.034; Fig. 1A) and in 
the ileum (p = 0.028; Fig. 1B). Specific changes in the microbial profiles were observed in 
piglets sacrificed at the end of the suckling period (day 29) but not in piglets sacrificed after 
the post-weaning period (day 40) where the microbial shifts were not significant (p > 0.05). 
Eigenvalues of the first and second RDA axes constrained to the treatment classes were 0.26 
and 0.05, respectively, for the analysis of the caecum, and 0.17 and 0.096, respectively, for 
the ileum analysis. RDA analysis of DGGE profiles of the total bacterial community present 
in the feces showed as well a significant effect (p = 0.012) of the SB supplementation on the 
microbiota composition (data not shown). Specific analysis of the Lactobacillus group showed 
that SB supplementation during the suckling period had a significant effect in the stomach at 29 
days shifting the microbial profile (p = 0.018; Fig. 1C), but no effect was observed for any of 
the other sites. For the Lactobacillus analysis in the stomach, the axes accounted for 57.8% of 
the total variance in the species (Fig. 1C). 
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Changes in the total microbial concentrations
In addition to qualitative community profiling by DGGE, we also quantified the total bacterial 
load along the gastrointestinal tract using qPCR. The mean values of the amount of bacteria 

Figure 1. Ordination triplots for RDA analysis of total bacterial (A and B) and Lactobacillus (C) community 
profiles. Species (DGGE bands representing total bacterial community) are represented by crosses (+). Samples 
are indicated by full squares and full circles as indicated below. Nominal environmental variables are represented 
by triangles (▲). Samples are grouped by treatment: SB, ●; control, ■. (A) Total bacterial DGGE bands analysis 
of caecum samples collected at day 29; p = 0.034. (B) Total bacterial DGGE bands analysis of ileum samples 
collected at day 29; p = 0.028. (C) Lactobacillus spp. DGGE bands analysis of stomach samples collected at day 
29; p = 0.018. Samples coding: sampling site (Ca = caecum, Il = ileum, St = stomach), day 29, sex (M = male and 
F = female), and treatment (con = control, but = sodium butyrate).  

A B

C
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in the group receiving SB at day 40, expressed as log of gene copies/g of digesta, showed a 
significant decrease (p < 0.01) from the stomach to the jejunum (from 8.58 ± 0.42 to 7.52 ± 
0.62 copies/g of digesta) (Fig. 2A). The difference in total bacterial DNA between stomach and 
ileum was only significant in the control group (p < 0.01) at day 29, showing an increase of 1 
log unit both before weaning (from 8.6 ± 0.59 to 9.7 ± 0.37 log copies/g of digesta) and after 
the post-weaning period (from 8.5 ± 0.23 to 9.4 ± 0.92 log copies/g of digesta). As expected, 
the highest amount of bacterial DNA was found in the caecum and colon both before and after 
weaning (10.6 ± 0.56 and 10.8 ± 0.58 log copies/g of caecal digesta, and 10.8 ± 0.32 and 11.2 
± 0.22 log copies/g of colonic digesta, respectively). This indicated that the change in bacterial 
numbers from the stomach and the SI to the caecum and colon was significant before and after 
weaning (p < 0.01), both in the control group and in the SB-treatment group. In contrast to 
these marked differences along the GI tract, no significant differences were found in bacterial 
16S rRNA gene copy numbers in relation to experimental diets in any of the analyzed samples 
(Fig. 2A). 

Figure 2. (A) Total bacterial loads and (B) Lactobacillus loads, in the stomach, jejunum, ileum, caecum and colon 
digesta, measured by quantitative PCR (log gene copies/g of digesta) in pre-weaned (29d) and post-weaned pigs 
(40d) that received a control diet or the same diet supplemented with 0.3% SB during the suckling period. 
* indicates that the difference between treatment and control is significant with p < 0.05. Different lowercase and 
uppercase letters indicate significant differences (p < 0.05) comparing samples from different locations along the 
GI tract, from animals in the control and SB-treatment group, respectively, separately for day 29 and day 40. Bars 
represent means and SEM. 

A

B
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The mean values of Lactobacillus DNA (expressed as log of gene copies/g) increased 
in the control group significantly from the stomach along the GI tract, from 8.07 ± 0.92 to 9.46 
± 0.83 copies/g of digesta in the jejunum (p = 0.028), to 9.39 ± 0.28 copies/g in the ileum (p 
= 0.041), to 9.39 ± 0.72 in the caecum (p = 0.025) and to 9.51 ± 0.75 (p = 0.019) in the colon. 
However, these changes were not observed in the treatment group (Fig. 2B). At day 40, in both 
the control group and the SB-treatment group, there was a decrease in the Lactobacillus DNA 
copy numbers from the stomach to the jejunum (significant in the control group; p = 0.02) and 
from there the numbers increased becoming significant between the stomach and the LI (p < 
0.001). Copy numbers increased from 8.75 ± 0.78 copies/g in the stomach to 10.51 ± 0.98 and 
10.74 ± 0.78 copies/g in the caecum and colon, respectively (in the SB group) and from 8.89 
± 0.27 copies/g in the stomach to 10.58 ± 0.43 and 10.87 ± 0.44 copies/g in the caecum and 
colon, respectively (in the control group). A significant variation in time was only observed in 
the jejunum of the control group and in the colon of both treatment and control.

Contrary to what was observed for total bacteria, a significant increase (p = 0.038) in 
the amount of Lactobacillus DNA between the control group and the piglets receiving SB was 
observed in the stomach at day 29 (Fig. 2B). 

Microarray analysis of microbiota composition
To confirm the results obtained by DGGE and qPCR, and to provide further information 
at high phylogenetic resolution about the microbiota composition at the different intestinal 
sites, 59 of the selected samples were analyzed using the PITChip, a recently developed pig-
specific phylogenetic microarray. A multivariate analysis (RDA) was performed to visualize the 
microarray data. This showed that the addition of SB had a significant effect on the microbial 
distribution in the ileum after weaning (Fig. 3; p = 0.042) (data from day 29 is not shown 
because there were no significant changes). Interestingly, the plot showed a clear difference 
between the 2 treatments groups and the species that explained at least 90% on the variation 
of the data were found to correlate negatively with the SB treatment. Moreover, the samples 
from piglets receiving SB formed a more homogeneous group than the samples from group that 
received the control diet. To identify the groups that differentiated the microbiota of piglets fed 
with SB or with the control diet, a Student’s T-test was performed on the sum of hybridization 
signals of each of 144 genus-level phylogenetic groups (Table 3). This analysis showed 
significant changes in some of the groups’ intensities in the ileum samples, both before and after 
weaning. On day 29, in samples from the SB group, we could find an increase of Clostridium 
perfringens-like species (p = 0.006) with respect to the control. After weaning (day 40) there was 
a significant decrease in the intensity of several taxa, in the SB supplemented group, including 
Dorea-like species, Eubacterium plexicaudatum-, E.ventriosum- and Roseburia intestinalis-like 
species  belonging to Clostridium cluster XIVa, uncultured Deltaproteobacteria (p = 0.006), 
Fibrobacteres succinogenes-like species (Fibrobacteres) and Treponema-like species belonging 
to the Spirochaetes. This was confirmed by a bacterial diversity analysis of the different GI tract 
sections that showed that the microbiota diversity in the ileum of SB fed piglets after weaning 
was significantly lower than that in the control (p =  0.02; Fig. 4). Moreover, this also confirmed 
the multivariate analysis that indicated a significant effect in the ileum at day 40, with mainly a 
decrease in the abundance of several phylogenetic groups (Fig. 3, Table 3). 
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In contrast, microbiota profiles from stomach and jejunum samples were not influenced 
by the addition of SB. As to the large intestine, student´s T-test demonstrated that in the caecum 
of pre-weaned piglets there were several genus-level bacterial groups that were significantly 
affected (p < 0.05) by the SB treatment (Table 3). 

Figure 3. RDA triplot of the microbiota composition in ileal digesta samples of piglets 40 days after weaning, 
receiving a control diet (●) and piglets receiving a supplementation of SB during the suckling period (■), 
expressed as the summed hybridization signal of 144 phylogenetic groups. Both treatments are treated as nominal 
variables and represented by centroids (▲). Microbial groups contributing at least 90% to the explanatory axes 
are represented as vectors. Percentage values at the axes indicate contribution of the principal components to the 
explanation of the total variance of the species in the dataset. Monte Carlo permutation test indicated that butyrate 
supplementation had a significant effect on the variation of microbiota composition with a p-value of 0.042. 29; p 
= 0.018. Samples coding: sampling site (Il = ileum), day 40, sex (M = male and F = female), and treatment (con = 
control, but = sodium butyrate). 

Compared to the control, there was a decrease of the intensity of Sphingomonas-
like species within the Alphaproteobacteria, and an increase of Treponema-like species 
(Spirochaetes). However, pre-weaning treatment with SB did not affect caecal microbial groups 
after weaning (day 40). Colon microbiota before weaning was affected as well by the addition 
of SB to the diet. There was a significant decrease of the intensity of several genus-level 
bacterial groups: Bacteroides pyogenes-like species, Myroides odoratus-like species, Prevotella 
melaninogenica-like species, uncultured Bacteroidetes, uncultured Porphyromonadeceae and 
uncultured Prevotella (Table 3).  
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Table 3.  SSU rRNA-based genus-level phylogenetic groups for which PITChip hybridization signals were found 
to be significantly different between samples from piglets that were fed SB during the suckling period and samples 
from control piglets. The p-values were calculated comparing to the control and using the sum of intensities 
(hybridization signals) of 144 phylogenetic groups. The direction of the effect caused on the bacterial group 
intensity is indicated as up (increase) and down (decrease). Relative abundance is given as an average of control 
piglets

Figure 4. Comparison between Simpson’s indexes (diversity) of PITChip profiles obtained for samples from 
control piglets and samples from piglets treated with SB. Samples were taken from five different GI tract sites at 
two different time points, before weaning (29d) and after the post-weaning period (40d). * indicates that the dif-
ference with the control is significant with p < 0.05. Bars represent means and SEM.
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Discussion

The main objective of this study was to determine the effect of oral supplementation of SB to 
piglets, during the suckling period, on the GI tract microbiota at the end of the suckling period 
and of the post-weaning period. A limited number of studies have previously addressed the 
effect of feeding SB to piglets, both before and after weaning. One study found that when the 
organic acid was fed to early weaned pigs at a feed level of 0.3% of the diet, it increased feed 
efficiency [12], whereas in another study, supplementing milk formula-fed neonatal piglets 
with SB increased body weight gain [40]. In contrast, it was recently reported that different 
concentrations of SB, administered after weaning, had no effect on growth performance of 
weaned pigs [41]. Two additional studies found that SB, especially when provided early after 
birth, had a positive effect on growth performance and on feed intake in young pigs [21, 
43]. However, in the present study, no difference in body weight gain was observed between 
treatments in pigs slaughtered at 29 or at 40 days of age (T. Pellet and J.-P. Lallès, personal 
communication).

No effect of SB supplementation was observed on fermentation end-product formation 
in the different segments of the GI tract of the pigs (W. Pellikaan, personal communication). 
In contrast to the lack of effect of SB on BW and fermentation profiles, there was a clear 
effect of SB supplementation on the microbiota dynamics. The various molecular analyses 
that were performed confirmed that most of the significant differences in the microbiota of 
piglets that received either SB or the control treatment were observed directly after the suckling 
period. Significant differences in the microbial composition after weaning (day 40) could only 
be found in the ileum, indicating that large SB-induced changes in microbiota composition are 
not sustained beyond weaning once the treatment is finished. 

The fact that butyrate can be absorbed rapidly through stomach tissue and thus may 
not arrive intact to the lower digestive tract has been demonstrated before [42]. Another recent 
study reported that young pigs fed SB at 0.3% of feed, showed an increase in butyrate levels in 
the stomach but not in the jejunum [12]. It was observed  that feeding growing pigs a fat-coated 
butyrate product increased the small intestinal plica area [43]. Others found no effect of feeding 
SB on intestinal morphology, confirming that the organic acid may be absorbed in the upper GI 
tract and therefore may not directly affect more distal regions of the intestine [41]. In agreement 
with these results, in the present study, the proportion of butyrate was significantly higher, 
compared to the control, in the stomach and mid jejunum at the day of weaning in the SB treated 
group, whereas no significant differences were found in ileum and caecum (Pellikaan et al., 
in preparation). This is in contrast to the fact that microbial changes were found mainly in the 
ileum and in the LI, indicating a polar effect of proximal differences in butyrate concentrations 
on more distally occurring changes in microbiota composition. The only significant change in 
the stomach was detected with qPCR and was an increase in the total number of Lactobacillus 
spp. copy numbers during the weaning period, after the SB treatment. An increase in the 
amount of Lactobacillus DNA was observed as well by Gong and co-workers in the ileum 
when adding SB to the diet of piglets [44]. A reason for only finding significant changes on 
the total abundance of Lactobacillus spp. 16S rRNA gene copies, whereas based on PITChip 
profiling, no significant changes in individual Lactobacillus-like species were obsreved in the 
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stomach, could be that SB acts by reducing the total size of the Lactobacillus population and not 
by promoting the selection of particular bacteria, as it was suggested before [18]. The opposite 
was observed for the ileum, caecum and colon, where we did not find significant changes for 
the total bacterial counts but where there were changes in the relative abundance of specific 
bacterial groups. A similar result was reported before, when piglets receiving butyrate did not 
have any significant change in total microbial numbers [17]. These authors concluded that it is 
possible that butyrate could cause changes in the microbial species but not significant changes 
in bacterial colonization. This could be the case as well in the present work. The values for the 
total bacteria and Lactobacillus in the stomach, jejunum, caecum and colon estimated by qPCR 
were similar to those described by other authors for cultivable bacteria in pigs [45, 46].

In general, the significant changes observed both in the small and large intestine of 
piglets fed with SB were related to a decrease of PITChip signal intensities mainly of populations 
belonging to Clostridium cluster XIVa after the post-weaning period and to the Bacteroidetes 
group at weaning. This does not completely agree with another study of piglets weaned at 28 
days where SB did not have any effect on clostridia counts along the intestine [41]. The different 
techniques used for the analysis of the microbiota in both studies, in addition to the different 
age at which animals were sacrificed and to environmental and dietary differences between the 
studies, might explain the different effect of SB on intestinal microbiota. 

Diversity is a measure of the number and relative abundance of different microorganisms 
detected, and it has been proposed as an indicator of stability of the intestinal microbiota 
[47]. It has been proposed that a higher diversity could produce a beneficial effect on animal 
performance because it prevents the excessive proliferation of a single bacterial group and 
a likely disturbance of the GI tract microbiota [48]. To this end, our results showed that SB 
in general did not affect bacterial diversity throughout the GI tract, with the exception of a 
significant decrease in SB-treated animals in the ileum after 40 days. This change in diversity 
was concomitant with an overall decrease of the relative abundance of organisms present in the 
ileum. This antimicrobial effect of an organic acid has been seen in another trial described in 
this thesis (Chapter 7), and it agrees with previous reports [14, 49]. 

Weaned piglets are characterized by a more heterogeneous microbial profile than 
suckling piglets [52, 53], caused by the stress suffered at weaning and the changes that the 
animal experiences during this period. This suggests that in the present study SB has a positive 
effect on piglets because samples from different piglets receiving SB had more homogeneous 
microbial profiles. 

In conclusion, feeding pigs SB during the suckling period did affect neither piglets’ 
performance nor total bacterial counts but rather relative abundance of individual groups 
as detected by PITChip analysis, reinforcing the value of such high resolution phylogenetic 
microarrays in dissecting microbiota dynamics in complex ecosystems such as the mammalian 
GI tract. Future studies at the systems level aiming at elucidation of the interactive network 
of host, microbiota and metabolites such as butyrate will be needed to clearly understand the 
mechanisms underlying the effects observed when SB is fed to piglets.
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Abstract

An experiment was designed to evaluate the effect of supplementation of an organic acid blend 
and Oxytetracycline (OTC) on the jejunum mucosa-associated and fecal microbiota of piglets 
during the first 4 weeks post-weaning. Piglets weaned at around 4 weeks of age were distributed 
in 16 pens, 4 piglets per pen, and assigned to 4 different treatments, three of which were compared 
in this study: plain feed/plain water (control group, A), plain feed/0.15 % organic acid mixture 
in water (organic acid group, B), 400 ppm OTC in feed/plain water (antibiotic group, C). DNA 
was extracted from jejunum mucosa and fecal content, and microbial profiles were analyzed by 
16S ribosomal RNA (rRNA) gene-targeted DGGE (Denaturant Gradient Gel Electrophoresis), 
qPCR (quantitative PCR) and PITChip (Pig Intestinal Tract Chip). This revealed a shift of the 
microbial profiles in time, as well as an effect of both additives on the microbial structure, albeit 
non-significant. Quantification of 16S rRNA gene copy numbers of total bacteria, lactobacilli 
and enterobacteria showed that only OTC caused a significant increase in the lactobacilli 
numbers. Overall, the organic acid blend as well as OTC had a significant effect on weaned 
piglet gut microbiota.
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Introduction

It is common practice that pig producers wean piglets at an early age (3 to 4 weeks) in order 
to diminish economic losses. The drawback is that early weaned pigs suffer several stressful 
factors related to the introduction of a new diet, a new environment and new social interactions. 
These stressors trigger a mal-absorption syndrome known as non-infectious diarrhea 
(NID). Opportunistic pathogens take advantage of this unfavorable situation [1], mainly 
enterotoxinogenic Escherichia coli strains (ETEC), that can then cause the post-weaning 
diarrhea syndrome (PWDS) [2]. 

To prevent gastrointestinal (GI) disorders and to improve post-weaning growth rates, 
feed-grade antibiotics have been used regularly during many years. Nevertheless, although the 
therapeutic benefits of antibiotics via microbial inhibition are well known [3, 4], and beneficial 
effects of antibiotics on feed efficiency and growth rate have been demonstrated before [5, 6], 
the mechanism of action is not clear. Four modes of action have been suggested: inhibition 
of subclinical infections, reduction of growth-depressing microbial metabolites, reduction 
of microbial use of nutrients, and enhanced uptake of nutrients through a thinner intestinal 
wall [3, 7]. However, it should be noted that changes in microbiota composition or metabolic 
activities have not always been observed following supplementation with antimicrobial growth 
promoters (AGP), despite observed improvements in animal performance. It was therefore 
recently hypothesized that AGP act primarily through their anti-inflammatory properties, and 
that reduced inflammation in GI tract tissues due to AGP supplementation may contribute to 
observed improvements in animal performance [8].

Although AGPs have a positive effect on weaning piglets, the possible influence on the 
development of antibiotic resistance in pathogenic microorganisms caused the full ban of these 
antibiotics as feed additives in the European Union as from 2006 and prompted the research 
of new alternatives. It has been proposed that acidification could provide a prophylactic effect 
similar to that provided by feed antibiotics [9, 10], making organic acids a promising alternative 
to antibiotics [11-14]. Moreover, it has been suggested that while antibiotics inhibit microbial 
growth in general, acidifiers cause beneficial rather than harmful microorganisms to dominate 
in the gastrointestinal tract [10]. Furthermore, organic acid supplementation is also applicable 
in the growing-finishing period and not only in the weaning phase.

In order to provide a sound microbiological basis for above-mentioned hypotheses, in this 
study we evaluated the potential effects of supplementing piglets’ diet with either a commonly 
used antibiotic, Oxytetracycline (OTC), or with acidified water, applying a complementary set 
of cultivation-independent biomolecular approaches for the comprehensive characterization of 
porcine intestinal microbiota. Oxytetracycline is a broad spectrum antibiotic that targets several 
bacteria among which are chlamydia, mycoplasma, clostridia and spirochaetes. Some strains 
have developed resistance to this antibiotic. The mode of action consists in the inhibition of key 
protein production by the microbiota, stopping their proliferation and the infection.
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Materials and Methods

Animals, treatments and sampling
A total of 64 Hypor piglets, mixed males and females, were used in this trial. They were 
allocated in departments at the Halfweg Swine Research Centre (Nutreco Agriculture R&D, 
Boxmeer, The Netherlands) with 16 pens each and 4 piglets per pen, with a light schedule of 16 
hours light and 8 hours dark. No creep feeding was provided during the lactation period. Piglets 
were weaned at around 4 weeks of age, with an average weight of 6.8 kg, and assigned to 4 
different treatments: plain feed/plain water (control group, A), plain feed/organic acid mix in 
water (organic acid group, B), medicated feed/plain water (antibiotic group, C) and medicated 
feed/organic acid mix in water (these samples were not analyzed). The length of the study was 
4 weeks, during which piglets in the organic acid group received water supplemented with 
0.15 % organic acid mixture POC 131 (Selko) and piglets in the antibiotic group were fed a 
diet supplemented with 400 ppm OTC during the first week after weaning. Feed and water, via 
nipple, were provided ad libitum. Growth, feed use and feed efficiency were measured weekly 
per pen, diarrhea scores were observed daily per pen and water usage was measured per half 
department. Per treatment group, 4 piglets were sacrificed after 2 and 4 weeks, respectively, and 
samples were taken of jejunum, ileum and rectum contents and of jejunum and ileum mucosa 
for microbiological analysis. Culturing was performed directly while other samples were kept 
at -20ºC till the molecular analyses were performed.

Commercial Start feeds (non-medicated and medicated with 400 ppm Oxytetracycline) 
were fed the first week after weaning. Thereafter, commercial Link feed was fed to all piglets.

DNA isolation and PCR-DGGE (Denaturant Gradient Gel Electrophoresis) 
In total 48 samples (jejunum mucosa and feces) from 24 piglets that had either a control diet 
(plain feed/plain water) or a supplemented diet (plain feed/acidified water and medicated feed/
plain water) were selected for DNA extraction. Samples (stored at -20ºC) were defrosted and 
DNA was extracted from 300 mg of digesta using the Fast DNA Spin Kit for Soil (Qbiogene, Inc, 
Carlsbad, CA, USA). Jejunum mucosa samples were pre-treated with 500 μL of PBS (Sodium 
Phosphate Buffer), 50 μL of SDS (10%) and 10 μL of proteinase K (20 mg/ml). Electrophoresis 
in agarose gels 1.2% (w/v) containing ethidium bromide was used to check the quality of DNA.
To study the total microbial profiles of the samples by DGGE, the V6-V8 
variable region of the bacterial 16S rRNA (ribosomal RNA) gene was amplified 
using the universal primers set S-D-Bact-0968-a-S-GC/S-D-Bact-1401-a-A-17 
(5´-CGCCCGGGGCGCGCCCCGGGCGGGGCGGGGGCACGGGGGGAACGCGAAGAA
CCTTAC-3´, 5´-CGGTGTGTACAAGACCC-3´) [15]. To study Lactobacillus-specific GI  
tract community, primers Lac1/Lac2 (5´-AGCAGTAGGGAATCTTCA-3´, 5´-CGCCCGGG
GCGCGCCCCGGGCGGCCCGGGGGCACCGGGGATTYCACCGCTACACATG-3´) [16] 
were used to amplify the V3 region of the bacterial 16S rRNA gene. PCRs were performed using 
a GoTaq® DNA Polymerase kit from Promega (Madison, WI, USA.). Each PCR mixture (50 ml) 
contained 1.25 U of GoTaq® DNA polymerase, Green GoTaq® reaction buffer containing 1.5 
mM MgCl2, 0.2 mM of each deoxynucleoside triphosphate, 0.2 mM of the primers, 1 ml of DNA 
solution (~1 ng/ml) and UV-sterilized water. The samples were amplified in a thermocycler T1 
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(Whatman Biometra, Göttingen, Germany) using the following program: pre-denaturation at 
94°C for 5 min, 35 cycles of denaturation at 94°C for 30 sec, annealing at 56°C for 20 sec, 
extension at 68°C for 40 sec and final extension at 68°C for 7 min. The size of the PCR products 
was checked by electrophoresis on a 1% (w/v) agarose gel containing ethidium bromide. DNA 
concentration was determined with a NanoDrop ND-1000 spectrophotometer (NanoDrop® 
Technologies, Wilmington, DE, USA).

The V6-V8 PCR amplicons were separated by DGGE [17] using a Dcode TM system 
(Bio-Rad Laboratories, Hercules, CA, USA). Electrophoresis was performed in an 8% (v/v) 
polyacrylamide gel (37.5:1 acrylamide-bisacrylamide and dimensions: 200 by 200 by 1 mm) 
and 0.5× Tris-acetate-EDTA (TAE) (pH 8) buffer. Gels with a different gradient (30-60% and 
30-55% for total bacterial and Lactobacillus-group specific amplicons respectively) were 
prepared using a gradient maker and a pump (Econopump; Bio-Rad Laboratories). The gels 
were electrophoresed for 16 h at 85 V in 0.5× TAE buffer at a constant temperature of 60°C and 
stained with AgNO3 [18]. Bionumerics software package version 4.5 (Applied MathS, Kortrijk, 
Belgium) was used to normalize and analyze the gels. 

Phylogenetic microarray analysis
The PITChip (Chapter 3) was used for simultaneous high-resolution profiling and phylogenetic 
analysis of the samples. The protocols for hybridization and analysis of the data were used 
essentially as described before [19, 20]. 

RNA production: The 16S rRNA gene from the DNA samples was amplified using primers 
T7prom-Bact-27-for/Uni-1492-rev (5´-TGAATTGTAATACGACTCACTATAGGGGTTTGA
TCCTGGCTCAG-3´, 5´-CGGCTACCTTGTTACGAC-3´) [21]. The PCR reaction was 
performed with 10 ng of DNA in a final volume of 50 ml and the conditions were as follows: 
94°C for 2 min followed by 35 cycles of 94°C (30 sec), 52°C (40 sec) and 72°C (90 sec), and 
a final extension at 72°C for 7 min. PCR amplicons were purified (NucleoSpin Extract II kit, 
Macherey-Nagel, Düren, Germany) and the concentrations were measured using a NanoDrop 
ND-1000 spectrophotometer. 

In vitro transcription of the 16S rRNA genes carrying the T7-promoter was performed 
using the Riboprobe System (Promega, La Jolla, USA). The reaction mix contained 500 ng of 
the PCR amplicon together with rATP, rGTP, rCTP and a 1:1 mix of rUTP and aminoallyl-rUTP 
(Ambion, Austin, TX, USA). This transcription reaction was incubated at room temperature for 
2 h followed by a DNAse treatment with the Qiagen RNAse-free DNAse kit (Qiagen, Hilden, 
Germany). Produced RNA was purified (RNeasy Mini-Elute Kit, Qiagen, Hilden, Germany) 
and the concentration was quantified with a NanoDrop.

 
Labeling of samples and hybridization: The Post-Labeling Reactive Dye (Amersham 
Biosciences, Little Chalfont, UK) dissolved in 84 ml of DMSO was used to couple the RNA 
samples with CyDye. The reaction was performed with 20 µl of CyDye, 2 mg of pure RNA 
and 25 mM of sodium bicarbonate buffer (pH 8.7) in a final volume of 40 ml. Samples were 
incubated during 90 min in the dark and at room temperature. The reaction was stopped by 
adding 15 ml of 4 M hydroxyl-amine and incubating in the dark for 15 min. RNAse-free water 
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was added to 100 ml and the labeled RNA was quantified.
From each sample two labeled fractions, with Cy3 and Cy5 respectively, were hybridized 

to the microarrays synthesized by Agilent Technologies (Agilent Technologies, Palo Alto, CA, 
USA) in 8×15 K format. For that purpose, the Cy3/Cy5-labeled target mixtures were treated 
with 10× fragmentation reagent (Ambion, Austin, TX, USA). Hybridization on the arrays 
was performed at 62.5°C for 16 h in a rotation oven (Agilent). Slides were washed at room 
temperature in 2× SSC with 0.3% SDS for 10 min, followed by 0.1× SSC with 0.3% SDS at 
38°C for 10 min and 0.06× SSPE for 5 min [22]. 

PITChip data analysis: Microarray slides were scanned and the data was extracted from the 
images using the Agilent Feature Extraction software, version 9.1 (http://www.agilent.com). 
For the data normalization and further analysis a set of R based scripts (http://r-project.org) 
were used in combination with a custom designed relational database [19, 20], which runs 
under the MySQL database management system (http://www.mysql.com). 

Quantitative PCR (qPCR)
Quantification of total bacteria, lactobacilli and enterobacteria groups was done by qPCR 
using an iCycler IQ real-time detection system associated with the iCycler optical system 
interface software version 2.3 (Bio-Rad, Veenendaal, The Netherlands). The reaction 
mixture (25 µL) consisted of 12.5 µL of IQ SYBR Green Supermix (Bio-Rad), 0.2 µM of 
each primer and 5 µL of template DNA diluted in water (10, 100 or 1000 times) to avoid 
PCR inhibition. The standard curves were generated using serially diluted rRNA gene 
amplicons obtained from pure Lactobacillus and E.coli strains. Universal primers, Bact 1369 
(5´-CGGTGAATACGTTCYCGG-3´) and Prok 1492 (5´-GGWTACCTTGTTACGACTT-3´) 
[23] were used to estimate the total number of copies of the bacterial 16S rRNA gene in each 
sample by triplicate. The qPCR reaction was performed with an initial denaturation step of 
95ºC for 3 min, followed by 40 cycles of 95ºC for 15 sec, 56ºC for 30 sec and 72ºC for 30 
sec, and two final steps of 95ºC and 60ºC for 1 min each. For the amplification of lactobacilli 
16S rRNA genes, primers Lacto F (5´-TGGAAACAGRTGCTAATACCG-3´) and Lacto R 
(5´-GTCCATTGTGGAAGATTCCC- 3´) [24] were used and the reaction steps were: 95ºC for 
10 min, followed by 40 cycles of 95ºC for 15 sec and 62ºC for 1 min, and two final steps of 95ºC 
and 60ºC for 1 min each. In order to amplify a fragment of the 23S rRNA gene of enterobacteria 
present in the samples primers En-lsu3f (5´-TGCCGTAACTTCGGGAGAAGGCA-3´) and En-
lsu3r (5´-TCAAGGCTCAATGTTCAGTGTC-3´) [25] were used and the following reaction 
was performed: initial step of 50ºC for 2 min, 95ºC for 10 min followed by 40 cycles of 95ºC for 
15 sec and 60ºC for 1 min, and two final steps of 95ºC and 60ºC for 1 min each. Melting curve 
analysis of amplicons was done after all amplifications.

Statistical analysis
Statistical comparison of the DGGE profiles based on UPGMA clustering (Unweighed Pair 
Group Method, based on Arithmetic mean), and Pearson’s correlation was performed to 
calculate similarity indexes as implemented in Bionumerics. 

Ward’s minimum variance method was used for the generation of hierarchical clustering 
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of probe profiles generated by the PITChip, by calculating a distance matrix between the samples 
based on the squared difference between each pair of profiles (squared Euclidian distance – E2) 
[26]

Multivariate analysis, and more specifically redundancy analysis (RDA), was applied 
for PITChip data interpretation in order to relate changes in microbial community composition 
to environmental variables, as implemented in the CANOCO 4.5 software package (Biometris, 
Wageningen, The Netherlands) [27]. RDA is a multivariate direct gradient analysis method 
that allows ordering of samples and taxa (i.e. taxonomic groups) considering that the latter 
have linear relationships to environmental variables. The sums of signal intensities for 144 
genus-like phylogenetic groups were used as predictors. Treatment classes and time points were 
introduced as nominal environmental variables by defining them as 0 or 1 (dummy variables). 
RDA was performed focusing on inter-sample correlation and the Monte Carlo permutation 
test was applied [28] using the option “unrestricted permutation” (because the experiment 
had a randomized design) to decide whether treatment and time had a statistically significant 
influence on the species composition. The environmental variables were considered to influence 
significantly the microbiota composition at p-values < 0.05. Diagrams were plotted as triplots 
using CanoDraw for Windows.

Diversity of microbial profiles obtained by DGGE and PITChip analysis was expressed 
as Simpson’s reciprocal index of diversity (1/D) [29]. This diversity was calculated with the 
equation l = 1/SPi2, where Pi is the proportion of ith bands or taxon (proportion of each band 
density or probe signal compared to the total density or signal for each sample). A higher 
Simpson’s index value indicates a higher degree of diversity.

To statistically analyze the qPCR results, the number of gene copies was log10 transformed 
to achieve normal distribution, and the mean and standard deviation were calculated. In order 
to asses statistical significance of the changes among the treatment groups and between time 
points, Student’s T-test was performed (two tailed). P-values were statistically significant when 
lower than 0.05 and highly significant when lower than 0.01.
 

Results

In the present study, a complementary set of molecular approaches targeting the bacterial 16S 
rRNA gene was applied towards the evaluation of potential changes in microbiota composition 
in different compartments of the porcine gastrointestinal tract after dietary treatment of weaning 
piglets with either a commonly used antibiotic, Oxytetracycline, or alternatively a blend of 
organic acids. To this end, fecal and jejunum mucosa samples were used as representative for 
different locations along the GI tract.

In vivo data correlated with the microbiological results (data not shown). It was found 
that antibiotic supplementation to the diet significantly reduced the incidence of diarrhea in the 
4 weeks period following weaning, supporting the observation that the effects of OTC were 
seen at week 4. Similarly, the supplementation of 0.15% organic acid blend also significantly 
reduced the incidence of diarrhea. 
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Figure 1. DGGE profiles of total bacterial groups from piglets receiving either a control diet, a diet supplemented 
with an organic acid blend or a diet supplemented with oxytetracycline. Samples were from fecal material (A) 
and jejunum mucosa (B) and were collected at week 2 and week 4 after weaning. Samples coding: pig number 
followed by sampling site (F = feces, J = jejunum mucosa), week (0, 2 or 4), treatment (A = control, B = organic 
acid blend, C = antibiotic) and sex (m = male and f = female). The two clusters are marked with different boxes.

A

B
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DGGE profiling
In order to provide an overview of potential effects of treatment as well as time of sampling on 
porcine fecal and jejunum mucosa-associated microbiota, the similarities of the corresponding 
total bacterial and lactobacilli-specific DGGE profiles were compared based on Pearson’s 
correlation coefficients, which were subsequently used for the construction of UPGMA 
dendograms. Cluster analysis of the two time points (week 2 with week 4) for total bacteria 
profiles of each set of samples (feces and jejunum) showed two separate clusters, one with 
samples from week 2 and the other one with week 4 samples (Fig. 1) indicating the development 
of the microbiota in time. The same was observed for lactobacilli profiles (data not shown).

Furthermore, to assess whether time after weaning and/or treatment affected bacterial 
diversity, Simpson’s reciprocal index of diversity was calculated based on number and relative 
intensity of DGGE bands. The diversity was higher in feces samples than in jejunum, as expected. 
The total bacteria community was significantly less diverse at week 4 than at week 2 for feces in 
control pigs (p-value = 0.008; Table 2). A significant difference in microbial composition related 
to treatment was observed in the lactobacilli community, the diversity of which decreased in the 
jejunum mucosa at week 2 when OA was supplemented to the diet, compared to the control. 
Moreover, in the lactobacilli-specific DGGE of week 2 with feces samples, two clusters were 
observed, one corresponding to samples from pigs receiving the dietary treatment A (plain 
feed/plain water) and another cluster comprising samples from dietary treatment B (plain feed/
acidified water) and C (in-feed antibiotic/plain water) (data not shown). More specifically, there 
was one band that was clearly present in samples from piglets receiving the control diet (plain 
feed/plain water) but was inhibited in piglets receiving the antibiotic or the organic acid blend, 
at week 2. At week 4 profiles from piglets from the three treatments showed the band again 
(Fig. 2). 

Figure 2. DGGE profiles of lactobacilli species present in feces samples from piglets receiving either a control 
diet (A), a diet with acidified water (B) or a diet supplemented with an antibiotic (OTC; C). Samples were taken 
at week 2 and week 4 after weaning. The white box marks a band corresponding to a lactobacilli species that is 
inhibited by both the organic acid treatment and the antibiotic treatment at week 2.
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Detailed insight into fecal microbial profiles
Fecal samples were selected for a more detailed assessment of their microbial composition 
using the PITChip, a diagnostic microarray custom-designed for the comprehensive profiling 
of porcine intestinal microbiota. To this end, the hybridization signal intensities of probes 
corresponding to 144 SSU (small subunit) rRNA-based genus-level phylogenetic groups were 
used.

A multivariate analysis (RDA) of the hybridization signals for each sample showed 
that there was no significant effect, neither of any of the treatments nor of time. However, 
the analysis also indicated that one of the samples taken from one of the animals fed diet B 
(22-F4B-m) was a strong outlier (data not shown). When this sample was removed from the 
data set and re-analyzed we could observe a statistically significant change (p = 0.05) of the 
profiles in the presence of the organic acid blend (Fig. 3). For this reason we did not include that 
sample in the statistical analysis of relative abundance of different phylogenetic groups. 

Figure 3. RDA triplot of the microbial profiles of weaned piglets, expressed as the summed hybridization signals 
of 144 phylogenetic groups. Samples were from piglets that received either a control diet (A; ●), a diet with 
acidified water (B; ■) or a diet with an in-feed antibiotic (C; ◊). Microbial groups that contributed at least 22% to 
the explanatory axis are represented as vectors and the environmental variables, diet A, B and C, and time (week 
2/4) as centroids of the plot. Both axes explain together 16.1% of the total variance in the dataset. Samples from 
treatment B were significantly different (p = 0.05). Samples coding: pig number followed by sampling site (F = 
feces, J = jejunum mucosa), week (2 or 4), treatment (A = control, B = organic acid blend, C = antibiotic) and sex 
(m = male and f = female). 
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Microbial changes related to diet: RDA analysis of the microbial profiles considering the 
environmental variables treatment (control, organic acid blend and antibiotic) and time (week 
2 and week 4) showed that there was a significant effect of the acidifier on the microbial 
composition (p = 0.05; Fig. 3). When analyzing samples from the two time points separately, 
RDA revealed that this treatment effect was observed only two weeks but not four weeks after 
weaning (data not shown). Among the phylogenetic groups that explained at least 22% of the 
distribution, there were three Lactobacillus gasseri-, Lactobacillus paracasei- and Lactobacillus 
delbruckii-like species, as well as populations related to Clostridium perfringens, Clostridium 
oroticum and Clostridium hylemonae. These Clostridium species were more abundant in piglets 
receiving a control or antibiotic supplemented diet. It was also observed that the control and 
the antibiotic-treatment groups had a more similar microbial composition than the organic acid 
group, because both centroids of the plot representing the two environmental variables (control 
and antibiotic treatment) clustered on the left lower quartile of the triplot. Moreover, the analysis 
showed that the microbiota of piglets treated with the organic acid blend had a more uniform 
composition than the piglets from the control and antibiotic treatment group. 

Table 1 lists the phylogenetic groups with the highest relative abundance (> 2%) for 
each treatment group for both sampling points. 

Table 1. Phylogenetic groups with relative abundance of at least 2% in the 3 treatment groups at week 2 (upper 
table) and at week 4 (lower table).



146

Chapter 7

This showed that the microbiota composition was quite similar among treatments with mainly 
members of the Clostridium clusters I, IV, XIVa and XIVb, Bacilli and Bacteroidetes species-
like groups. In both time points, a decrease was observed in the number of groups above 2%, 
in the group receiving the antibiotic, indicating a reduction in diversity at the genus-like group 
level. At week 4 after weaning, Clostridium perfringens-like species appeared as one of the 
abundant groups. 

Differences in Simpson’s reciprocal index of diversity of the microbial profiles obtained 
by PITChip were not significant, showing a lower diversity in samples from piglets that received 
the organic acid blend compared to the control (204.7 ± 26.5 versus 218.4 ± 42.3 respectively) 
and even lower in samples from piglets treated with the antibiotic (188.1 ± 41.1), at week 2 after 
weaning. Four weeks after weaning, the diversity of the microbial profiles was lower than two 
weeks earlier (diversity of the control was 167.3 ± 60.8). The group treated with the organic 
acid mixture had again a lower diversity than the control (126.9 ± 87.1 versus 167.3 ± 60.8) 
but piglets treated with the antibiotic had a higher microbial diversity compared to the control 
group (210.4 ± 49.0 versus 167.3 ± 60.8), which was, however, not significant (Table 2). 

Table 2. Simpson’s diversity index ± standard deviation, calculated for PITChip (upper table) and DGGE (lower 
table) profiles for both time points (week 2 and week 4), both sample types (jejunum mucosa and feces), the 3 
diets and in DGGE for total bacterial and lactobacilli communities and for diet. Significant differences between 
week 2 and week 4 are marked as ** for p < 0.01; Significant differences between treatments are marked with 
letters.

In order to identify those phylogenetic groups for which the relative abundance was 
significantly different between the three treatments, Student’s T-tests were performed on the 
summed hybridization signals of each of the 144 phylogenetic groups. Piglets fed with a diet 
supplemented with the organic acid blend had a significant increase of several bacterial groups 
two weeks after weaning (Table 3). 
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Table 3. List of phylogenetic groups that changed significantly 2 weeks after weaning, when an organic acid blend 
was supplemented to the water (treatment B). P-values are indicated as well as the change observed, decrease 
or increase of the relative abundance when compared to the control. Abundance is given as average of values 
observed for animals in the control group.

In contrast, samples from piglets that received the antibiotic had hardly any significant 
change compared to the control diet, agreeing with what was observed with the multivariate 
analysis. There was only a decrease of Uncultured Clostridia XIVa (p = 0.021) and an increase 
of Enterococcus-like species (p = 0.046). At week 4 after weaning, the microbiota of the group 
receiving the acidified water was not much different from the control group, with only a few 
groups that showed a significant change, Turneriella- and Xanthomonas-like species decreased 
significantly (p = 0.033 and p = 0.044 respectively; Table 4).

Temporal development of the fecal microbiota after weaning: Whereas cluster analysis of 
DGGE profiles showed separate clusters depending on the time of sampling, multivariate 
analysis of corresponding PITChip fingerprints indicated that this difference between sampling 
days was not statistically significant (p = 0.404; data not shown). 

Microbiota composition of piglets receiving the control diet was quite stable over time, 
with similar relative abundance of the different phylogenetic groups present in feces. Overall, 
only a decrease in Erysipelothrix- (p = 0.012) and Solobacterium moorei-like species (p = 
0.042), both members of the Mollicutes, and an increase of Streptococcus suis-like species (p = 
0.019) belonging to the Bacilli, were observed. In the treatment groups, the shifts in population 
between week 2 and week 4 were more pronounced, especially in the organic acid treatment 
group. Based on the PITChip data, the acidifier inhibited mainly the growth of species belonging 
to Clostridium cluster XIVa, Gammaproteobacteria and Bacilli (data not shown). Within the 
antibiotic treatment group the significant changes in time were scarcer and comprised mostly an 
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increase in relative abundance of groups belonging to the Clostridium clusters I, IV, IX, XIVa 
and XV, and Spirochaetes. These groups included: Clostridium perfringens-, Faecalibacterium-, 
Veillonella-, Roseburia intestinalis-, Eubacterium- and Leptospira-like species.

Table 4. List of phylogenetic groups that changed significantly 4 weeks  after weaning, when OTC (antibiotic) was 
supplemented to the feed. P-values are indicated as well as the change observed, decrease or increase of the relative 
abundance when compared to the control. Abundance is given as average of values observed for animals in the control 
group.

Analysis of lactobacilli in the feces of weaned piglets: As mentioned above, DGGE indicated a 
change in the lactobacilli profiles related to treatment, in samples from 2 weeks after weaning. 
In order to evaluate whether populations corresponding to these changes could be identified 
using PITChip analysis data, a multivariate analysis (RDA) was performed using the summed 
hybridization signals of all lactobacilli groups (Fig. 4).  Although this analysis showed that there 
was no significant effect of the treatment on the Lactobacillus species distribution, a clear shift 
with respect to the different lactobacilli groups was observed (Fig. 4). The RDA triplot showed 
a higher number of lactobacilli species having a higher positive correlation with treatment C 
than with B. Moreover, it indicated that the DGGE profile band that was disappearing at week 2 
after weaning, with treatment C and in lesser degree with treatment B, most likely represented 
a Lactobacillus paracasei-like organism.
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Figure 4. RDA triplot of lactobacilli profiles of samples taken 2 weeks after weaning, expressed as summed 
hybridization signals of 144 phylogenetic groups. Samples are classified according to treatment. A (●) corresponds 
to the control diet, B (■) to the acidified water diet and C (◊) to the antibiotic supplemented diet. All lactobacilli 
groups that contributed to the explanatory axis are represented as vectors, and the environmental variables, diet A, 
B and C, as centroids of the plot. The axes explain together 35.9% of the total variance in the dataset. 

Abundance of total bacteria, lactobacilli and enterobacteria in fecal samples
Quantitative PCR was used to determine the abundance of total bacteria, total lactobacilli and 
total enterobacteria present in fecal samples of piglets at two and four weeks after weaning. 
Total bacterial numbers 2 weeks after weaning (Table 5) were found to be almost significantly 
lower (p = 0.058) in piglets fed with the organic acid blend supplemented diet than in piglets 
receiving the control diet. This result was in agreement with the PITChip data that showed a 
significant change of the profiles at week 2 only with the organic acid treatment. At week 4 the 
bacterial counts were higher than two weeks earlier and very similar among treatments. Total 
lactobacilli counts were very similar among treatments at week 2 but were significantly higher 
(p = 0.011) at week 4 in piglets that received the antibiotic, compared to piglets in the acidified 
water treatment group. Enterobacteria counts were also comparable after the first two post-
weaning weeks and increased more than 1 log unit in the following two weeks in the control 
group and in the group treated with the antibiotic, however, the counts were lower at week 4 for 
piglets treated with the acidified water. These changes, though, were not statistically significant.

The ratio between enterobacteria and lactobacilli, that has been used often as an indicator 
of gut health, increased in time in piglets fed with the control diet and did not change in piglets 
with the antibiotic supplemented diet (0.59 versus 0.69 and 0.66 versus 0.67, correspondingly) 
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but was decreased in piglets receiving the acidified diet (0.65 versus 0.55), albeit not significantly 
(Table 5). 

Table 5. Quantitative PCR counts of total bacteria, lactobacilli and enterobacteria in fecal samples of piglets 
receiving a control diet (A), a diet supplemented with an organic acid blend (B) and a diet supplemented with OTC 
(C). Samples were collected at week 2 and week 4 after weaning. Counts are expressed as mean of log copies/g 
FM ± SD.

Discussion

The effects of addition of organic acids and antibiotics on intestinal microbiota and pig 
performance have been addressed by several studies in the past [30-32], but less often a blend 
of organic acids has been used. 

In the present work the effects of both additives were studied in vivo using a 
complementary set of molecular approaches for the qualitative and quantitative analysis of pig 
GI tract microbiota. We observed a higher diversity in feces as compared to jejunum mucosa-
associated microbiota, as expected [33], and a shift in the microbial profiles from week 2 to 
week 4 after weaning. Such microbial shifts during the first weeks after weaning have been 
reported before [33-38]. More specifically, the higher lactobacilli diversity at week 4 could 
indicate a recovery of this community after the decrease observed by several studies directly 
after weaning [35, 39, 40]. In addition, the significant decrease in total bacteria in feces at week 
4 only in the control group could indicate a stabilizing effect of the treatments on the microbiota. 

Significant changes in diversity caused by the treatments did not correlate between 
DGGE and PITCHip data. DGGE fingerprint clustering indicated a significant change of 
the profiles in time but when changes in the microbial composition were followed with the 
PITChip, the difference between the 2 time points was not significant. This could be due to the 
limitations encountered when comparing results from a high-throughput technique as is the 
phylogenentic PITChip microarray with DGGE and other similar profiling techniques that have 
limited resolution when analyzing complex ecosystems such as the piglet GI tract, where bands 
can represent mixtures of phylotypes [41-43].

Oxytetracycline is expected to act against Gram-positive bacteria, as many other growth 
promoting antibiotics [44, 45]. Therefore a decrease in total bacterial numbers or lactobacilli 
could be expected in the group receiving this antibiotic. However, total bacterial counts were 
only almost significantly lower in the presence of the acidifier at week 2 and surprisingly 
lactobacilli counts were significantly higher in the antibiotic group when compared to the group 
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receiving the organic acid, at week 4. Both observations have been described before. Castillo 
et al. [31] reported the lack of effect of the antibiotic avilamycin or the organic acid butyrate 
on total bacteria and lactobacilli numbers, as it was seen in this study at week 2. Furthermore, 
other groups have reported the increase in lactobacilli numbers when an antimicrobial was 
supplemented to piglets [5, 30, 46]. The effect of OTC at week 4, incrementing lactobacilli and 
some pathogens and decreasing the abundance of species above 2%, but not at week 2, could 
indicate a long term effect of the antibiotic, in line with previous observations that a single 
dose of parenteral long-acting amoxicillin reduced bacterial diversity in neonatal piglets even 5 
weeks after administration [47]. 

The fact that total bacteria, lactobacilli and enterobacteria numbers, both at week 2 and 
4, were lower (even if not significant) in the presence of the organic acid blend, could indicate 
a general antimicrobial effect as it has been reported previously [12, 48, 49]. Canibe et al. 
[48] showed that when potassium diformate was added to a starter diet for piglets, there was a 
decrease of total anaerobic bacteria, lactic acid bacteria and coliforms. This was also proven by 
the lower ratio enterobacteria:lactobacilli that has been used often as an indicator of gut health 
[50]. Nevertheless, the fact that none of these effects were significant when compared to the 
control suggested that the treatment (acidifier and OTC) effects were not related to a decrease 
in bacterial counts or diversity but to changes in specific groups (microbial structure). This 
was confirmed by the fact that when the microbial profiles were analyzed with a much more 
sensitive technique as the PITChip, which allows the semi-quantitative assessment of changes 
in individual phylogenetic groups, the effect of the addition of organic acid blend to the diet 
of piglets was found to be significant at week 2, with mainly a significant increase in bacterial 
groups, in contrast to the lower total counts found.  The lack of effect of treatment at week 4 
could be because, as it has been described before [35, 37], gut microbiota stabilizes 3 to 4 weeks 
after weaning and therefore, the effect that the treatment could have had is not as outspoken 
as it was at week 2 when the microbiota was unbalanced because of the weaning transition. 
Furthermore, it should be kept in mind that the OTC treatment was in fact only exerted during 
the first week after weaning

The observed fact that a population related to Lactobacillus paracasei could be 
corresponding to the DGGE band that disappears at week 2 in the presence of antibiotic and has 
lower abundance in the presence of the acidifier but appeared again at week 4, could indicate 
that a population related to L. paracasei became resistant to OTC. The gain of resistance of 
several strains of this Lactobacillus specie has been observed before with tetracycline [51].  

In conclusion, we showed that both treatments, the organic acid blend and OTC, had 
an overall non-significant effect on pig performance; however, both treatments, and most 
significantly that with the organic acid blend, induced significant changes in the microbial 
structure. 
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Microbial changes at weaning

The main aim of the research described in this thesis was to provide new insights into the 
response of piglet’s gastrointestinal (GI) tract microbiota to in-feed supplementation with 
possible alternatives to antibiotics used as growth promoters. Pig gut microbiota is a complex 
ecosystem that co-evolves with the pig from birth and that has a very important role in animal 
health. Host, diet and microbiota itself influence the dynamics of this microbiota (Chapter 1). 
During the suckling period the microbial community is fairly stable [1] but this changes during 
weaning, when dramatic disturbances can occur in this ecosystem unbalancing the microbial 
levels and leading to post-weaning GI tract disorders that can cause important economic losses 
in the pig industry [2, 3]. To overcome these problems, in-feed antibiotics have been used during 
many years in starter diets with the goal of lowering the presence of opportunistic pathogens and 
giving the commensal microbiota of the piglet the opportunity of recovering and establishing a 
natural barrier against these pathogens (colonization resistance) [4, 5]. However, the increasing 
number of cases of cross-resistance in humans provoked the ban of in-feed antimicrobials in 
animal production in January 2006 [6]. During the last years, many studies have been reported 
on the effect that weaning has on the piglet and its microbiota with the emphasis very often 
on the changes of Lactobacillus spp. populations [7-9]. This focus on lactobacilli is due to the 
probiotic effects that they are considered to have on the host, such as modulation of the GI 
tract ecosystem, antagonism against pathogenic bacteria and maintaining the intestinal mucosal 
barrier [10-14]. Another microorganism that is often associated with pigs is Streptococcus suis 
[15], considered to be the cause of several infections in pigs, causing diseases such as meningitis, 
pneumonia, septicemia and arthritis. Furthermore, it has been described as a human pathogen 
[16, 17]. Chapter 2 describes the effect of weaning on bacterial community composition with 
a special attention to Lactobacillus spp. and Streptococcus suis. DGGE fingerprinting of PCR-
amplified 16S rRNA gene fragments indicated that piglets suffered dramatic changes in the 
gastrointestinal bacterial community composition during the weaning transition, most probably 
due to dietary changes (from maternal milk to a solid feed), confirming previous published 
studies. For example, Konstantinov et al. described how the porcine microbiota develops during 
the weaning period, providing evidence for the appearance of potential pathogens when there is 
a microbial instability such as the one caused by weaning [18]. These results are supported by 
the strong increase in abundance of S. suis as reported in Chapter 2, detected both by DGGE 
and a qPCR assay developed in this work, to be able to quantify S. suis in the stomach, ileum 
and jejunum of piglets. Moreover a significant decrease of Lactobacillus spp. numbers was 
observed, again indicating the negative effect of the weaning process on a beneficial microbial 
group like lactobacilli, and in line with previous observations [7, 8, 18]. A dramatic decrease 
in lactobacilli counts was also found in Chapter 5 that describes the dynamics of piglet ileum 
microbiota from 3 days before weaning until 15 days after weaning. Major changes in the 
Lactobacillus spp. numbers were observed during the weaning transition, reaching the lowest 
value 2 days after weaning. 
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Dietary modulation of the GI tract microbiota – A need for high-
throughput diagnostic tools

The ban on the use of in-feed antibiotic growth promoters (AGP) has triggered the urge to 
search for alternatives that can improve animal health without having negative consequences on 
it, or in a later stage on humans, through the development and spread of bacterial populations 
resistant to one or multiple antibiotics. Nevertheless, this search has proven to be a difficult 
and time consuming task due to the broad range of causes and pathogens responsible for 
targeted intestinal disorders in addition to a lack of knowledge on the mechanism of action and 
minimum doses of alternative substances needed to have a positive effect. The common trait 
of all the additives tested until now is their potential to protect the gastrointestinal tract against 
the growth of pathogens. In general, these alternatives include substances such as amino acids, 
several mineral and organic acids (OA), prebiotics, probiotics and substances of plant origin 
including essential oils (EO) [19, 20].

In this thesis, microbial dynamics related to the addition to the diet of different potential 
alternative substances, representative of above-mentioned categories, has been studied both 
in vitro (Chapter 4) and in vivo (Chapter 3, 5, 6 and 7). In order to provide an overview of 
which PENS (plants and natural substances) and which minimum required doses have an effect 
on animal performance and microbiota dynamics, the in vitro trial described in Chapter 4 was 
performed, screening a large number of different PENS with respect to their effect on microbial 
composition and fermentative activity. 

Because of the high complexity of the gut microbiota, the inter-individual variation and 
large amount of samples, the identification of microbial changes related to dietary treatments 
requires the availability of high-throughput techniques. In Chapter 3, the development of a 
high-resolution, semi-quantitative and high-throughput tool was described with the aim of 
gaining novel insight in composition and dynamics of porcine GI tract microbiota. This tool 
is a phylogenetic microarray specific for the pig intestinal microbiota (PITChip), which was 
designed based on the SSU rRNA (small subunit ribosomal RNA) gene. For its development 
a non-redundant pig gastrointestinal tract microbiota database with in total 627 unique 
operational taxonomic units (OTU) was built. The OTUs were defined as groups of sequences 
with less than 98% identity with other SSU rRNA sequences in the database [21, 22]. Different 
phylogenetic microarrays based on the SSU rRNA gene, targeting different specific ecosystems, 
have been designed in the last years [23], such as the HITChip (targeting the human GI tract) 
that was used as a reference for the development of the PITChip [24]. Other examples are the 
MITChip (for mouse GI tract microbiota) (Derrien et al. in preparation), as well as diagnostic 
microarrays targeting sulfate-reducing bacteria [25] and microbes from the human oral cavity 
[26]. In line with data previously described for the HITChip, also the PITChip could be shown 
to provide high-resolution fingerprints as well as information on phylogenetic composition of 
porcine GI tract microbiota with superior technical reproducibility. In order to further validate 
the PITChip, data were compared with those previously published by us and other research 
groups on relative abundance of different taxonomic groups that constitute the porcine GI tract 
microbiota. Furthermore, to provide additional benchmarking, PITChip profiles were compared 
for several colon digesta samples with compositional data generated by 454 pyrosequencing 
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and quantitative PCR, as described in Chapter 3. It has previously been shown that microbiota 
compositional data generated by the HITChip and pyrosequencing of different variable regions 
of the 16S rRNA gene are in good agreement, especially at higher taxonomic levels above the 
family rank [27]. As expected, similar results were obtained here for the PITChip. Even though 
there were some differences observed between the results of the three analytical tools, such as 
differences in relative abundance of some groups, all the values agreed with those commonly 
found in the pig GI tract. As an example, the abundance of Bacteroidetes as observed by 
PITChip analysis was consistent to what was found in other pig studies [28, 29] but lower than 
in humans [30] and mice [31]. 

Organic acids

Organic acids are known to reduce the growth of some undesired bacteria such as coliforms and 
Salmonella typhimurium [32-34]. It has been hypothesized that organic acids can have the same 
role as the endogenous production of lactic acid, reducing growth depression during weaning 
when supplemented immediately post-weaning [35]. In addition sodium butyrate (SB) has been 
reported to modulate the gut microbiota [36].

In this thesis, several chapters describe the effect of organic acids on the gut microbiota. 
The effect of pre-weaning sodium butyrate administration was explored in Chapter 6 
while 3 different kinds of organic acid blends were addressed in Chapter 3 and Chapter 7. 
Moreover Chapter 7 compared the effect of the organic acid with a commonly used antibiotic 
(oxytetracycline). An increase in average daily gain was observed in previous studies in piglets 
receiving formic acid and potassium diformate [32, 34, 37]. Although one of the organic acid 
blends in Chapter 3 contained formic acid, no effect on daily gain was observed, neither in pigs 
treated with sodium butyrate. Whereas the blend of organic acids described in Chapter 7 did not 
significantly change average daily gain, it significantly reduced the incidence of diarrhea. Piglets 
treated with sodium butyrate experienced an increase of body weight, albeit not significant, in 
line with previous reports providing evidence that sodium butyrate can increase piglet’s body 
weight [38, 39]. It could be the case that pigs have been kept under good hygienic conditions 
and in this case less effects of the organic acid can be expected [40]

The integration of the data of microbial analysis performed in above-mentioned 
chapters revealed a clear effect on microbial dynamics through the addition of different organic 
acids to the diet of weaned (Chapter 3 and 7) or unweaned piglets (Chapter 6). Changes 
observed occurred mainly just after the suckling period. Because in the different experiments 
the length of the supplementation of the organic acid was different, during the suckling period 
in Chapter 6 and during the full experimental period in the other 2 trials, it cannot be concluded 
that the diminishing effects during some days after weaning was due to the end of the acid 
supplementation. Le Gall et al. investigated the effect of the period when sodium butyrate was 
supplemented, showing that when piglets received sodium butyrate during the suckling period 
only, the positive effect on growth rate was observed till the end of the experiment, confirming 
results described here [39]. Moreover, 2 of the 3 experiments indicated a higher effect of the 
organic acid in the small intestine than in the large intestine. This was observed with SB and 
with the 2 blends of acids described in Chapter 3. It is likely that this effect could be because 
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volatile fatty acids (VFA) are absorbed by the mucosal surfaces in the proximal GI tract at a fast 
speed, provoking a decrease of the organic acid from the stomach to the duodenum [41, 42]. 
Furthermore, Biagi et al. reported a lack of effect of sodium butyrate on intestinal morphology, 
confirming that the organic acid may be absorbed in the upper GI tract not having a strong effect 
on the distal intestine [43]. However, in Chapter 7 the samples analyzed corresponded to fecal 
samples indicating that there was an effect as well on the large intestine. Another conclusion 
from integrating the data of Chapter 6 and Chapter 7 is that only sodium butyrate had a 
stimulating effect on the lactobacilli group. An increased number of Lactobacillus spp. was 
detected in the stomach and ileum of the weaned piglets after they were fed sodium butyrate, 
a finding that corroborates previous reports [44]. However, several other studies showed a 
decrease in lactobacilli when they used other acidifiers in the diet, such as a combination of 
lactic and formic acids [45], and benzoic acid [45, 46]. 

Figure 1. Diagram showing the bacterial groups affected significantly by the additives studied in this thesis. On 
the left, phylogenetic classes that increased or decreased with the addition of sodium butyrate or a blend of organic 
acids. On the right, phylogenetic classes that increased or decreased with the addition of essential oils (oregano oil 
or the active component carvacrol). Names in white are the groups affected at the same time by 2 or 3 additives of 
each class (organic acids and essential oils).
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A generally observed effect of all the organic acids was a stabilization of the microbiota. 
This could indicate the beneficial properties of the organic acids as supplementation might be 
able to counteract microbiota instability specifically occurring around the time of weaning [1, 
18, 47].

PITChip analysis allowed for the identification of the main microbial groups affected 
by the addition of organic acids to the diet of the piglets (Fig. 1). Different organic acids had 
a different effect on the microbial composition. Sodium butyrate caused a general decrease 
in abundance, i.e. corresponding probe hybridization signals, of those species that changed 
significantly. On the other hand, observed hybridization signals were significantly higher in 
animals receiving any of the 2 blends of organic acids used in Chapter 3 and the same effect 
was observed for the organic acid blend of Chapter 7, indicating an increase in abundance 
of specific microbial groups. It could be hypothesized that while sodium butyrate has an 
antimicrobial effect on several of the microbial groups present in the pig GI tract [32, 34], 
the blends of organic acids seem to have a promoting effect on beneficial bacteria. This is in 
agreement with data presented by Gong et al. that reported an increase in Lactobacillus spp. 
when sodium butyrate was added to the diet [44]. It should be noted, however, that in the group 
of organisms that changed with the diet, we could identify both possible beneficial strains, like 
Lactobacillus [7], as well as potential pathogens. 

Essential oils

Many essential oils are being studied as feed additives due to their antimicrobial properties 
[48-50]. To this end, Chapter 4 describes the in vitro screening of several PENS, comprising 
different organic acids, essential oils, plant extracts and prebiotics. The only additive, however, 
that seemed to have a significant effect on the microbial composition at the concentration levels 
tested was an aqueous solution of oregano oil at a much higher concentration than levels used 
in the in vivo trials. Chapter 5 reports the effect of carvacrol (active component of oregano oil) 
on ileal microbiota, when it was supplemented to piglets immediately post-weaning. Samples 
were taken at different time points from 3 days pre-weaning and during 2 weeks. A drawback 
from in vivo experiments with animals is the inherent limitation with respect to the follow up 
of the same animal in time due to the necessity to sacrifice them in order to collect intestinal 
samples beyond fecal material. In the experiment described in Chapter 5 this problem was 
circumvented using cannulated animals, allowing the sampling of ileal content during certain 
periods. This, furthermore, allowed minimizing the effect of inter-individual variability. 
Essential oils proved to have an effect on the microbial composition, mainly reducing an 
important number of phylogenetic groups in their abundance, although for some groups also 
an increase in relative abundance could be observed. The main changes were observed mainly 
for groups belonging to the Bacilli, Bacteroidetes and several Clostridium clusters (I, IV, IX, 
XIII, XIVa and XIVb). This observation was in line with previous reports, stating that essential 
oils have an antimicrobial effect on both Gram-positive and Gram-negative bacteria [20]. Yet 
another study showed that Gram-positives are more sensitive to essential oils [51].
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The kinetic parameters that characterized the in vitro fermentation assays described 
in Chapter 4 further reinforced the antimicrobial effect of oregano oil. To this end, a lower 
cumulative gas production (OMCV) and organic matter loss (OMloss) pointed to a significant 
reduction of microbial activity; ammonia and VFA concentration were also decreased. 
Furthermore, carvacrol had a positive effect on Lactobacillus spp., increasing their numbers 
after weaning at an earlier time than in the control. Although the active component of the 
essential oil in both chapters was the same, the microbial groups shifted not exactly in the 
same way. This could be due to differences in experimental design, the main one that one 
experiment was in vitro while the other one was in vivo. Moreover, it should be noted that the 
inoculum used for the in vitro fermentation batch experiments described in Chapter 4 was from 
feces collected 2 weeks after weaning, while in Chapter 5 samples were from ileum and the 
supplementation started immediately after weaning. To this end, it is important to realize that 
time of sampling, especially in a dramatically dynamic period as that one around weaning, has 
an important effect on observed microbial shifts [1]. When comparing the results of carvacrol 
and the water solution of oregano oil, it appeared that although there were many changes on 

Figure 2. RDA triplot representing the distribution of treatments depending on the effect that they have on the 
microbial groups residing in the porcine GI tract. Summed hybridization signals of 144 probes were used. The 
percentages indicate the contribution of the axes to the explanation of the variance. Phylogenetic groups that appear, 
explained at least 60% of the variation and are represented as vectors. Environmental variables are centroids of the 
plot and time (quantitative variable is a vector). The different nominal variables that appear in the plot correspond 
to: SI (small intestine), LI (large intestine), St (stomach), Control (control), SB (sodium butyrate; Chapter 6), 
OA_N (organic acids blend; Chapter 7), ANT (oxytetracycline; Chapter 7), EO_C (carvacrol; Chapter 5), 
EO_20 (water-soluble oregano oil; Chapter 4), EO_P (pure oregano oil).
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microbial groups due to the addition of carvacrol, the overall effect was not significant, while 
in Chapter 3, the reported effect was stronger. This could be related with the inclusion levels 
of the two essential oils in the trial, being the concentration reported in Chapter 3 much higher 
than in Chapter 5 and than in previous studies [52]. 

When comparing those phylogenetic groups most significantly affected by the addition 
of either organic acids or essential oils, it appeared that these groups were in many cases 
members of the same class.

In Chapters 5, 6 and 7, the effect of time on the development of piglet gut microbiota 
was studied as well, finding always a significant difference in time, with a common decrease on 
bacterial communities around weaning and a subsequent increase in time. This is in line with 
many studies, showing that especially around the time of weaning porcine intestinal microbiota 
is a highly dynamic ecosystem that can undergo extensive shifts [1, 7, 9, 53].

A final comparison of all the treatments together except the one described in Chapter 
3, using Redundancy Analysis (RDA), showed a significant difference between the organic 
acid blends and sodium butyrate, confirming the effect mentioned above of the decrease in 
phylogenetic groups caused by sodium butyrate in contrast to the increase caused by the blend 
of acids (Fig. 2). These differences could be due to a synergistic effect of the acids. Also the 
effect of the blend was more similar to the effect of the antibiotic and the effect of the oregano 
oil, indicating a similar antimicrobial effect. 

Future perspectives

 In future studies, a new innovative approach is needed to be able to find new alternatives for 
in feed-antimicrobials. Up to now, we studied the effect of the additives on the host as well 
as on microbiota composition. A complex ecosystem like the GI tract can be viewed as an 
immense resource of functional genes directly involved in the maturation of intestinal tissues, 
in providing defenses against pathogens and in nutritional functions [54, 55]. Thus, the next 
step would be to study these genes and corresponding pathways involved in the process of 
pathogen recognition by the microbes and host response, in order to know more about their 
mode of action and be able to modulate intestinal homeostasis and immune function.

In order to have a good insight into this interplay between host and microbes, functional 
genomic approaches are needed. Pig DNA microarrays are available, making possible gene 
expression profiling providing a wealth of information on the molecular cross-talk between 
intestinal epithelial cells and microbes. Metagenomic sequencing has recently been described 
at massive scale by Qin et al. [56] together with the construction of a gene catalogue that allows 
studying associations between microbiota genes and mammalian host phenotypes. Another 
approach to study the functionality of individual members of the gut microbiota and their 
interactions with the host and among each other is Stable Isotope Probing [57-59].

Recent technological as well as conceptual developments, some of which truly 
revolutionizing the life sciences, now for the first time allow for the sound and comprehensive 
understanding of the development of GI tract function and its relation with the colonization of 
the GI tract by commensal and potentially pathogenic microbiota. This thesis provides a step 
towards the implementation of these new approaches, generating important information towards 
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sound design of sustainable dietary strategies aiming at the replacement of in feed antibiotics. 
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Summary
The pig gastrointestinal (GI) tract ecosystem is inhabited by a complex, dynamic and diverse 
microbiota since birth. This microbiota has a key role in host health by forming a barrier against 
pathogens, supplying the pig with nutrients, stimulating the immune system, modulating gene 
host expression and contributing to gut morphology. The microbiota colonizes the pig at birth and 
co-evolves with its host till reaching a dynamic community characteristic for each individual. 
However, during this process there are events that challenge the integrity of the microbiota, 
being the most important one the weaning period, leading to an important imbalance in the 
composition and activity of the GI tract microbial community. 

Modulation of the microbial composition and activity is possible through the feed due 
to the fact that gut microbes use substrates provided by the diet as main source of growth 
substrates. Thus, in order to prevent and overcome gut disorders caused by weaning, several 
feeding strategies have been evaluated during several years.

This thesis presents the knowledge acquired during the study of the response of piglet 
GI tract microbiota to the supplementation with different feed additives, in combination with 
the development of a high-throughput diagnosis tool instrumental for the comprehensive 
understanding of microbial dynamics. A wide range of plant extracts and other natural 
substances are presented, with emphasis on representatives from the categories organic acids 
(sodium butyrate and blends of different organic acids) and essential oils (oregano oil as well 
as its active ingredient carvacrol), describing microbial changes related to the supplementation 
of these additives. The application of cultivation-independent molecular tools together with the 
developed phylogenetic microarray, PITChip (Pig Intestinal Tract Chip), allowed us to follow 
microbial changes in time and in response to the dietary supplements, confirming that the 
studied organic acids and essential oil have an impact on the gut microbiota and concomitant 
effect on the animal performance in the following days after weaning. Moreover, an overall 
view is provided of all the microbial changes triggered by the different feeding strategies in 
order to assess to what extent common and/or different microbial groups were mainly affected, 
providing important information towards sound design of sustainable dietary strategies aiming 
at the replacement of in feed antibiotics. 

High-throughput approaches are now available for investigating the global impact of 
exogenous factors on the GI tract microbiota and the consequences, and underlying cellular 
and molecular mechanisms at the levels of the gut epithelium, immune cells and microbial 
functionality. This will not only allow assessing compositional and functional dynamics of the 
developing microbiota, but will contribute to further expanding our current knowledge on the 
interplay between the pig host, its diet and the GI tract microbiota.
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Samenvatting
Het maag-darmstelsel van het varken bevat, al vanaf de geboorte, een complexe, dynamische 
en gevarieerde microbiota. Deze microbiota speelt een sleutelrol bij de gezondheid van het 
varken door het vormen van een barriere tegen pathogenen, het geven van nutriënten aan het 
varken, het stimuleren van het immuunsysteem en het bijdragen aan de morfologie van de 
darm. De microbiota vormt zich in het varken bij de geboorte en co-evolueert met zijn gastheer 
tot een dynamische en unieke microbiota. Echter, tijdens dit proces kunnen er gebeurtenissen 
plaatsvinden die de integriteit van de microbiota op de proef stellen, wat kan leiden tot het uit 
balans raken van de samenstelling en activiteit van de microbiota van het maag-darmstelsel. De 
belangrijkste gebeurtenis in het leven van het varken die dit teweeg kan brengen is de periode 
na het spenen.
 Verandering van de microbiële samenstelling en activiteit als gevolg van de voeding is 
mogelijk vanwege het feit dat darmbacteriën de substraten, die door het voer worden geleverd, 
gebruiken als belangrijkste bron voor hun groei. Vandaar dat al een aantal jaren verschillende 
voerstrategiën zijn bestudeerd om te kijken of ze darmstoornissen kunnen voorkomen en 
ondervangen die veroorzaakt worden door het spenen.
 Dit proefschrift presenteert de kennis die verkregen is in de studie naar het effect van 
verschillende voedingssupplementen op de microbiota van het maag-darmstelsel in biggen, in 
combinatie met de ontwikkeling van een methode gebaseerd op DNA microarrays voor high-
throughput diagnose om een grondig inzicht te krijgen in de microbiële dynamica. Een grote 
verscheidenheid aan plantenextracten en andere natuurlijke stoffen worden gepresenteerd, met 
de nadruk op een aantal organische zuren (natrium butyraat en mengsels van diverse organische 
zuren) en etherische oliën (oregano olie alsmede het actieve ingredient hiervan, carvacrol), 
waarbij de microbiële veranderingen als gevolg van het toedienen van deze supplementen 
worden beschreven. De geïntegreerde toepassing van verscheidene moleculaire technieken, 
waarbij geen kweken gebruikt hoeven te worden, waaronder de ontwikkelde fylogenetische 
microarray, PITChip (Pig Intestinal Tract Chip), stelde ons in staat om de microbiële 
veranderingen te volgen in de tijd en als gevolg van de voedingssupplementen. Dit bevestigde 
de invloed van de bestudeerde organische zuren en etherische oliën op de darm microbiota en 
het bijkomend effect op de prestaties van het dier in de dagen vlak na het spenen. Bovendien 
wordt een algemeen beeld gegeven van alle microbiële veranderingen die teweeg zijn gebracht 
door de verschillende voerstrategiën om vast te kunnen stellen in welke mate algemene en/
of verschillende microbiële groepen voornamelijk beïnvloed werden. Dit geeft belangrijke 
informatie voor een gedegen ontwerp van duurzame voerstrategieën die gericht zijn op het 
vervangen van antibiotica in de voeding. 
 High-throughput benaderingen zijn nu beschikbaar voor het onderzoeken van het 
algemene effect van exogene factoren op de microbiota van het maag-darmstelsel en de 
gevolgen en onderliggende cellulaire en moleculaire mechanismen op het niveau van het darm 
epiteel, immuun cellen en microbiële functionaliteit. Dit stelt ons niet alleen in staat om de 
compositionele en functionele dynamica vast te stellen van de ontwikkelende microbiota, maar 
het draagt ook bij aan een verdere ontwikkeling van onze huidige kennis van de interactie 
tussen het varken als gastheer, zijn dieet en de microbiota van zijn maag-darmstelsel.
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Resumen
El tracto gastrointestinal del cerdo es un ecosistema colonizado, desde el nacimiento, por una 
microbiota compleja, dinámica y diversa. Esta microbiota juega un papel clave en la salud 
del hospedador, ya que forma una barrera contra organismos patógenos, suplementa al cerdo 
con nutrientes, estimula el sistema inmune, modula la expresión genética del hospedador y 
contribuye a la morfología del sistema digestivo. La microbiota coloniza el tracto gastrointestinal 
del cerdo durante su nacimiento y evoluciona con éste hasta alcanzar una comunidad dinámica 
que es característica de cada individuo. Sin embargo, durante este proceso hay eventos que 
ponen en riesgo la integridad de la microbiota intestinal, siendo uno de los más importantes el 
proceso de destete, el cual provoca un desequilibrio importante en la composición y actividad 
de la comunidad microbiana del tracto gastrointestinal. 

Es posible modular la composición y actividad microbiana mediante la alimentación, 
ya que las bacterias presentes en el intestino utilizan como fuente principal de sustratos para 
el crecimiento aquellos presentes en la dieta del hospedador. Por esta razón, y con el fin de 
prevenir y superar los desarreglos intestinales causados por el destete, se han evaluado en los 
últimos años diferentes estrategias alimenticias. 

Esta tesis describe el estudio del comportamiento de la microbiota del tracto 
gastrointestinal de los lechones, al suministrar diferentes aditivos en la dieta. Además, explica 
el desarrollo de una técnica de diagnostico de alta resolución o “high-throughput” utilizada 
para comprender la dinámica de la composición de la microbiota intestinal. Este estudio 
utiliza una gran variedad de extractos de plantas y otras substancias naturales, especialmente 
representantes de las categorías de los ácidos orgánicos (butirato sódico y mezclas de diferentes 
ácidos orgánicos) y los aceites esenciales (aceite de orégano así como su ingrediente activo, 
carvacrol). También hacemos una descripción de los cambios microbianos ocurridos por la 
adición de estos compuestos en la dieta. Estudiamos los cambios microbianos desarrollados a lo 
largo del tiempo en respuesta a los aditivos alimenticios mediante el uso de técnicas moleculares 
(cultivo-independientes) y el “microchip” filogenético diseñado en esta tesis (PITChip, siglas 
del inglés “Pig Intestinal Tract Chip”). Estas técnicas confirmaron que los ácidos orgánicos y 
aceites esenciales estudiados en esta tesis afectan a la microbiota intestinal, y por lo tanto al 
rendimiento del animal durante los días posteriores al destete. Asimismo, se presenta un resumen 
de todos los cambios microbianos provocados por las diferentes estrategias alimenticias, para 
identificar aquellos grupos principales  afectados (comunes o diferentes), proporcionando 
información esencial para el diseño de nuevas estrategias alimenticias dirigidas a la sustitución 
de antibióticos utilizados en las dietas porcinas.

Actualmente existen varias técnicas “high-throughput” disponibles para el estudio del 
efecto que distintos factores externos ejercen en la composición de la microbiota del tracto 
gastrointestinal,  además de los mecanismos moleculares a nivel de epitelio intestinal, células 
inmunes y función microbiana. Esto nos permitirá evaluar tanto la dinámica en la composición 
y la función de la microbiota en desarrollo, como la interacción entre el cerdo como hospedador, 
la dieta y la microbiota que habita su tracto gastrointestinal. 
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