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Stellingen 

1. De mate van transmissie van F4+ E. coli wordt voornamelijk bepaald door 
de fractie F4R+ biggen in de populatie; door het beperken van deze fractie 
zullen grote uitbraken van F4+ E. coli worden voorkomen. 
(Dit proefschrift) 

2. Uit interventiestudies van F4+ E.coli, zowel challenge- als transmissie 
studies, kunnen alleen juiste conclusies worden getrokken, wanneer bij de 
analyse van de experimenten de F4 receptor status van de biggen wordt 
meegenomen als co-variabele. 
(Dit proefschrift) 

3. Gezien het positieve effect van groene thee op de oxidatieve gevolgen van 
alcohol, is het wachten op mixdrankjes met groene thee. 
Dobrzynska et al., Chem. Biol. Interact. (2005), in press. 

4. Tijdens het verplicht ophokken wegens Al, zouden pluimveehouders van 
kippen met uitloop en handelaren in producten van dergelijke kippen, een 
lagere prijs voor hun producten moeten vragen, om te laten zien dat zij de 
uitloop van kippen belangrijk vinden voor het dierenwelzijn. 

5. Pas wanneer we in onze slaapkamers weer wakker liggen van de 
malariamug, krijgt de malariabestrijding de aandacht die het nu al verdient. 

6. Vrienden maken het leven niet alleen mooier maar ook langer. 
Giles et al., J. Epidemiol. Community Health (2005) 59; 574-579. 
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Abstract 

Post-weaning diarrhoea (PWD) is a multifactorial disease of newly-weaned 
piglets that occurs in the first two weeks after weaning. PWD causes growth 
retardation and increased mortality, resulting in reduced animal welfare and 
economical damage. The main causative agent of PWD is enterotoxigenic 
Escherichia coli expressing F4 fimbriae (F4+ E. coli). Intervention measures for 
F4+ E. coli can be aimed at preventing diarrhoea or at preventing transmission and 
should be evaluated in challenge or transmission studies. In this thesis, 
transmission of F4+ E. coli was studied and quantified. Factors affecting the 
population dynamics of this bacterium were investigated in individual piglets and at 
population level. Special interest was taken in the F4 receptor (F4R), a specific 
adhesion site for F4+ E. coli in the small intestine. Not all pigs express F4R; pigs 
with adhesive (F4R+) and non-adhesive brush borders (F4R-) can be 
distinguished by in vitro adhesion tests. 

The set up and analysis of transmission experiments with F4+ E. coli are 
described in this thesis and a definition of the infectious state based on the 
shedding patterns of individual animals was developed. No indication was found 
that reinfection affected the population dynamics of F4+ E. coli. 

F4R+ piglets were found to be more susceptible to become infectious than 
F4R- piglets. It was concluded that the F4R status of the pig has a strong effect on 
the population dynamics of F4+ E. coli. The F4R status should therefore be used 
as a co-variate in the statistical analysis of F4+ E. coli intervention studies, both in 
challenge and transmission studies. The level of transmission is mainly dependent 
on the fraction of F4R+ piglets in the population. By reducing the fraction of F4R+ 
piglets in the population to <0.09 large outbreaks of F4+ E. coli will be prevented. 

The heterogeneity in susceptibility may serve as a point of departure to 
control F4+ E. coli by selective breeding for F4R- pigs. With a simple discrete 
model, it was illustrated that selective breeding for F4R- piglets by using F4R-
boars, is an effective way to reduce the fraction of F4R+ piglets in the population, 
given the presence of a sensitive F4R status test. 



Wat mij belangt ik oordeel van mijn selven datter sooveel menschen 
niet leven in onze vereenigde Nederlanden, als ick heden levende 
dieren in mijn mond draag. ... ik imagineerde mij wel 1000 levende 
dierkens te sien in een quantiteit materie, die niet grooter was als 
een honderste part van een sand groote. 

- Antoni van Leeuwenhoek (1632-1723) 
Brief aan de Royal Society, 17 September 1683 

Voor mijn moeder 



Voorwoord 

Vol trots presenteer ik jullie mijn proefschrift. Laat ik beginnen met kort uit 
te leggen, waarom ik heb gekozen voor de afbeelding op de voorkant. Onderzoek 
doen aan een bacterie die diarree veroorzaakt, is niet bepaald reukloos. Niet alleen 
ik, maar ook de omgeving van de diverse labs waar ik heb gewerkt hebben mee 
mogen genieten van de luchtjes die mijn onderzoek verspreidde. Vandaar dat de 
voorkant van dit proefschrift is gemspireerd op het schilderij 'De reuk' uit de reeks 
'De zintuigen' van Jan Miense Molenaer (Haarlem, ca. 1610-1668). Op het 
originele schilderij staat een tafereel afgebeeld waarin een moeder haar kind 
verschoont middenin een cafe. 

Ik ben heel dankbaar voor de ondersteuning die ik van velen heb mogen 
ontvangen tijdens dit onderzoek, zowel op het werk als van familie en vrienden. 
Allereerst wil ik graag de drie mensen bedanken die vanaf het eerste begin (of 
bijna eerste begin) tot aan het eind zeer betrokken zijn geweest bij dit project: 
Annemarie Bouma, Jan van der Meulen en mijn promotor Mart de Jong. 
Annemarie, Jan en Mart, enorm bedankt voor alle samenwerking, goede adviezen 
en het lezen en corrigeren van alle stukken. Ik heb heel veel van jullie geleerd! 
Naast deze 'kleine stuurgroep', hebben heel veel mensen voor langere of kortere 
tijd meegedacht over de wetenschappelijke en praktische invulling van dit project; 
Arjan Stegeman, Marius Nabuurs, Jos Verheijden, Fred van Zijderveld, Norbert 
Stockhofe, Aline de Koeijer, Hans Heesterbeek, Dorte Dopfer en Gonnie Nodelijk. 
Heel erg bedankt voor jullie interesse en inzet voor dit project. Daarnaast heb ik 
uiteraard met vele anderen mensen op het ASG van gedachten mogen wisselen 
over E. coli en speendiarree, ik wil met name Theo Niewold en Michiel Harmsen 
noemen. Bedankt voor jullie interesse. 

Tijdens de uitvoering van mijn experimenten heb ik meerdere labs mogen 
'bewonen' en ik wil iedereen die zich over mij, mijn samples en de biggen hebben 
ontfermd graag bedanken voor de plezierige samenwerking. Ten eerste de 
dierverzorgers en de stagiaires van dierverzorging; hartelijk dank voor jullie goede 
verzorging van de biggen en het nemen van de samples. Ank van Zijderveld, 
hartelijk dank dat je mij de nodige microbiologische technieken hebt geleerd en dat 
het inoculum altijd weer stipt op tijd klaar stond. Ad & Ad: de sectiezaal was niet 
mijn favoriete stekkie, maar met jullie erbij was het altijd interessant. Esther van 
Andel, Arie Hoogendoorn en Gert Jan de Graaf; onzettend bedankt voor jullie inzet 
bij de diverse analyses van de samples. Bij het uitplaten en tellen van de coli's van 
de transmissie-experimenten heb ik veel ondersteuning gehad van Henk Wisselink, 
Hilde Smith, Frans Putirulan en Albert de Boer. Hartelijk dank dat jullie met mij 
deze berg werk hebben verzet! Na de lab-analyses volgden de statistische 
analyses; Joop, Bas en Willem, hartelijk dank voor jullie uitleg en hulp. 

Naast werk was er ook voldoende afleiding in Lelystad. Met name van het 
samen thee drinken, de 'leermomentjes', de uitjes en sportdagen heb ik enorm 



genoten. Herman, Aline, Dorte, Elly, Michiel, Joop, Jan, Bas, Willem, Thomas, 
Gonnie, Gert Jan, Don, Annet en natuurlijk mijn kamergenote Liesbeth, bedankt 
voor alle gezelligheid! Liesbeth dankjewel dat je mijn paranimf wil zijn, binnenkort 
vieren we vast ook jouw feestje! Ook het aio-overleg zorgde voor de nodige in- en 
ontspanning naast het gewone werk. Ik heb jullie steun en enthousiasme enorm 
gewaardeerd en ik ben trots dat we samen zoveel voor elkaar hebben gekregen. 
Petra, ik vond het heel bijzonder dat we samen van Wageningen naar Lelystad zijn 
gegaan om aio te worden en ik ben erg blij dat ook jij mijn paranimf wil zijn. Jouw 
boekje komt ook vast binnenkort af! Mede door mijn schilderlessen en 
muziekgroepje heb ik het enorm naar mijn zin gehad in Lelystad, ik hoop dat ik in 
Nijmegen binnenkort weer bij net zulke gezellige mede-schilders en -muzikanten 
zal kunnen aansluiten. 

Vanwege dit proefschrift, mijn nieuwe baan in Utrecht en de verhuizing 
naar Nijmegen waren de afgelopen twee jaar wel bijzonder hectisch, maar daarom 
zeker niet minder leuk. Een beetje eng vond ik het in het begin wel als bioloog 
tussen de informatici, informatiekundigen en wiskundigen. Maar de goede sfeer 
van de DSS groep maakt dat ik me er helemaal thuis voel en met veel plezier 
iedere keer weer de reis naar Utrecht onderneem. Linda, dankjewel voor je enorme 
steun en vertrouwen de afgelopen twee jaar. Madalina, Janneke, Silja, Dirk, Peter, 
Theodore, Eveline, Arjan, Martijn en oud-collega's Danielle, Edwin en Steven, 
bedankt voor jullie belangstelling en de prettige werksfeer! 

Beste vrienden en vriendinnen, we hebben elkaar de afgelopen jaren niet 
veel gezien. Veel van jullie besloten ook te promoveren of hebben drukke banen 
elders gekregen. Hopelijk zien we elkaar binnenkort weer veel vaker! Arno, de 
eerste tijd in Lelystad was voor mij niet bepaald het makkelijkste; heel erg bedankt 
voor je steun. Zonder jouw enorme hulp met mijn huis had ik me in Lelystad nooit 
zo thuis gevoeld. 

Lieve familie, het is af!!! Ik weet dat dit niet alleen voor mij, maar ook voor 
jullie een grote opluchting zal zijn. Bedankt dat jullie zo hebben meegeleefd. 
Hopelijk kunnen we elkaar nu weer wat vaker zien. 

Tenslotte, lieve Bart, wil ik jou graag bedanken. Toen je me net kende, gaf 
je me een 'gemanipuleerde' wekker, die alleen uitkon als ik de batterij eruit wist te 
halen, omdat ik altijd zo'n moeite had met vroeg opstaan tijdens de dierproeven. 
Die wekker heb ik al heel snel laten 'verdwijnen', maar gelukkig ben jij gebleven. 
Jouw betrokkenheid en enorme vertrouwen dat het allemaal goed zou komen was 
een enorme steun voor mij de afgelopen jaren. Laten we er samen wat moois van 
maken in Nijmegen! 
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Chapter 1 

General introduction 

Gastro-intestinal bacterial infections are common in animal husbandry and 
may cause animal welfare problems as well as economical damage. Prevention 
and control of these diseases are major topics in veterinary research. So far, most 
research focussed on the reduction of clinical signs in animals. However, since 
these diseases are contagious, also processes at population level contribute to the 
development of disease in groups of animals. As a consequence, intervention 
measures can also be aimed at the prevention of transmission of bacteria within 
the population. Therefore, it is necessary to gain knowledge about the population 
dynamics of the bacteria by studying the interaction between individual hosts in a 
population and by quantifying parameters characterizing the transmission process. 

The level of transmission is determined by the infectiousness of infected 
animals and the susceptibility of contact-exposed animals, and the contacts 
between these two types of animals. It is important to know that an infectious 
animal is not necessarily diseased and that a susceptible animal is susceptible to 
become infectious rather than diseased. Susceptibility and infectiousness will be 
affected by certain characteristics of the individual animals (host characteristics). 
Heterogeneity in host characteristics and their effect on transmission between 
animals should therefore be investigated. 

An example of a gastro-intestinal bacterial infection is post-weaning 
diarrhoea (PWD) in newly-weaned piglets. PWD is a multi-factorial disease and 
one of the causative agents of this disease is enterotoxigenic Escherichia coli 
(ETEC) expressing F4 fimbriae (F4+ E. coli). The pathogen characteristics of F4+ 
E. coli and the disease caused by this bacterium in piglets have been studied 
intensively e.g. (Cox et al., 1991; Hampson et al., 1985; Madec era/., 2000; Melin 
etal., 2004; Nabuurs era/., 1993). Most studies on PWD were aimed to understand 
how certain factors lead to the development of clinical signs in individual piglets. 
However, as mentioned before, in order to understand how PWD can be controlled 
by reducing transmission of F4+ E. coli, it is also necessary to study the interaction 
between individual piglets in a population and to quantify transmission parameters. 
Host characteristics that are likely to affect the susceptibility and infectiousness of 
piglets should be investigated and their effect on the level of F4+ E. coli 
transmission between piglets should be quantified. 

In the following sections a brief description of PWD and the role of ETEC in 
the pathogenesis of PWD is given, followed by a description of F4+ E. coli, its 
virulence factors and adhesion site. Finally, the aim and outline of this thesis are 
presented. 

14 



General introduction 

Post-weaning diarrhoea 

PWD is defined as diarrhoea occurring in the first two weeks after weaning 
without severe changes of the intestinal mucosa and with recovery of large 
numbers of haemolytic E. co//from the small intestine (Hampson, 1994). PWD 
causes increased mortality and growth retardation of newly-weaned piglets 
resulting in animal welfare problems and economic losses for the farmer. Various 
factors are involved of which infection with ETEC is only one, but essential factor. 

ETEC can adhere to the microvilli of the small intestinal enterocytes 
without inducing morphological lesions. The bacteria produce enterotoxins that act 
locally on the enterocytes resulting in increased secretion of fluid and NaHC03 

which can lead to diarrhoea, dehydration and acidosis (Nagy and Fekete, 1999). 
A major risk factor for PWD is the process of weaning itself (Nagy and 

Fekete, 1999). First, piglets are abruptly deprived of the passive protection by 
immunoglobulins in the milk. Second, weaning is a stressful event and the change 
of diet from easily digested milk to solid feed has several physiological and 
immunological consequences whereby piglets are predisposed to develop PWD. 
The height of the villi is reduced whereas crypt depth increases and enzyme 
activity in the brush borders is not optimal. This results in a reduction in digestive 
and absorptive function of the small intestine and leads to more unabsorbed feed 
in the gastrointestinal tract that can function as a substrate for ETEC (Hampson, 
1994; Van Beers-Schreurs, 1992). 

From field studies and experimental studies various other risk factors for 
PWD have been identified e.g. diarrhoea during the suckling period, litter size, 
weaning age, herd size, low creep feed intake, and low temperatures (Madec et al., 
1998; Skirrow et al., 1997; Svensmark et al., 1989; Wathes era/., 1989). As many 
predisposing factors of PWD were found, it is clear that PWD is a multifactorial 
disease. 

Enterotoxigenic F4+ Escherichia coli 

Enterotoxigenic E. coli (ETEC) is a collective term for E. coli strains 
producing at least one heat-stable (ST) or heat-labile (LT) enterotoxin. Besides the 
enterotoxins, important virulence factors of diarrhoeagenic E. coli strains are the 
specific fimbrial antigens that allow adherence to the small intestinal mucosa 
(Nataro and Kaper, 1998). Only a limited range of serotypes are involved in the 
aetiology of PWD in piglets of which E. coli 0149:F4 seems to be the prevailing 
serotype in many countries (Frydendahl,2002; Nagy era/., 1990; Wittig era/., 1992). 

15 



Chapter 1 

Enterotoxins 

Enterotoxins are extracellular proteins that are plasmid regulated. Two 
types can be distinguished: the antigenic heat-labile toxin and the non-antigenic 
heat-stable toxins STa and STb. Porcine F4+ E. coli strains produce either one of 
these toxins or a combination of these, but are most often associated with LT and 
STb (Dubreuil, 1997, Moon etal., 1986). 

The binding of LT to the GM1 ganglioside receptor in the mucosal cell 
membrane can lead to fluid and electrolyte secretion, decreased absorption and 
transepithelial ion transport disorders. STa can lead to an increased secretion of 
chloride ions and water in crypt cells and reduced absorption of water and 
electrolytes by villus tips (Nagy and Fekete, 1999). STb activates a G protein, 
which mediates the release of serotonin which is associated with fluid secretion in 
the intestine (Harville and Dreyfus, 1996). 

The F4 fimbria! antigen and the F4 receptor 

For extensive reviews on the features of the F4 (or K88) fimbrial antigen 
and its adhesion site, the F4 receptor (F4R), I would like to refer to the papers by 
Van den Broeck etal. (2000) and Jin and Zhao (2000). In this section, the features 
of the F4 fimbriae and F4R that are relevant for the population dynamics of F4+ E. 
coli will be summarized. 

F4 fimbriae are long surface proteins of F4+ E. coli of which three different 
antigenic types have been described: F4ab, F4ac (0rskov et al., 1964) and F4ad 
(Guinee and Jansen, 1979). With these fimbriae, F4+ E. coli are able to adhere to 
F4 receptors that can be present on the brush borders of the small intestinal 
enterocytes in the pig. The attachment of F4+ E. coli is a first and crucial step in 
the pathogenesis whereby the bacteria can withstand the continual clearance of 
the small intestine by normal passage of the intestinal contents and are thus able 
to colonize the small intestine (Nagy and Fekete, 1999). 

It was shown by in vitro adhesion assay that F4+ E. coli did not adhere to 
the brush borders of all piglets; some piglets had adhesive brush borders (F4R+), 
whereas others had non-adhesive brush borders (F4R-) (Sellwood et al., 1975). 
This difference in expression appears to be genetic in origin and is inherited in a 
Mendelian way with adherence being the dominant characteristic (Sellwood and 
Kearns, 1979). In this thesis, the host characteristic that comprises the F4R+ and 
F4R- phenotype is referred to as F4R status of the piglets. 

Six phenotypes of pigs have been described with regard to the attachment 
of the three different antigenic types (Baker et al., 1997; Bijlsma et al., 1982) and 
thus, most likely, different receptors must be involved. There have been many 
attempts to characterize the F4 receptors and to localize the genes involved as 
summarized by Van den Broeck et al. (2000). The genetics are not completely 
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General introduction 

elucidated and it is not clear whether the F4 receptors are linked to production 
traits. The function of the receptors is unknown; it has been suggested that they 
might be involved in antigen presentation in the small intestine (Newby and Stokes, 
1984). As there are no gene markers available yet, only in vitro adhesion assays 
on small intestinal enterocytes are available for determination of the F4 receptor 
phenotypes. In the Figure, examples of enterocytes with an adhesive and non-
adhesive brush border in the adhesion assay are shown. 

In the experiments described in this thesis, E. co//serotype 0149:K91:F4ac 
was used to infect the piglets and to determine the F4R status of the piglets. 
Hence, in this thesis, F4R+ and F4R- refer to the F4acR+ and F4acR- pig 
phenotypes and F4+ E. coli refers to F4ac+ E. coli. 

F4+ E.coli covering an adhesive brush border Brush border 

Fig. Examples of enterocytes with an adhesive brush border (left, F4R+ piglet) and 
non-adhesive brush border (right, F4R- piglet) as seen in the brush border 
adhesion assay. The brush border of the F4R+ piglet is completely covered with 
F4+ E. coli; the brush borders of the F4R- piglet can clearly be seen on top of the 
enterocytes, which are surrounded by free-floating F4+ E.coli. 

Aim and outline of this thesis 

The main objective of this thesis was to gain more insight in the population 
dynamics of enterotoxigenic F4+ E. coli. Processes within individual piglets and 
transmission between piglets contribute to the development of PWD. The 
approach, therefore, was to study the F4+ E. coli dynamics at two different 
integration levels: in the individual piglet and at population level (between pair-
housed piglets and between group-housed piglets). Host characteristics that were 
likely to affect the susceptibility and infectiousness of individual piglets were 
investigated at both levels, and their effect on F4+ E. coli transmission between 
piglets was quantified. 
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Chapter 1 

(1) The individual piglet 

The main goal of studying F4+ E .coli infection on individual level is to 
determine which variables affect the population dynamics of F4+ E. coli and to 
develop a definition of the infectious state of piglets. 

The amount of F4+ E. coli shed in the faeces of an individual piglet as a 
function of time might be one of the measures of infectiousness. Temporal profiles 
of F4+ E. coli shedding were analyzed to elucidate the main determinants of the 
variation in shedding at the individual level. This resulted in a measure that 
distinguished between high and low shedding piglets, with 'high shedder' as a 
possible definition of the infectious state. One of the host characteristics that are 
likely to affect the susceptibility and infectiousness of individual piglets is the 
presence of the F4 receptor (F4R). The effect of this receptor on shedding of F4+ 
E. coli in faeces and on diarrhoea should be determined. This was investigated by 
studying the association of the presence of F4R with 'high shedding' and with the 
occurrence of severe diarrhoea (Chapter 2). 

Since piglets are housed in an E. co//-contaminated environment, it should 
be determined whether reinfection of piglets affects the shedding patterns of 
individual piglets. Individually-housed piglets were challenged with F4+ E. coli and 
subsequently, the shedding patterns of piglets that were artificially prohibited to 
ingest their own faeces, were compared with those of piglets that could ingest their 
faeces (Chapter 3). 

(2) Pair-housed piglets 

The association between individual shedding patterns and infectiousness 
has to be determined, as well as the effect of F4R on susceptibility and 
infectiousness. The definition of infectious state, 'high shedder', obtained from the 
individual shedding patterns, could only be evaluated in a set-up where 
transmission between individuals was possible. In transmission experiments with 
pair-housed piglets it is clear who infects whom and therefore this set-up was used 
to evaluate 'high shedder' as a definition for infectiousness (Chapter 4). 
Furthermore, it was tested whether F4R+ and F4R- piglets differed in susceptibility 
and infectiousness. 

(3) Group-housed piglets 

In practice, newly-weaned piglets are housed in groups of 10-50 piglets. 
The interaction between group-housed piglets and the fraction of F4R+ piglets may 
affect the transmission of F4+ E. coli in groups. Therefore, transmission 
parameters and the effect of the presence of F4R were quantified in a transmission 
experiment with group-housed piglets (Chapter 5). Results of the transmission in 
pair-housed and group-housed piglets were compared. With a simple discrete 
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General introduction 

model, the effect of selective breeding for F4R- piglets on the fraction of F4R+ 
piglets in the population was illustrated (Supplement to Chapter 5). Finally, in 
Chapter 6, the results from the studies are integrated and implications of the 
findings of this thesis are discussed. 

19 



Classification of temporal profiles of 
F4+ E.coli shedding and faecal dry matter in 

experimental post-weaning diarrhoea of pigs 

P.L. Geenen, J. van der Meulen, A. Bouma, 
B. Engel, J.A.P. Heesterbeek, M.C.M. de Jong 

submitted 



Chapter 2 

Abstract 

Enterotoxigenic F4+ Escherichia coli can colonize the intestine of pigs and 
cause diarrhoea. Our primary goal was to find a discriminant rule to discriminate 
between F4+ E. coli shedding profiles as this may reflect differences in the 
infectiousness of pigs. Our secondary goal was to find a discriminant rule to 
discriminate between diarrhoeic and non-diarrhoeic pigs. Repeated measurements 
(bacterial shedding and percentage dry matter of faeces) were taken of 74 weaned 
pigs that were infected experimentally with F4+ E. coli. These measurements were 
summarized into two new variables by means of a principal components analysis. 
Discriminant rules were derived based on these summary variables by fitting a 
mixture of normal distributions. Finally, the association between the classifications 
(as derived from the discriminant rules) and the F4 receptor, an adhesion site for 
F4+ E. coli, was studied. 

We found that only the classification based on bacterial shedding allowed 
us to distinguish two significantly different groups of pigs (high and low shedders). 
Presence of the F4-receptor was associated strongly with pigs being high 
shedders. 

22 



Classification of shedding and faecal dry matter profiles 

Introduction 

Enterotoxigenic Escherichia coli strains possessing fimbriae with adhesin 
F4 (F4+ E. coh) are an important cause of post-weaning diarrhoea (PWD) 
(Frydendahl, 2002; Nagy et al., 1990; Wittig et al., 1995). PWD is an infectious 
disease of newly weaned pigs and causes substantial weight loss and mortality. 

Clinical symptoms after infection with F4+ E. coli have been studied well, 
but transmission of F4+ E. coli has not. Because an important characteristic of 
PWD is its contagiousness (Amass era/., 2003), the transmission characteristics of 
this infection also should be determined to support the development of proper 
control measures. However, before we were able to study transmission and 
diarrhoea among pigs, we needed to find a measure to discriminate between 
infectious and non-infectious pigs and a measure to discriminate between 
diarrhoeic and non-diarrhoeic pigs. Discrimination is far from straightforward since 
the colonization and replication of F4+ E. coli within the intestine (Jones and 
Flutter, 1972) and clinical symptoms vary considerably (Hampson et al., 1985; 
Madec et al., 2000; Flutter et al., 1975; Wijeratne era/., 1970). The number of F4+ 
E. coli shed in the faeces as a function of time might be one of the measures of 
infectiousness of the pigs, which is of importance with respect to transmission. The 
degree of diarrhoea also might influence the spread of F4+ E. coli because it might 
produce aerosols (although oral uptake might be less). 

In vitro tests have shown that F4+ E coli does not adhere to the brush 
borders of all pigs (Sellwood et al., 1975). This difference is explained by the 
absence or presence of an F4 receptor (F4R), but the structure of F4R or the 
genes involved have not been characterised yet. F4R promotes adherence of F4+ 
E. coli to the brush border of small-intestinal enterocytes and is thought to be 
important for the colonization and replication of F4+ E coli in the small intestine, 
which is followed by production of enterotoxins (resulting in diarrhoea) (Jones and 
Rutter, 1972). Pigs can be classified upon slaughter by in vitro adhesion assay 
(Sellwood et al., 1975) into F4R+ (adherent brush borders) and F4R- (non­
adherent brush borders). 

Three different antigenic types of F4 fimbriae have been described: F4ab, 
F4ac and F4ad. With regard to the attachment of these different antigenic types, 
six phenotypes of pigs have been found (Bijlsma era/., 1982; Baker era/., 1997). 

F4+ E. coli was expected to replicate more within the intestine of F4R+ 
pigs than of F4R- pigs. This would lead to shedding of higher numbers of F4+ E 
coli by F4R+ pigs. Consequently, F4R+ pigs could be more susceptible because 
entering the intestine would lead more often to colonization. F4R+ pigs also could 
be more infectious because they are expected to shed more bacteria and to have a 
longer excretion period. This is important for the course of transmission on the level 
of the population. 

In this paper, our objective was to find a measure to discriminate between 
infectious and non-infectious pigs and a measure to discriminate between 
diarrhoeic and non-diarrhoeic pigs. Therefore, two discriminant rules were 
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developed: one that discriminates between F4+ E. coli shedding profiles of 
individual pigs (regardless of their F4R status), and one that discriminates between 
the faecal dry matter profiles of individual pigs, because this is related to 
seriousness of diarrhoea and (possibly) to infectiousness. 

Subsequently, we investigated the association between F4R status and 
both classifications as derived from the discriminant rules. 

Methods 

Experimental design 

We used data obtained from five experiments (Table 1) in which all piglets 
were inoculated with the same strain of F4+ E. coli [Animal Sciences Group (ASG), 
Lelystad, The Netherlands]. For our experiments, an F4ac strain was used and 
thus, in this paper F4+ E. coli refers to F4ac+ E coli and F4R+ and F4R- refer to 
the F4acR+ and F4acR- pig phenotypes. For each piglet the number of colony 
forming units of F4+ E. coli/g faeces at days 1-8 p.i., the percentage faecal dry 
matter at days 1-8 p.i. and the F4R status was known. All experiments were carried 
out at the experimental facilities of the Animal Sciences Group. 

All animals were purchased from a commercial piggery in The Netherlands 
and transported to the facilities on the day of weaning. All pigs were in good health, 
no haemolytic E. coli were found on rectal swabs taken upon arrival and none of 
the pigs had diarrhoea at weaning. The set-up of the experiments is summarized 
below. 

Experiment 1: Ten male, castrated pigs were housed individually. At day 5 
they were infected orally with 5 ml 108 c.f.u. F4+ E. coli/ml Faeces were collected 
by colostomy pouches that were attached around the anus and the number of c.f.u. 
of F4+ E. co//7g faeces (denoted by CFU) and percentage faecal dry matter 
(denoted by %DM) were determined daily. At day 21, all pigs were anaesthetised, 
bled and necropsied and F4R status of the pigs was determined by brush border 
adhesion assay (BBA) (Sellwood era/., 1975). 

Experiment 2: Ten male, castrated pigs were housed individually. At day 4, 
pigs were infected orally with rotavirus [a predisposing factor for F4+ E. coli 
infection (Nabuurs era/., 1993)] followed by oral infection with 5 ml 109 c.f.u. F4+ E. 
co///ml on day 5. CFU and %DM were determined daily in faeces collected by 
colostomy pouches. F4R status was determined by BBA after euthanasia at day 19. 

Experiments 3 and 4: Ten and twelve castrated pigs, respectively, were 
housed individually. Faecal samples were taken directly from the rectum, daily and 
from all pigs. Oral infection of rotavirus and F4+ E. coli was done as described for 
experiment 2. CFU and %DM were determined on rectal faecal samples and F4R 
status was determined by BBA after euthanasia at day 19. 
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Experiment 5: Thirty-two pigs (17 male and 15 female) were housed in four 
groups of eight pigs. Pigs were assigned randomly to the groups with restriction 
that littermates were not housed in the same group and that the weight and sex of 
the pigs were equally distributed over the groups. At day 4, all pigs were infected 
orally with rotavirus, followed by oral infection with 5 ml, 109 c.f.u. F4+ E. co//7ml on 
day 5, which was repeated on day 6. CFU and %DM were determined on rectal 
faecal samples and F4R status was determined by BBA after euthanasia at day 14. 

All experiments were performed with permission of the institutional local 
ethics committee for animal experiments. Differences in the design of the 
experiments have led to variation in the day of euthanasia. This has not affected 
the F4R status of the pigs, because presence of the receptor in the brush border 
fraction is independent of age (Willemsen and De Graaf, 1992). 

Table 1. Summary of the five experiments in which 74 newly weaned pigs were 
inoculated with E. coli serotype 0149:K91:F4ac (LT+, STb+), ASG, The 
Netherlands, (April 2000 - September 2001). 

Experiment 

1 

2 

3 

4 

5 

No. of 

pigs 

10 

10(9)c 

10 

12 

32 (28)c 

No. 

F4R+ 

3 

5(4)c 

3 

4 

11 (10)c 

Housing 

Individual 

Individual 

Individual 

Individual 

Groups of 8 

Inoculation3 

1 

2 

2 

2 

3 

Feed" 

A 

B 

B 

B 

C 

Colostomy 

pouch 

yes 

yes 

5 yes, 5 no 

6 yes, 6 no 

no 

Mean weight 

at weaning 

(kg), (SD) 

6.4(1.4) 

6.9(1.4) 

6.8(1.0) 

8.1 (1.6) 

6.9 (0.8) 

(1) 5x108 c.f.u. F4+ E. coli on day 5; 

(2) fasting on day 0 and 1, rotavirus on day 4 and 5x109 c.f.u. F4+ E. coli on day 5; 

(3) fasting on day 0 and 1, colistin sulphate in water day 0-4, rotavirus on day 4 and 5x109 

c.f.u. F4+ E. coli on day 5 and 6. 
b (A) '511 Op Superkorrel', 16.4% crude protein (Hendrix UTD, Boxmeer, The Netherlands); 

(B) '2740 biggenbatterij 4 mm', 18.9% crude protein (Hope Farms bv, Woerden, The 

Netherlands); 

(C) Weanling diet, 17.6 % crude protein (Cehave, Veghel, The Netherlands). 
0 Between brackets: the number of pigs used in the statistical analysis when different from those 

given. 

Inoculation 

E. coli serotype 0149:K91:F4ac (LT+, STb+) was isolated from a pig in a 
farm with post-weaning diarrhoea and designated CVI-1000 (ASG, Lelystad) 
(Nabuurs et al., 1996). As a negative control in the BBA E. coli strain CVI-1084 
(ASG, Lelystad) was used. This is also an 0149:K91 strain (LT+, STa+) but without 
fimbrial expression of F4ac. The strains were grown overnight in brain-heart 
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infusion broth (Difco Laboratories, Detroit, USA) and pelleted by centrifugation. The 
pellets were resuspended in Phosphate Buffer Solution (PBS) pH 7.2 (Biotrading, 
Mijdrecht, The Netherlands) to an absorption value of 1.050 at 600 nm, which 
corresponds to a suspension of 109 c.f.u./ml. 

Rotavirus strain RV277 originally was isolated from pigs with rotaviral 
neonatal diarrhoea and is maintained in the laboratory of the Animal Sciences 
Group. The average virus concentration (determined by negative-stain electron 
microscopy) was 1.0x106 particles/ml. Inoculation with rotavirus in addition to 
inoculation with F4+ E. coli (except in experiment 1) was chosen because in our 
experience, rotavirus facilitates infection with F4+ E. coli and often is found as a 
co-infection in the field (Nabuurs era/., 1993). 

Analysis of faeces 

Determination of %DM 

Faeces (0.5-3.0 g) were weighed into aluminium trays. Samples were 
desiccated for 22 h in an incubator at 80 °C, and weighed again to determine lost 
water. 

Determination of CFU 

Ten-fold dilutions of faeces homogenised in saline (Biotrading, The 
Netherlands) were made. Of each dilution, 10 pi was plated manually on selective 
His-agar plates containing 5% sheep blood, streptomycin (50 ug/ml), tetracycline 
(25 ug/ml) and vancomycin (50 pg/ml) (Biotrading, The Netherlands). Plates with < 
200 haemolytic F4+ E. coli colonies were counted and the number of c.f.u./g 
faeces was calculated (lower limit 100 c.f.u./g faeces). In cases of uncertainty on 
the colony morphology, identity was confirmed by slide agglutination to establish 
the E. coli OK type (ASG, Lelystad). 

Determination of F4R status 

Determination of F4R status by the BBA (Sellwood et al., 1975) was 
performed by lab technicians without prior knowledge about the performance of the 
pigs during the experiment, the bacterial counts or any information that possibly 
could be related to F4R status. 

At necropsy, 5 to 10 cm of jejunal mucosa was scraped off and mucosal 
scrapings were put in PBS containing 0.005 M EDTA (Merck, Darmstadt, Germany) 
at 4 °C. Tissue was disrupted and dispersed by Ultrathorax, followed by filtration 
through a 100-um mesh gauze. The filtrate was centrifuged for 10 min at 500 a; to 
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harvest the cells. Cells were resuspended in PBS containing 0.05% D(+) mannose 
(Merck, Germany). A CVI-1000 suspension (F4ac+) of 0.25 ml containing 109 

bacteria/ml PBS was added to 0.25 ml of the cell suspension. The same was done 
with strain CVI-1084 (F4ac-), as a negative control. The samples were mixed 
gently at room temperature for 45 min. A small aliquot was put on a slide under a 
coverslip, and bacterial adherence was determined by phase-contrast microscopy 
(magnification x400). Only cells with well-defined brush borders were studied. 
Animals with no or an average of 1 to 2 bacteria of strain CVI-1000 per brush 
border were considered F4R-; samples exceeding this were judged F4R+. In case 
of ambiguity, the test was repeated. 

Statistical evaluation 

Principal components analysis (PCA) was used in the analysis of the CFU 
and %DM measurements to summarize individual profiles in time. PCA is a 
statistical technique to derive a limited set of new (independent) variables (called 
principal components) that capture as much as possible of the variation in the 
original (dependent) variables. The principal components (pc's) are ordered with 
respect to decreasing variance. The percentage variance explained by, say, the 
first two pc's (pci and pc2) is equal to (variance of p^ + variance of pc2) / (sum of 
the variances of the original variables) * 100%. All components together explain 
100% of the data. A pc, say pd , is a linear combination of the original variables 
(yi. Y2. ••• ): PCi = c1iyi+c12y2+-M where the coefficients Cn, c12, ... (the loadings) 
are the elements of the eigenvector with the largest eigenvalue of the covariance 
matrix of the original variables. 

When the original variables are associated with time points, the loadings 
can be used to derive "eigenfunctions". These eigenfunctions (Engel et al., 2003; 
Kingsolver et al., 2001; Kirkpatrick and Heckman, 1989) reflect important 
characteristics to describe variation between individual profiles in time (e.g. 
increase over time or curvature). A profile (p) can be decomposed into a linear 
combination of the eigenfunctions (fi, f2, ... ): p = pc1fi+pc2f2+..., where the 
coefficients are the values of the pc's of an individual piglet. The aim is to describe 
the variation between the profiles with a small number of eigenfunctions, i.e. focus 
on the most important characteristics of the profiles. A pc indicates how strong 
such a characteristic is expressed in a profile of an individual piglet. 

Missing values cannot be handled by PCA and were replaced by the 
average of the two neighbouring time points. An observation was considered to be 
a missing value when no faeces or insufficient faeces (< 0.3 g) was collected to 
determine %DM and/or CFU. Data from animals that died during the experiments 
and data from animals with more than 3 missing values in CFU or %DM were 
considered unreliable and excluded from the analysis. In the event of observed 
absence of F4+ E. coll c.f.u./g faeces, CFU was set to 0. 
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To obtain a more normal distribution in the statistical analysis, CFU data were log-
transformed; lnCFU = ln(CFU+1). 

The analysis of the CFU and %DM profiles consisted of three steps. 

Step 1 

A separate PCA was performed for the CFU and %DM data. The first 
principal components of InCFU and %DM, denoted by CFU PC! and %DM PC, 
respectively, were retained as a summary of the profiles. A biological interpretation 
of these pc's was inferred from the shape of the associated eigenfunctions (as 
visualized by plots of the loadings against time). These pc's will be used in 
subsequent steps for clustering and discrimination between pigs. 

Step 2 

Pigs were clustered into two groups on the basis of CFU PCi and %DM 
PC^ CFU PCi and %DM PCi were assumed jointly to follow a mixture of two (bi-
variate) normal distributions. Each pig was assumed to follow one of the two 
normal distributions, under the assumption that there are two different shedding 
types and two different diarrhoea types of pigs. The proportions of pigs 
corresponding to the two distributions are the so-called mixture probabilities. These 
proportions, together with the means and variances of the underlying normal 
distributions, were estimated by maximum likelihood with the program EMMIX 
(Peel and McLachlan, 1999; McLachlan and Peel, 2000). Discrimination was based 
on the classical maximum likelihood discriminant rule (Mardia et ai, 1979) that 
allocates an animal to the category where its observations have the largest 
likelihood to appear. To test whether the assumption of a mixture was tenable, the 
model consisting of a mixture of two normal distributions was compared with a 
model with a single common normal distribution by the likelihood ratio test 
[GenStat, (GenStat Committee, 2000)]. 

Step 3 

In this final step, the association between F4R status and the result of 
clustering of step 2 was studied in a 2x2-table, employing Fisher's exact test 
[GenStat, (GenStat Committee, 2000)]. 

Results 

Of the 74 pigs, five pigs were excluded from analysis; one pig died and 
four pigs had more than three missing values. Of the remaining 69 pigs, 45 pigs 
were determined F4R- and 24 F4R+. Nine pigs showed no F4+ E. co//-positive 
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samples in the first eight days after inoculation (two F4R+ and seven F4R-). In 
Table 2, the median number of F4+ E. co//'-positive samples, the median number of 
F4+ E. coli in the positive samples and the mean %DM are shown for the F4R+, 
the F4R- and of all pigs. 

Table 2. The median number of F4+ E.coli positive samples, the median number 
of F4+ E.coli in the positive samples and the mean percentage faecal dry matter of 
the F4R+ pigs, the F4R- pigs and all pigs. 

F4R+ pigs F4R- pigs All pigs 
(n = 24) (n = 45) (n = 69) 

Median (min - max) 6 (0 - 8) 2 (0 - 8) 3 (0 - 8) 
number of F4+ E.col'h 
positive samples 

Median (min - max) 
number of F4+ E.coli \n 
positive samples (c.f.u.) 

Mean % faecal dry matter 
(SD) 

1.106 

(1.102-1.1010) 

21.7(9.3) 

7.103 

(1.102- 1.109) 

25.9(6.1) 

7.104 

(1.102-1.1010) 

24.5 (7.6) 

The first two PCs of InCFU (InCFU PC, and InCFU PC2) explained 76.2 and 9.3% 
of the variation in InCFU, respectively; in Fig 1 the associated eigenfunctions are 
shown. 

%DM PCi and %DM PC2 explained 57.6 and 19.5% of the variation in 
%DM, respectively; their eigenfunctions are shown in Fig 2. LnCFU PC, and %DM 
PC, explained the major part of the variation between the individual profiles; all 
other PCs explained only a relatively small amount of variation. The shape of the 
eigenfunctions associated with InCFU PC, and %DM PC, (eigenfunction 1 in Fig 1 
and 2) is basically constant, apart from a slight increase at the extremes. This 
suggests that major differences between the individual profiles of the animals are 
reflected by their overall level of InCFU and their overall level of %DM. The 
eigenfunctions associated with InCFU PC2 and %DM PC2 (eigenfunction 2 in Fig 1 
and 2), show a contrast between the first and last days of the sampling period and 
largely represent a trend in time. 

Classification results based on the PCs of InCFU and %DM are 
summarized in Table 3. As can be seen from this table, only InCFU PC, and %DM 
PC2 could significantly discriminate between two types of pigs (p < 0.05). Although, 
discrimination between pigs with high and low %DM summarized by %DM PCi was 
not significant (P= 0.06), there was a strong indication that the pigs in group 2 
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Fig 1. Coefficients of the first and second eigenfunction of the log-transformed 
number of F4+ E. coli/g faeces data (InCFU) plotted against time. 

Eigenfunction 2 

Eigenfunction 1 

Days after inoculation 

Fig. 2. Coefficients of the first and second eigenfunction of the percentage dry 
matter of faeces data (%DM) plotted against time. 

Eigenfunction 2 

Eigenfunction 1 

Days after inoculation 

(Table 3) suffered from diarrhoea. Classification based on %DM PC2 was 
significant, but the amount of variation explained by %DM PC2 was low (19.5%). 
Moreover, %DM PC2 distinguished one group consisting of only four piglets with 
diarrhoea at days 5 to 8 p.i., and one group with all other 65 piglets. Therefore, 
%DM PC2 was considered not to be a biological meaningful measure to 
discriminate between diarrhoeic and non-diarrhoeic piglets and was not evaluated 
further. 
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The major difference between the piglets was their overall level of bacteria 
shed at log scale, which was summarized by InCFU P d . This means that it is 
possible to discriminate between pigs that shed high numbers of F4+ E. coli/g 
faeces at log scale (group 2, Table 3) and pigs that shed low numbers at log scale 
(group 1, Table 3). These two shedding types will therefore be referred to as high 
and low shedders. 

Table 3. Classification results of the 69 pigs using the first or second principal 
component (PCi or PC2) derived from PCA on the log-transformed number of F4+ 
E.coli/g faeces (InCFU) or on the percentage dry matter of faeces (%DM). 

Summary 

variable 

InCFU P d 

InCFU PC2 

%DM PCi 

%DM PC2 

Proportion of pigsa 

group 1 

0.64 

0.52 

0.83 

0.94 

group 2 

0.36 

0.48 

0.17 

0.06 

group 1 

11.1 

-4.4 

-5.7 

-1.6 

Mean" 

group 2 

-18.6 

5.1 

27.3 

27.1 

Variance" 

group 1 

0.00 

0.07 

0.06 

0.00 

group 2 

16.2 

13.8 

113.0 

45.9 

Likelyhood ratio 

test P-valuec 

0.00 

0.07 

0.06 

0.00 

Cut-off 

value" 

1.96 

0.95 

11.65 

13.64 

a Group with the highest proportion of pigs is referred to as group 1 and other as group 2. 
b Means and variances of group 1 and 2 estimated by maximum likelihood. 
c Probability that pigs can be classified into two groups vs one group. 
d Cut-off values between groups are calculated by the Maximum Likelihood Discriminant rule. 

Cut-off values for the different groups calculated by the maximum likelihood 
discriminant rule are also shown in Table 3. For example, pigs with values of 
InCFU PCi smaller than the boundary value 1.96 were classified as high shedders. 
Thus, the discriminant rule found to classify piglets as high shedder is: 

^coeffcientk (lnCFU^ -/JlnCFUk ) < 1.96, with k= 1,2,.. 8. 
k 

InCFU/t are the log-transformed numbers of F4+ E co//7g +1 found in the faecal 
samples of individual piglets on days 1 to 8 after inoculation, /vlnCFU/t are the mean 
number of InCFU shed at days 1 to 8 of all 69 piglets and coefficient* are the 
coefficients (or loadings) of the first eigenfunction at days 1 to 8 (see Fig 1). 

In the last step of the analysis, it was investigated how the F4R+ and F4R-
piglets were distributed over the shedding and diarrhoea types. In Fig 3 and 4, the 
proportion of the F4R- and F4R+ pigs from all five experiments on intervals of 
InCFU PC! and %DM P d are shown. In Fig 3, a decreasing value at the x-axis of 
the InCFU PC! plot means an increasing number of F4+ E coli shed. As can be 
seen, the distributions of the F4R- and F4R+ pigs differed considerably along 
InCFU PC1; F4R+ pigs had a more equal distribution from low to high values 
whereas F4R- pigs were more concentrated on lower values of InCFU PC1 and 
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thus on a lower number of bacteria shed. Only 8 (17%) of the F4R- pigs were in 
the group of high shedders whereas of the F4R+ pigs 17 (71%) were in this group. 
Fisher's exact test for a 2x2-table results in P< 0.001 thus showing that F4R status 
was highly associated with the classification into high and low shedders. 

In Fig 4 an increasing value at the x-axis of the %DM PC! plot means a 
decreasing overall mean and thus a lower %DM. As can be seen, there was 
considerable overlap between F4R+ and F4R- pigs, but F4R- pigs were more 
concentrated on a higher %DM. Applying Fisher's exact test on these results in a 
2x2-table resulted in P = 0.002. So, although discrimination based on %DM P d 
between the two diarrhoea types was not significant, the association of the F4R 
status with classification into high and low %DM clearly was significant. 

The majority of the pigs (61%) were assigned to both the low shedders and 
low %DM groups. Ten pigs (14%) were high shedders and in the low %DM group. 
Two pigs (3%) shed low numbers of F4+ E. coli, but were still classified into the low 
%DM group. Fifteen pigs were assigned to both the high shedding group and the 
high %DM group. Analysing these results in a 2x2-table with Fisher's exact test, 
showed that InCFU and %DM were significantly associated (P< 0.001). 

0.4 
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Predicted values for individual piglets on intervals of the 
first principal component 

Fig 3. Proportions of F4R+ (n=24) and F4R- pigs (n=45) (all experiments 
combined) on the predicted values of the first principal component of the log-
transformed number of F4+ E.coli/g faeces (InCFU PC1). Piglets with a predicted 
value < 1.96 were defined to be high shedders. 
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Fig 4. Proportions of F4R+ (n=24) and F4R- pigs (n=45) (all experiments 
combined) on the predicted values of the first principal component of the 
percentage dry matter of faeces (%DM PC1). Piglets with a predicted value > 
11.65 were defined to have low %DM. 

Discussion 

Studies about PWD caused by F4+ E. coli have mainly focused on clinical 
symptoms of pigs (Cox et al., 1991; Madec et al., 2000) and not on the 
transmission of F4+ E. coli. However, for understanding the epidemiology of PWD 
and for development of control measures, information on the infectiousness and 
susceptibility of the individuals to F4+ E. coli within a population is also needed. 
Shedding of F4+ E. coli in faeces may reflect differences in colonization and 
replication between pigs, and accordingly, differences in infectiousness. In this 
paper, we showed that by performing a principal components analysis on the (log-
transformed) F4+ E. coli shedding profiles of individual piglets, an objective linear 
discrimination measure could be derived that was able to classify these piglets into 
two significantly different groups. The shape of the eigenfunctions resulting from 
the principal components analysis, indicated that the main difference in shedding 
profiles of these two groups of piglets, was the total amount of bacteria shed at log-
scale. We therefore referred to these groups as high and low shedding piglets. 

Whether the classification into high and low shedders reflects a 
classification into high and low infectiousness can only be studied in pigs housed 
together, because transmission is a process at the population level. Therefore, this 
measure for infectiousness was evaluated in a transmission experiment (Chapter 4). 
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Besides the level of bacteria shed, other aspects like acid tolerance 
(Merrell and Camilli, 2002), survival of E coli in faeces (Kudva et al., 1998) and 
behaviour of the diseased pig (Krsnik et al., 1999) are likely to affect 
infectiousness. The degree of diarrhoea might also be a vector for spread of F4+ E. 
coli, since diarrhoeal faeces may form aerosols. Therefore, also the faecal 
percentage dry matter profiles of the pigs were studied to find a measure to 
discriminate between diarrhoeic and non-diarrhoeic piglets. Large variation in 
percentage dry matter profiles was found between pigs, but the separation of the 
profiles into two distinct groups was not significant. 

One of the factors that causes high variability in colonization and 
replication and thus in shedding and diarrhoea, is the presence or absence of the 
F4 receptor (F4R). Presence of F4R was found to be associated significantly with a 
low percentage dry matter. We also showed that presence of F4R was significantly 
associated with high shedding of F4+ E coli at log scale. This indicates that mixed 
F4R+/F4R- populations cannot be considered homogeneous with respect to 
shedding of F4+ E. coli. Therefore, F4R status of the pigs and its effect in 
populations will have to be taken into account in the evaluation of F4+ E. coli 
infection models or when testing F4+ E. coli intervention measures. Although the 
distributions of the F4R+ and F4R- pigs on the level of F4+ E coli shedding at log 
scale had some overlap (Fig 3), F4R seemed to be the major factor affecting the 
shedding profiles. 

High shedders were classified more often in the group with a low 
percentage dry matter and low shedders in the group with a high percentage dry 
matter. However, 22% of the pigs (8 F4R+ and 7 F4R-) were both in the high 
shedding and the high percentage dry matter group. This indicates that 
compensatory mechanisms must be active to avoid fluid loss due to bacterial toxins 
both with F4R+ and F4R- pigs. Only two pigs were found in both the low 
percentage dry matter and low shedding group. These pigs might have suffered 
from rotavirus diarrhoea or other diarrhoeagenic causes. 

In this study we wanted to find general measures to discriminate between 
infectious and non-infectious and between diarrhoeic and non-diarrhoeic piglets. 
We expected that the range in shedding profiles and percentage dry matter profiles 
of the five experiments together would best resemble the range in common pig 
practice. Therefore, we ignored the experiments and differences in experimental 
design as factors in the statistical analysis. The results gave no reason to think that 
differences in experimental design had major effects, except in experiment 5, 
where seven out of eleven F4R- pigs housed with F4R+ pigs were found in the 
high shedding group. These pigs accounted for the majority of high shedding F4R-
pigs found in all experiments. This indicated that F4R+ pigs might have had an 
effect on the F4+ E. coli shedding of F4R- pigs. In this analysis we regarded the 
data from the pigs as independent data, but for the aforementioned pigs of 
experiment 5 this was not necessarily true. However, the relatively simple summary 
statistics of shedding and percentage dry matter derived in this paper gave robust 
results and showed the main differences between the individual profiles. 
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Chapter 3 

Abstract 

In oral-faecal transmitted gastrointestinal pathogens, reinfection from the 
environment could possibly affect the shedding patterns of the infected host and as 
a consequence influence its infectiousness. Whether reinfection plays a role in the 
population dynamics of F4+ Escherichia coli (F4+ E. coli), an important causative 
agent of post-weaning diarrhoea, is unknown. In this study, 36 piglets with and 
without the F4-receptor (F4R), were challenged with F4+ E. coli. During two weeks 
after challenge, half of the piglets were prevented to reinfect themselves using 
pouches by which all faeces were collected and contamination of the pen with 
faeces were prevented. Shedding of F4+ E. coli (intermittence, the number of 
positive samples and the amount of bacteria shed) was determined during 14 days 
after inoculation. The effects of the factors pouch and F4R status on the shedding 
patterns were tested using a generalized linear model and Fisher's exact tests. 

Only F4R status was found to affect the shedding patterns. No indications 
were found that the F4+ E. coli shedding patterns of piglets (without pouches) that 
could reinfect themselves were different from those of piglets with pouches. It was 
concluded that the shedding patterns are mainly determined by F4R status and not 
by reinfection. 

38 



Effect of reinfection on shedding patterns 

Introduction 

When studying the epidemiology of an infectious gastrointestinal pathogen, 
it is important to understand its population dynamics from characteristics of 
individual hosts. Important host characteristics of an oral-faecal transmitted 
gastrointestinal pathogen are the pathogen uptake from the environment, 
colonization and replication of the pathogen within the host, and the infectiousness 
of the host which is related to pathogen shedding, contact behaviour of the host 
and pathogen survival in the environment. 

After ingestion of the pathogen from the environment, successful 
colonization and replication within the gastrointestinal system will result in an 
infectious host that will shed the pathogen with its faeces and hereby increasing 
the infectious load in the environment. This will lead to a higher probability that a 
susceptible host ingests the pathogen, becomes infectious too and increases the 
infectious load in the environment even more, etc. This chain of infections can be 
described by simple mathematical models, for example the stochastic SIR-model 
(Bailey, 1975). 

For some infectious diseases, it was found that reinfection plays an 
important role in the long term transmission of the pathogen, for example 
Tuberculosis (Gomes etal., 2004) or helminth infections (Paterson era/., 2000), by 
causing recurrent infections or superinfection. In this paper, we are mainly 
interested in the effects of reinfection during or soon after primary infection. 
Therefore, we would like to define reinfection as the uptake of the pathogen from 
the environment (an infectious host or other infectious source) that will lead to 
successful colonization of a host that is still infected or has only recently stopped 
shedding. This may lead to longer periods of shedding and possibly higher 
numbers of the pathogen shed, resulting in increased infectiousness. 

Reinfection during primary infection has, as far as the authors know, never 
been quantified for gastrointestinal bacteria. The question addressed in this paper 
is whether reinfection affects the shedding patterns of enterotoxigenic F4+ 
Escherichia coli (F4+ E. coli) and thereby affects its population dynamics. F4+ E. 
coli is an important causative agent of post-weaning diarrhoea (PWD) in newly-
weaned piglets (Frydendahl, 2002; Nagy and Fekete, 1999; Wittig et al., 1995), in 
which the presence of an adhesion factor for F4+ E. coli (F4-receptor; F4R) in the 
small intestine is generally thought to be an important factor in the attachment of 
F4+ E coli to the small intestine. 

The number of positive samples, the number of bacteria shed and the 
occurrence of intermittent shedding patterns were analysed for piglets with and 
without pouches and with and without F4R. By quantifying reinfection of F4+ E coli 
in individual piglets, more insight in the population dynamics of this pathogen is 
gained. 
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Materials and methods 

Experimental design 

Data were obtained from three experiments (A, B and C). A total number of 
36 (3x12) male, castrated piglets, 3-4 weeks old, were brought from a commercial 
farm in the Netherlands to the animal facilities of the Animal Sciences Group (ASG) 
in Lelystad, The Netherlands at the day of weaning (day 0). The piglets were 
obtained from different litters to prevent litter effects as much as possible. At 
arrival, piglets were weighed and rectal swabs were taken and checked for 
haemolytic E coli. Piglets were individually housed in pens that were positioned in 
two different stables per experiment, with the weights of the piglets equally 
distributed over the two stables. The six pens per stable were put in a row and had 
closed wooden partitions that were placed on grid floors, with one piglet per 0.51 
m2 floor surface. The mean temperature of the stables was 25°C with a 16-hr light, 
8-hr dark scheme. 

On day 0 and 1, piglets were fasted, with water available ad libitum. From 
day 2 on, piglets were fed ad libitum a standard commercial piglet feed (Hope 
Farms bv, Woerden, The Netherlands). 

At day 2, a 45 mm flange belonging to a human two-piece ostomy system 
(ConvaTec, Uxbridge, UK) was placed around the anus of all six piglets in one 
stable and fixed with medical adhesive (Hollister, Libertyville, USA) and 
Leukoplast® (5 cm, Beiersdorf AG, Hamburg, Germany). Closed pouches were 
attached to the flange and fixed with Leukoplast® (2.5 cm, Beiersdorf AG, 
Hamburg, Germany). The pouches were changed twice daily, by which all faeces 
were collected. During the experiment, the pens were not cleaned to ensure a 
maximum infectivity in the pens of the piglets without pouches. 

On day 4, all piglets were inoculated orally with 2 ml of a rotavirus strain 
suspension (strain RV277, ASG, Lelystad, The Netherlands). Inoculation with 
rotavirus preceding F4+ E. coli inoculation was chosen, because rotavirus may act 
as a predisposing factor for E coli infections (Melin et al., 2004) and is often found 
as a co infection in the field (Hampson era/., 1994). 

On day 5, all piglets were orally inoculated with 5 ml 109 c.f.u./ml F4+ E. 
coli (ASG, Lelystad, The Netherlands) with exception of two piglets in experiment A 
(one with pouch and one without pouch). These two piglets served as sentinels to 
check for transmission over a distance from pen to pen. Rectal faecal samples 
were collected daily and the number of F4+ E. co//7g faeces and the percentage dry 
matter of these samples were determined. 

During the experiment, feed intake and the health of the piglets were 
recorded daily, to observe any deviations in the wellbeing of the piglets. Strict 
hygienic measures were taken to prevent transmission between pens; changing of 
boots, clothing and hair nets before entering the stables, handling the piglets 
without stepping into the pen and not cleaning the pens, as this would have 
increased the risk of spread of contaminated faeces from pen to pen. 
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On day 19, the piglets were weighed, euthanized, bled and necropsied. A 
5-10 cm jejunal sample was taken for determination of the F4R status by Brush 
Border Adhesion assay (BBA), (Sellwood era/., 1975). The local Ethics Committee 
for Animal Experiments approved the experimental protocols. 

Inoculation 

E. co//'serotype 0149;K91;F4ac (LT+, STb+), isolated from pigs with post-
weaning diarrhoea (strain CVI-1000, ASG, Lelystad), was grown overnight in brain 
heart infusion broth (Difco Laboratories, Detroit, USA) at 37°C, pelleted by 
centrifugation, and resuspended in PBS (pH 7.2) to an optical density of 1.050 at 
600 nm which corresponds to a suspension of 109 c.f.u./ml. 

Rotavirus was originally isolated from piglets with rotaviral neonatal 
diarrhoea (strain RV277, ASG, Lelystad, The Netherlands). The average virus 
concentration, determined by negative stain electron microscopy, was 106 

particles/ml. 

Analysis of faeces 

Determination ofc.f.u. F4+ E. coli/g faeces 

Ten-fold dilutions of faeces homogenized in saline (Biotrading, Mijdrecht, 
The Netherlands) were plated on selective agar plates containing 5% sheep blood, 
streptomycin 50 ug/ml, tetracycline 25 ug/ml and vancomycin 50 ug/ml (Biotrading, 
Mijdrecht, The Netherlands). Haemolytic colonies of F4+ E. co//were counted with 
a lower limit of 100 c.f.u. F4+ E. coli/g faeces. In cases of uncertainty on the colony 
morphology, identity was confirmed by slide agglutination with pig sera (ASG, 
Lelystad, The Netherlands) to establish the E. co//OK type. 

Faecal dry matter and diarrhoea score 

A small amount of the faecal sample was weighed into an aluminium tray. 
Samples were desiccated for approximately 22 h in an incubator at 80 °C, and 
weighed again to determine water loss. 

At sampling, the appearance of each faecal sample was examined and a 
4-point score 0 = normal, 1 = unformed or loose consistency, 2 = pasty diarrhoea, 
3 = liquid, was given to describe the consistency. For each set of faecal samples 
with a particular score, the mean percentage dry matter and a 95% confidence 
interval (CI) was calculated. Only piglets with one or more samples with a 
percentage dry matter below the upper limit of the 95% CI of score 3 were 
classified as severely diarrhoeic. The association between absence or presence of 
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