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1. REVIEW OF THE LITERATURE 

1.1. Introduction 

Global pork production in carcass weight is 110.7 million tons and accounts for about 43.3 % 

of the meat production (beef, pig, and poultry) worldwide. After China, the European Union 

(EU) is the second biggest producer of pig meat with a yearly production of 22.3 million tons 

(USDA, 2014). Therefore, maintaining of animal health in the pig industry is very important 

in pig production. Neonatal diarrhea and post-weaning diarrhea caused by Escherichia coli (E. 

coli), in particular enterotoxigenic E. coli (ETEC), are among the most important economical 

diseases in pigs (Francis, 2002; USDA, 2002; Fairbrother et al., 2005; USDA, 2007). It has 

been estimated that in the United States (US) alone post-weaning diarrhea caused by ETEC 

cost $90 million annually due to the death of up to 5 % of young pigs (Zhang, 2007). In 

addition, other factors causing significant economic losses to the pig industry due to diarrhea 

caused by ETEC are reduced growth rates, morbidity, and cost of medication (Fairbrother et 

al., 2005). 

 

Antimicrobial drugs have been widely used in human and veterinary medicine to treat and 

prevent bacterial infections and to improve production efficiency in food-producing animals 

(WHO, 1997; US FDA, 2012). The use of antimicrobial drugs as antibiotic growth promoters 

(AGPs) in animal diets has been documented to improve growth performance and to reduce 

morbidity and mortality by approximately 50 % in pigs. Although the exact mechanisms by 

which AGPs influence the performance of the pig are still unclear, the beneficial effects of 

AGPs are probably due to the suppression of pathogenic bacteria in the digestive tract, 

increased feed utilization and stimulation of metabolic processes (Kil and Stein, 2010). The 

use of AGPs increases the prevalence of antimicrobial resistance in farm animals and the risk 

that resistant bacteria or resistance determinants might be transferred from animals to humans 

(WHO, 1997). Antimicrobial resistance within a wide range of infectious agents is a growing 

public health threat of broad concern to public health (WHO, 2014). Based on the current 

available data, more than two million people are every year infected with antimicrobial-

resistant pathogens in the US, with at least 23,000 deaths as a result (CDC, 2013). 
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The use of antibiotics as growth promoters in animal production has been totally banned 

within the EU in 2006 (EC Regulation 1831/2003
1
). Some countries outside of Europe also 

banned the use of antimicrobials for growth promotion, but in many countries, such as the US 

and Canada, antimicrobials are still approved for production purposes like growth promotion 

(Maron et al., 2013). However, the FDA has recommended voluntary guidelines limiting the 

use of medically important antimicrobial drugs in food-producing animals to those uses that 

are considered necessary for assuring animal health and that include veterinary oversight or 

consultation (US FDA, 2012). The discontinuation of AGP use in the EU has led to a reduced 

pig performance and an increased morbidity and mortality rate among pigs, mostly associated 

with enteric infections. This has substantially increased the use of therapeutic antibiotics in 

pigs in Europe (Casewell et al., 2003).  

 

Colistin, a polymyxin antibiotic, has been used for decades in veterinary medicine, especially 

in swine to treat diarrhea caused by E. coli and is the most frequent oral administered 

antimicrobial drug (30.7 %) used in the Belgian pig industry (Callens et al., 2012; EMA, 

2013). In human, colistin is used as a last resort drug for nosocomial infections caused by the 

following multiresistant Gram-negative bacteria: carbapenemase-producing 

Enterobacteriaceae (E. coli, Klebsiella), and multidrug-resistant Pseudomonas and 

Acinetobacter species (non-fermenters) (EMA, 2013). Although antimicrobial resistance 

prevalence to ampicilin, sulphomethoxazole, tetracycline, and trimethoprim  in porcine E. coli 

strains can exceed 50%, the antimicrobial resistance prevalence to colistin in porcine E. coli 

strains is still low (9.6 %) (Boyen et al., 2010; Habrun et al. 2010; Morales et al., 2012; 

Chantziaras et al., 2014). Therefore, the resistance to colistin should be closely monitored.  

Also, the occurrence of multi-drug resistant porcine E. coli strains has rapidly increased in 

recent years (Van Driessche et al., 1995; Maynard et al., 2003; Boerlin et al., 2005; 

Fairbrother et al., 2005; Costa et al., 2010; Li et al., 2012). Recent studies reported that 

approximately 87% of the porcine E. coli isolates were resistant to 4 or more antimicrobials 

(Lee et al., 2009; Habrun et al., 2010). Therefore, alternative strategies effectively reducing 

diarrhea caused by E. coli in pigs are urgently needed.  
 

 

1
 EC Regulation 1831/2003. European Union legislation on feed additives: 

http://ec.europa.eu/food/food/animalnutrition/feedadditives/legisl_en.htm 
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1.2. Neonatal and post-weaning diarrhea 

Neonatal diarrhea usually occurs during the first three to five days of life, while post-weaning 

diarrhea (PWD) is commonly observed at three to ten days after weaning (Alexander, 1994; 

Hampson, 1994).  

A survey conducted by the National Animal Health Monitoring System (NAHMS) in the US 

found diarrhea to be the most common cause of pre-weaning morbidity, 42 % of which 

occurred during the first three days after birth, and an important cause of pre-weaning 

mortality (10.8 %) (National swine survey, 1992; Tubbs et al., 1993). The most common 

agent associated with neonatal diarrhea as well as PWD is enterotoxigenic Escherichia coli 

(ETEC) (Fairbrother et al., 2005; Fairbrother, 2006; Jackson and Cockcroft, 2007). For PWD 

caused by ETEC, the mortality rate is often 1.5 to 2 % and can be up to 25 % when no 

treatment is given whereas the morbidity rate may be over 50 % among weaned piglets 

(Hampson, 1994; Fairbrother and Gyles, 2006; Jackson and Cockcroft, 2007). The clinical 

signs of ETEC are watery diarrhea, dehydration, emaciation and death (Alexander, 1994; 

Hampson, 1994). 

In addition to ETEC, neonatal diarrhea and PWD can also be caused by other microorganisms. 

Transmissible gastroenteritis virus, Clostridium perfringens type C, porcine epidemic diarrhea 

virus, rotavirus A and Cystoisospora suis (previously known as Isospora suis) are known to 

be associated with diarrhea during the neonatal period (Edfors-Lilja and Wallgren, 2000; 

Kongsted, 2014). At weaning age, Salmonella spp., Lawsonia intracellularis, Trichuris suis, 

Brachyspira spp., rotaviruses and coronaviruses are other common causes of diarrhea in pigs 

(Edfors-Lilja and Wallgren, 2000; Jackson and Cockcroft, 2007; Hopwood and Hampson, 

2013). 

 

1.3. Escherichia coli 

ETEC are the leading cause of diarrhea in newborn and recently weaned pigs causing great 

economic loss due to decreased growth rate and considerable morbidity and mortality 

(Alexander, 1994; USDA, 2002; Flores, 2004; Fairbrother et al., 2005; USDA, 2007). The 

group of pathogenic E. coli causing diarrheal diseases is referred to as diarrheagenic E.coli 

and based on their specific virulence factors and phenotypic traits are divided into six 

pathotypes: (i) enteropathogenic E. coli (EPEC), (ii) enterotoxigenic E. coli (ETEC), (iii) 

verocytotoxigenic E. coli (VTEC), which is synonymous with the term verocytotoxic or Shiga 
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toxin-producing E. coli (STEC), and also includes the enterohaemorrhagic E. coli (EHEC) 

category; (iv) enteroinvasive E. coli (EIEC); (v) enteroaggregative E. coli (EAEC); and (vi) 

diffusely adherent E. coli (DAEC) (Nataro and Kaper, 1998; Clements et al., 2012). The 

ETEC, VTEC and EPEC strains represent the three major classes of enteric pathogens leading 

to diarrhea in pigs (Chin and Chapman, 2009). ETEC represent about 65 to 70 % of the E. coli 

strains causing diarrhea (Martins et al., 2000; Cheng et al. 2006; Vu-Khac et al., 2007; 

Alustiza et al., 2012). 

ETEC are characterized by their ability to proliferate in the small intestine and by the 

production of enterotoxins. The adhesion of ETEC to the small intestinal epithelial cells is 

mediated by fimbrial adhesins and allows the bacteria to resist the flushing action of intestinal 

peristalsis (Gaastra and de Graaf, 1982; Nagy and Fekete, 1999). Five fimbrial types, F4 

(formerly K88), F5 (K99), F6 (987P), F18 (F107) and F41, have been characterized in porcine 

ETEC strains (Nagy and Fekete, 1999; Vu-Khac et al., 2007). Two types of enterotoxins can 

be distinguished on the basis of their thermostability, namely the heat-labile (LT) and the 

heat-stable (ST) enterotoxins. These enterotoxins stimulate the epithelial cells of the small 

intestine to secrete fluid into the lumen of the gut causing diarrhea (Gaastra and de Graaf, 

1982; Nagy and Fekete, 1999). Recent studies have indicated that enterotoxins, such as LT, 

also enhance enteric bacterial colonization (Berberov et al., 2004; Zhang et al., 2006; Glenn et 

al., 2009). Some F18 ETEC strains inducing post-weaning diarrhea produce both enterotoxins 

and verotoxin-2e, also named Shiga toxin-2e, and are referred to as ETEC/VTEC  

(Bertschinger and Gyles, 1994; DebRoy et al., 1999; Nagy and Feteke, 1999). This verotoxin-

2e (edema disease toxin) damages the vascular endothelium of the digestive tract, subcutis 

and brain, which leads to subcutaneous edema (MacLeod et al., 1991; Wadell et al., 1997). 

Neurological signs occur shortly after subcutaneous edema is apparent and consist of mental 

confusion, ataxia and a staggering gait. Finally, pigs are unable to rise and display a range of 

signs including tremors, paddling of the limbs, extensor rigidity, convulsions and coma 

(Gannon et al., 1989).   
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1.4. F4 enterotoxigenic Escherichia coli 

ETEC strains expressing F4 fimbriae are currently worldwide associated with neonatal and 

post-weaning diarrhea in pigs (Francis, 2002; Frydendahl, 2002; Do et al., 2005; Do et al., 

2006; Vu-Khac et al., 2007; Zhang et al., 2007; Amezcua et al., 2008; Madoroba et al., 2009; 

Vidotto et al., 2009; De la Fe Rodriguez et al., 2011; Byun et al., 2013). In E. coli isolates 

from pigs with neonatal diarrhea, the prevalence of F4 fimbriae was 53.1 % in North Vietnam 

(Do et al., 2006), 31.9 % in Korea (Byun et al., 2013), and 28.4 % in Zimbabwe (Madoroba et 

al., 2009). In Belgium, no recent data are available on the prevalence of F4 fimbrial E. coli 

isolates from pigs with neonatal diarrhea. The prevalence of F4 fimbriae in E. coli isolates 

from pigs with PWD was 60 % in Hungary (Nagy et al., 1990), 50.5 % in Switzerland 

(Sarrazin et al., 2000; Rampoldi, 2013), 64.4 % in US (Zhang et al., 2007), 44 % in Brazil 

(Vidotto et al., 2009), 53 % in Belgium (data unpublished) and 19 % in Slovakia (Vu-Khac et 

al., 2007).  

F4 ETEC do not adhere to the brush border from all piglets. Pigs that showed F4 ETEC 

adhesion to their brush borders were designated as F4 ETEC susceptible and pigs with no F4 

ETEC adhesion were designated as F4 ETEC resistant (Figure 1.1) (Rutter et al., 1975; 

Sellwood et al., 1975). The two phenotypes, susceptible and resistant, seem to be inherited in 

a simple Mendelian manner (Sellwood et al., 1975; Gibbons et al., 1977). 

 

 

 

 

Figure 1.1: Small intestinal villous brush borders after the in vitro adhesion assay with F4ac 

ETEC. (A) F4 receptor-positive (F4R
+
) brush border with strong adhesion; (B) F4 receptor-

negative (F4R
−
) brush border without adhesion. Bars, 10 μm. From Van den Broeck et al. 

(1999a). 
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Even though infection with ETEC can occur at any age, the susceptibility towards F4 ETEC 

appears to be age-dependent resulting in a high susceptibility in the neonatal stage and 

immediately after weaning (day 21-28) (Jones and Rutter, 1972; Wilson and Hohman, 1974; 

Willemsen and de Graaf, 1992; Alexander, 1994; Hampson, 1994). This age-dependent 

susceptibility is due to a number of factors. First, the porcine mucosal immune system is 

functionally immature at birth and develops gradually during the first six weeks of life 

(Stokes et al., 2004; Bailey and Haverson, 2006). Therefore, the period from birth to weaning 

is a critical time. Also, the low levels of digestive enzymes and the high pH levels in the 

stomach and small intestine in the newborn piglets provides a favorable environment for 

bacteria (Alexander, 1994). Changes in the small intestine structure and enterocyte brush 

border enzyme activities immediately after weaning and the withdrawal of the passive 

lactogenic protection are important predisposing factors related to PWD  (van Beers-Schreurs 

et al., 1992; Hampson, 1994). Furthermore, an age-dependent expression of F4 receptors in 

the mucus can play a role in an increased resistance towards F4 ETEC in weaned pigs 

(Conway et al., 1990). 

Neonatal piglets can be passively protected against infection with F4 ETEC by pathogen-

specific antibodies in colostrum and milk of the sow (Gaastra and de Graaf, 1982; Sellwood, 

1982). However, if either intake or quality is too low then F4 ETEC can still adhere to the 

small intestine and cause diarrheal illness (Alexander, 1994). Because resistant sows are not 

susceptible towards F4 ETEC infection, no F4-specific antibodies are produced and secreted 

in their colostrum and milk (Sellwood, 1982). Therefore, heterozygous susceptible offspring 

of F4 ETEC resistant sows are highly susceptible to F4 ETEC (Alexander, 1994). However, 

the passive maternal protection can be obtained and increased by vaccinating the sows during 

pregnancy, protecting the piglets against F4 ETEC infection during the suckling period 

(Rutter et al., 1976; Fürer et al., 1982). At weaning, lactogenic immunity disappears and an 

active mucosal immunity would be required in order to protect the piglets against F4 ETEC. 

By vaccinating the piglets via parenteral route, no mucosal protection can be obtained, 

because parenteral vaccines stimulate in general the systemic rather than the mucosal immune 

system. Oral vaccination has shown to induce protective intestinal mucosal immunity against 

F4 ETEC (Bianchi et al., 1996; Van den Broeck et al., 1999b; Melkebeek et al., 2013). 

However, this vaccination should occur during the suckling period to obtain protection at 

weaning when piglets become infected, because PWD generally occurs three to ten days after 

weaning (Hampson, 1994; Melkebeek et al., 2013). Unfortunately, no commercial oral 



Chapter 1: Review of the literature 

 

9 

 

vaccines are currently available that can overcome neutralization by maternal milk antibodies 

and/or other milk factors that can interfere with vaccination (Melkebeek et al., 2013).  

 

Besides vaccination, other prevention strategies for F4 ETEC diarrhea are improving the 

management in intensive piggeries and improving the intestinal microenvironment and 

resistance by using probiotics, prebiotics, acidifiers, neutraceuticals, plant extracts and 

antimicrobial peptides in the diet (Alexander, 1994; Fairbrother et al., 2005; Chin et al., 2009; 

Vondruskova et al., 2010; Thacker, 2013). The supplementation of piglet diets with high 

levels of zinc oxide (3000 mg/kg) also reduces the incidence and severity of post-weaning 

diarrhea caused by ETEC and improves the growth performance of the pig (Hill et al., 2001; 

Roselli et al., 2003; Fairbrother et al., 2005). However, the application of pig manure 

containing high levels of zinc to soil can negatively impact the environment. Therefore, 

alternatives with low levels of zinc oxide are currently being explored (Kim et al., 2010; 

Wang et al., 2012; Kim et al., 2015).  

Another strategy is selecting and breeding pigs for hereditary resistance towards F4 ETEC 

using genetic markers associated with the F4 receptor locus (Sellwood et al., 1975; Jørgensen 

et al., 2003). It should be noted that selection towards F4 ETEC resistance might negatively 

affect genetic improvement in traits of economic importance, thus caution should be exercised.  

Contrary to the report of Baker et al. (1997), Yan et al. (2009a) indicated that pigs expressing 

the F4ab receptor, the F4ac receptor or both, exhibit desirable production traits by showing a 

higher performance during the fattening period than pigs non-adhesive for F4ab/ac ETEC. 

This observation is in agreement with previous research (Edfors-Lilja et al., 1986). The 

influence of the F4ad receptor on growth was also evaluated. Although pigs expressing the 

F4ad receptor showed poorer performance during the fatting period than pigs without the 

F4ad receptor, other unknown beneficial traits of economic importance might be correlated 

with the presence of the F4ad receptor (Yan et al., 2009a).  

 

Treatment of F4 ETEC diarrhea is usually based on the administration of water, electrolytes 

and antimicrobials. Electrolyte therapy is given to restore the ionic imbalance, to prevent 

dehydration and to maintain the body condition (Alexander, 1994). Antibiotics have been 

commonly used in the treatment of F4 ETEC, but their intensive use has resulted in rapid 

increase in the percentage of multi-drug resistant porcine ETEC strains (Van Driessche et al., 

1995; Maynard et al., 2003; Boerlin et al., 2005; Fairbrother et al., 2005; Lee et al., 2009; 

Costa et al., 2010; Li et al., 2012).  
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1.4.1. Virulence factors 

The pathogenicity of F4 ETEC is determined by 2 virulence factors, namely F4 fimbriae and 

enterotoxins (Gaastra and de Graaf, 1982). F4 fimbriae are proteinaceous surface appendages 

mediating the attachment of F4 ETEC to the small intestine. By adhering to the small intestine, 

F4 ETEC can overcome the flushing effect of small intestinal peristalsis, facilitating 

colonization of the small intestine (Gaastra and de Graaf, 1982; Smyth et al., 1994). The 

enterotoxins, heat-labile (LT) and heat-stable (ST) enterotoxins produced by F4 ETEC are 

responsible for the diarrhea in pigs by decreasing absorption and increasing secretion of fluids 

and electrolytes in the small intestine (Nagy and Fekete, 1999). 

 

1.4.1.1. F4 fimbriae 

Fimbriae are long, nonflagellar, filamentous, threadlike protein polymers found on the surface 

of many strains of Escherichia coli (Figure 1.2.A). The ability of ETEC to adhere to the small 

intestine by fimbriae is an important initial factor in the establishment of diarrheal disease. 

Adhesion to the host tissue allows the bacteria to resist the flushing action of intestinal 

peristalsis and to colonize the intestinal epithelium in vivo (Jones and Rutter, 1972; Gaastra 

and de Graaf, 1982; Klemm, 1985). The F4 fimbriae, composed of major (FaeG) and minor 

(FaeF, FaeH, FaeC, and FaeI) subunit structures, exist in three serological variants, namely 

F4ab, F4ac and F4ad (Figure 1.2.B) (Orskov et al., 1964; Guinee and Jansen, 1979; Van den 

Broeck et al., 2000). These variants differ in the amino acid composition of the major fimbrial 

subunit FaeG, which contains conserved regions (a) and variable regions (b, c, or d) (Gaastra 

et al., 1981; Gaastra et al., 1983; Josephsen et al., 1984; Van den Broeck et al., 2000). The 

FaeG subunit has adhesive properties and recognizes glycoconjugates on the surface of 

enterocytes (Sellwood, 1980; Bakker et al., 1992; Van den Broeck et al., 1999c). Both 

conserved and variable regions of the FaeG subunit contribute to the receptor binding site of 

F4 ETEC, but everything indicates that the variable regions (b, c, or d) of the FaeG subunit 

involved in the receptor binding site explains the different F4 receptor profiles observed in 

pigs (Bakker et al., 1992; Sun et al., 2000; Van den Broeck et al., 2000; Zhang et al., 2009). 
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Figure 1.2: (A) Escherichia coli with fimbriae. The arrow indicates a fimbria. (B) Schematic 

presentation of the F4 fimbria. The dark bulbs indicate the minor subunits and the white bulbs 

indicate the major subunits. Adapted from Gross (2006) and Van den Broeck et al. (2000). 

 

 

1.4.1.2. F4 enterotoxins 

Two types of enterotoxins can be distinguished on the basis of their thermostability, namely 

the heat-stable (ST) and the heat-labile (LT) enterotoxins.  

 

Two types of heat-stable (ST) enterotoxins have been described, namely STa and STb 

(Burgess et al., 1978). STa toxins produced by human and animal strains of ETEC seem to 

differ in some amino acids (Moseley et al., 1983) and are labelled in literature as STaH and 

STaP. Human ETEC may produce both STaH and STaP, while ETEC from calves and pigs 

produce STaP. STaP will be named STa in this thesis. F4 ETEC strains can produce STa, STb, 

LT, or a combination of enterotoxins (Gaastra and de Graaf, 1982; Cox et al., unpublished 

results). Most commonly F4 ETEC strains produce both LT and STb (Gyles, 1971; Moon et 

al., 1986; Nagy et al., 1990; Cox et al., unpublished results) where LT is a more significant 

contributor to diarrhea in very young piglets than STb (Casey et al., 1998; Berberov et al., 

2004; Zhang et al., 2006; Erume et al., 2008). However, STb is the major contributor to fluid 

loss and inflammation in the first hours after infection of newly-weaned piglets with an F4 

ETEC STa, STb and LT producing strain (Loos et al., 2012). STa is less frequently identified 

in ETEC F4 isolates from piglets with PWD. 
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STa and STb differ in methanol solubility and in mechanisms of action (Burgess et al., 1978; 

Kennedy et al., 1984). Through binding of STa to the extracellular domain of the membrane-

associated guanylyl cyclase C (GCC) in the pig intestine, cytoplasmic cyclic guanylate 

monophosphate (cGMP) is produced (Katwa et al., 1991; Wada et al., 1996). Increased levels 

of cGMP lead to a stimulation of chloride secretion and an inhibition of sodium re-absorption, 

subsequently causing water release into the intestinal lumen (Weiglmeier et al., 2010). STa 

also stimulates the chloride and bicarbonate secretion via an alternative non-GCC receptor in 

a cystic fibrosis transmembrane conductance regulator (CFTR)-independent manner (Sellers 

et al., 2008). Unlike LT and STa toxins, there is no evidence of an association between STb 

and an intracellular cyclic nucleotide elevation (Kennedy et al., 1984; Hitotsubashi et al., 

1992; Peterson and Whipp, 1995). STb, a bacterial pore-forming toxin with membrane-

permeabilization properties, binds to a functional receptor, glycosphingolipid sulfatide, 

present on the epithelial cell surface of the pig jejunum (Rousset et al., 1998; Gonçalves et al., 

2007). After internalization, this toxin leads to opening the guanosine triphosphate (GTP)-

binding protein-dependent calcium channels in the plasma membrane, resulting in an influx of 

extracellular calcium in the cell and activating calmodulin-dependent protein kinase II 

(Dreyfus et al., 1993; Fujii et al., 1997; Labrie et al., 2002). The activation of calmodulin-

dependent protein kinase II may stimulate and open plasma membrane chloride channels, 

leading to the secretion of water and electrolytes (Fujii et al., 1997). In addition, the calcium 

influx in the cell seems to activate production of prostaglandin E2 (PGE2) and serotonin (5-

hydroxytryptamine [5-HT]), leading to intestinal secretion and increasing the intestinal 

motility (Hitotsubashi et al., 1992; Harville and Dreyfus, 1995; Peterson and Whipp, 1995). 

 

The heat-labile enterotoxins (LT) can be divided in two antigenic groups, LTI and LTII, based 

on the reactivity to antisera against cholera toxin (Gilligan et al., 1983; Green et al., 1983; 

Pickett et al., 1986). Although LTII-producing E. coli have been isolated in pigs, no F4 

adhesins were until now present in these isolates (Celemin et al., 1994; Celemin et al., 1995; 

Casey et al., 2012). The porcine heat-labile enterotoxin (LTI) is composed of one A subunit 

and five identical B subunits (Nataro and Kaper, 1998). The B subunits are arranged in a ring 

and preferentially bind to ganglioside GM1 (monosialotetrahexosylganglioside), also a known 

receptor for the cholera toxin (Holmgren et al., 1975; Nataro and Kaper, 1998; Grange et al., 

2006). The A subunit is responsible for activating adenylate cyclase through catalyzation of 

the adenosine diphosphate (ADP) ribosylation of a regulatory component of the GTP-binding 

protein. This constant activation of adenylate cyclase increases the intracellular cyclic 
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adenosine monophosphate (cAMP) levels (Chang et al., 1987; Nataro and Kaper, 1998). 

Subsequent cAMP-dependent protein kinase A is activated which phosphorylates the R 

domain of the cystic fibrosis transmembrane conductance regulator (CFTR), resulting a Cl- 

and water efflux into the intestinal lumen (Nataro and Kaper, 1998). In addition, recent 

studies have indicated that enterotoxins, such as LT, promote the colonization of the intestinal 

epithelium by ETEC strains (Berberov et al., 2004; Zhang et al., 2006; Glenn et al., 2009). 

This colonization enhancement is primarily mediated by the increased intracellular cAMP 

levels caused by ADP ribosylation activation (Johnson et al., 2009). This suggests that the 

cAMP activation of the enterocyte contributes to an important survival advantage on ETEC 

(Glenn et al., 2009). Glenn et al. (2009) proposed that the toxin-mediated fluid secretion 

caused by LT disrupts the protective mucosal barrier by hydrating and washing away the 

mucus, leaving the intestinal surface vulnerable to colonization (Figure 1.3). In parallel, the 

antimicrobial peptides cathelicidin (LL-37) and β-defensin 1 (HBD-1) are downregulated by 

LT. These antimicrobial peptides form the first line of host defense against infections over the 

epithelial surfaces and play a critical role in the immune responses of the mucosal surface 

(Chakraborty et al., 2008). 
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Figure 1.3: Proposed model of toxin-mediated effects on the innate mucosal barrier. (A) The 

healthy enterocyte brush border is coated with gel mucus secreted by goblet cells containing 

sIgA, defensins, cell surface mucins, and normal flora. Ingested pathogens generally do not 

survive in this environment. (B) ETEC is ingested and secretes heat-labile toxin (LT). Toxin 

penetrates the innate mucosal barrier to the microvillar space, and subsequent enterocyte 

activation and fluid secretion result in areas of barrier disruption. (C) The disrupted barrier 

renders the intestine susceptible to pathogen attachment, leading to colonization, pathogen 

proliferation, and clinically apparent infection. From Glenn et al. (2009). 
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1.4.2. F4 receptor in pigs 

In addition to adhesive and enterotoxic virulence factors of F4 ETEC, adhesion of F4 ETEC 

to specific receptors on the brush borders of epithelial cells in the porcine small intestine is a 

key step in the pathogenesis (Sellwood, 1982; Nagy and Fekete, 1999). Presence of these 

receptors in the brush borders is age-independent. They are equally present at the age of one 

week, five weeks and six months (Willemsen and de Graaf, 1992). This observation is 

supported by previous results from Bijlsma et al. (1985) showing that the F4 receptors on 

brush borders are present in slaughter pigs (sows and boars). Also, the results of a recent 

study (Rampoldi et al., 2014) confirmed the presence of F4 receptors on isolated enterocytes 

in pigs between one and five years of age. However, not all piglets are susceptible to infection 

with F4 ETEC. Certain pigs do not express the F4-specific receptors on the intestinal 

epithelial cells and are therefore resistant to F4 ETEC infection (Gibbons et al., 1977; 

Sellwood, 1982).  

 

The distribution of F4-specific receptors differs along the small intestinal tract. All 3 variants 

of F4 ETEC adhered significantly more to the jejunal villi than to the duodenal and ileal villi 

in F4 ETEC susceptible pigs (Cox and Houvenaghel, 1993). Subsequently, Chandler et al. 

(1994) reported that the porcine mid-small intestine contained the highest amounts of F4 

receptor. In the proximal and distal part of the small intestine, the F4 receptors were found in 

lower amounts and were entirely absent in the caecum and colon of susceptible pigs. 

 

Enteric pathogens must overcome the innate mucosal barrier to cause disease (Glenn et al., 

2009). Therefore, F4 ETEC must pass through the mucus layer functioning as a dynamic 

defensive barrier in order to bind to the F4 receptors present on brush borders of villous 

enterocytes (Wilson and Hohmann, 1974; Sellwood et al., 1975; Sellwood, 1984a; Conway et 

al., 1990; Deplancke and Gaskins, 2001). This protective mucus layer covers the 

gastrointestinal epithelium and is composed predominantly of mucin glycoproteins that are 

synthesized and secreted by goblet cells (Deplancke and Gaskins, 2001). Due to enterocyte 

turnover, F4 receptors are released into the mucus. The presence of F4 receptors in mucus is 

age-dependent. The amount of F4 receptors in the mucus of 35-day-old unweaned susceptible 

pigs is 16 times higher than that in newborn susceptible piglets. One-week-old and 35-days-

old post-weaning piglets were shown to contain F4 receptors in their mucus while these 

receptors were hardly detectable in the mucus of six-month-old pigs (Willemsen and de 
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Graaf, 1992). It appears that high concentrations of F4 receptors in mucus are protective by 

preventing F4 ETEC adhesion to the underlying epithelium, whereas the concentrations of F4 

receptor in newborn ileal mucus are insufficient to prevent F4 ETEC adhesion (Conway et al., 

1990). As described above, it has also been suggested that the innate mucosal barrier can be 

disrupted by the toxin effects of LT, resulting in an enhanced susceptibility of the underlying 

epithelium to F4 ETEC adhesion (Figure 1.3) (Glenn et al., 2009). 

 

1.4.2.1. F4R inheritance 

The F4ab/ac ETEC adhesion phenotype is inherited as an autosomal dominant trait in a 

simple Mendelian manner, involving a single locus with two alleles (Sellwood et al., 1975; 

Gibbons et al., 1977). Some studies suggest that one locus is controlling both F4ab and F4ac 

ETEC susceptibility (Bijlsma and Bouw, 1987; Python et al., 2002; Jørgensen et al., 2003), 

while others suggest two linked but distinct loci located on sus scrofa chromosome 13 (SSC13) 

(Guérin et al., 1993; Edfors-Lilja et al., 1995; Li et al., 2007a; Wang et al., 2007; Zhang et al., 

2008; Yan et al., 2009b). For F4ad ETEC, a separate locus independent from the F4ab/acR 

locus is responsible for the F4ad adhesion phenotype (Bijlsma and Bouw, 1987). Unlike the 

F4ab/acR locus, the F4adR locus is not localized on SSC13 (Peelman, 1999; Python, 2003).  

 

Besides the strong adhesive phenotype and the non-adhesive phenotype, another type of 

adhesion, the weak adhesive phenotype was observed for Fab, F4ac and F4ad ETEC 

(Sellwood, 1980; Sellwood, 1984b; Hu et al., 1993; Baker et al., 1997; Li et al., 2007a; Yan et 

al., 2009b). The inheritance of this weak adhesion phenotype remains unclear. However, it 

was suggested that both strong and weak adhesion to F4ab, F4ac and F4ad was controlled by 

one receptor, but that this weak adhesion arises from the influence of epistatic genes on the 

receptor expression or from post-expression inhibition or modification on the receptor sites 

(Bijlsma and Bouw, 1987; Python et al., 2005; Li et al., 2007a). For F4ad ETEC, a recent 

study confirmed the existence of more than one gene controlling the F4ad receptor based on 

segregation analysis (Rampoldi et al., 2014). In addition, Hu et al. (1993) suggested that, 

unlike the high affinity receptor co-segregating with F4ab/acR, the low affinity receptor 

associated with the adhesion phenotype D (F4adR
+
) is only expressed in pigs under 16 weeks 

of age. This hypothesis was rejected by Rampoldi et al. (2014) who showed that the low 

affinity receptor present on enterocytes is expressed independent of age. 
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1.4.2.2. Determination of the F4 phenotype 

Different F4 ETEC adhesion phenotypes have been identified in pigs based on the observed 

adhesion to the intestinal brush borders (Table 1.1). Bijlsma et al. (1982) identified five F4 

ETEC adhesion phenotypes, namely phenotype A (F4abR
+
/F4acR

+
/F4adR

+
), phenotype B 

(F4abR
+
/F4acR

+
), phenotype C (F4abR

+
/adR

+
), phenotype D (F4adR

+
), and phenotype E 

(F4abR
-
/F4acR

-
/F4adR

-
). Then, a sixth phenotype, namely phenotype F (F4abR

+
), was 

described by Baker et al. (1997). The additional and infrequent phenotypes, phenotype G 

(F4acR
+
) and H (F4acR

+
/F4adR

+
), were mainly observed in eastern breeds (Bonneau et al., 

1990, Li et al., 2007a; Yan et al., 2009b). 

 

Table 1.1: Summary of F4 ETEC adhesion phenotypes. 

PHENOTYPE
1
 ADHESION

2
 

 F4ab F4ac F4ad 

A ● ● ● 

A1 FA FA FA
3
 

A2 FA FA PA 

B ● ● - 

B1 FA FA - 

C ● - ● 

C1 PA - FA
3
 

C2 PA - PA 

D - - ● 

D1 - - FA
3
 

D2 - - PA 

E - - - 

F ● - - 

G - ● - 

H - ● ● 

 
1
Phenotype designations in grey are according to Bijlsma et al. (1982), Baker et al. (1997), 

Bonneau et al. (1990), Li et al. (2007a) and Yan et al. (2009b). Phenotype designations in 

white are according to Rampoldi et al. (2014).  
2
Adhesion in grey is defined as follows: ‘●’ denotes adhesion, ‘-’ denotes no adhesion. 

Adhesion in white is defined as follows: ‘FA’ denotes fully adhesive (>85 % adhesive 

enterocytes), ‘PA’ denotes partially adhesive (>0 % to 85 %), ‘-’ denotes no adhesion.   
3
F4adR

FA
 phenotype masks the expression of the F4adR

PA
 phenotype (Rampoldi et al., 2014). 

 

Based on the weak adhesion to F4ab ETEC and F4ad ETEC, Rampoldi et al. (2014) further 

divided the phenotypes A to D into phenotype A1 (F4abR
FA

/F4acR
FA

/F4adR
FA

), phenotype 

A2 (F4abR
FA

/F4acR
FA

/F4adR
PA

), phenotype B1 (F4abR
FA

/F4acR
FA

/F4adR
−
), 

phenotype C1 (F4abR
PA

/F4acR
−
/F4adR

FA
), phenotype C2 (F4abR

PA
/F4acR

−
/F4adR

PA
), 
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phenotype D1 (F4abR
−
/F4acR

−
/F4adR

FA
), and D2 (F4abR

−
/F4acR

−
/F4adR

PA
) with ‘FA’ as 

the fully adhesive receptor and ‘PA’ as the partially adhesive receptor. 

 

The distribution of F4 ETEC adhesion phenotypes seems to be breed specific. In general, 

phenotypes A, B and E are common adhesion phenotypes in European pig breeds, phenotype 

A and E in American breeds and phenotype A, D and E in Chinese pig breeds (Table 1.2) 

(Baker et al., 1997; Li et al., 2007a; Joller, 2009; Yan et al., 2009b; Rampoldi et al., 2014). 

Within the European breeds, Large White and Landrace breeds showed a similar distribution 

of the F4 ETEC adhesion phenotypes with phenotype A, B and E as the most prevalent 

phenotypes (Li et al., 2007; Yan et al., 2009b). 

It can be concluded that Chinese breeds show a lower susceptibility rate toward F4ac ETEC 

(27.78 - 33.78 %) than European (37.86 - 79.59 %) or American breeds (36.69 - 47.91 %). It 

has also been reported that the Chinese breeds, such as Meishan and Fengjing, are resistant to 

F4ac ETEC (Michaels et al., 1994).  

 

 

Table 1.2: Distribution of F4 ETEC adhesion phenotypes among western and Chinese breeds. 

REF.
1
 BREEDS

2
 

PHENOTYPE 
TOTAL 

A B C D E F G H 

[1] American breeds  

(CW, D, H, Y) 

No. pigs 41 5 6 11 27 6 0 0 96 

% 42.7 5.21 6.25 11.46 28.13 6.25 0 0 100 

[2] European breeds 

(LW, LWxLR) 

No. pigs 299 31 26 37 96 0 0 0 489 

% 61.20 6.30 5.30 7.60 19.6 0 0 0 100 

[3] European breeds 

(LW, LR) 

No. pigs 27 50 0 3 17 0 1 0 98 

% 27.55 51.02 0 3.06 17.35 0 1.02 0 100 

American breed 

(D) 

No. pigs 14 2 1 0 25 3 1 0 46 

% 30.44 4.35 2.17 0 54.35 6.52 2.17 0 100 

12 Chinese 

indigenous breeds 

No. pigs 21 20 5 21 70 2 3 6 148 

% 14.19 13.51 3.38 14.19 47.3 1.35 2.03 4.05 100 

[4] European breeds 

(LW, LR, LWxLR) 

No. pigs 367 227 197 235 493 50 0 0 1569 

% 23.39 14.47 12.55 14.98 31.42 3.19 0 0 100 

[5] European breeds 

(LW, LR) 

No. pigs 125 39 11 32 48 9 9 3 276 

% 45.29 14.13 3.99 11.59 17.39 3.26 3.26 1.09 100 

Chinese breed 

(Songliao Black) 

No. pigs 12 8 5 26 26 8 0 5 90 

% 13.33 8.89 5.56 28.89 28.89 8.89 0 5.56 100 
1
[1] Baker et al. (1997), [2] Rampoldi et al. (2014), [3] Yan et al. (2009b), [4] Joller (2009) 

and [5] Li et al. (2007a). 
2
Breeds are defined as follows: ‘CW’ denotes Chester White, ‘D’ denotes Duroc, ‘H’ denotes 

Hampshire, ‘Y’ denotes Yorkshire, ‘LW’ denotes Large White, ‘LR’ denotes Landrace, 

‘LWxLR’ denotes Large White x Landrace crossbreds. 

 

 



Chapter 1: Review of the literature 

 

19 

 

1.4.2.3. Intestinal host receptors 

1.4.2.3.1. Glycoproteins and glycolipids 

It was observed that F4ab and F4ac fimbriae prefer to bind to glycoproteins and that F4ad 

fimbriae prefer to bind to glycolipids, suggesting that the lipid and protein moieties of the 

receptors could play a role in mediating the binding of the fimbria to the receptor (Erickson et 

al., 1992; Erickson et al., 1994; Grange and Mouricout, 1996; Billey et al., 1998; Grange et al., 

1999). It is possible that the protein and lipid moieties act as an integral part of the F4 binding 

epitope, serve as a site for a secondary interaction between the F4 variant and receptor that 

stabilizes the fimbriae-carbohydrate interaction, or present the carbohydrates in the correct 

conformation for recognition by the F4 fimbriae (Grange et al., 1999). For instance, it was 

observed that the ceramide (lipid) component of glycosphingolipids to which carbohydrate 

moieties are attached, interacts with the specificity of the binding of E. coli to 

glycosphingolipids (Bäckhed et al., 2002; Teneberg et al., 2004). 

 

1.4.2.3.1.1. ANPEP 

Aminopeptidase N, ANPEP, belonging to the M1 family of zinc metallopeptidases, is a 936 

amino acid membrane glycoprotein and is widely expressed on the surface of various cell 

types, including porcine enterocytes (Delmas et al., 1992; Rawlings and Barrett, 1993; Olsen 

et al., 1997). Previously, it has been shown that ANPEP is a functional cell surface receptor 

for group I coronaviruses and that this interaction is dependent on species-specific amino acid 

differences in the receptor protein (Delmas et al., 1992; Yeager et al., 1992; Delmas et al., 

1994; Tresnan et al., 1996; Benbacer et al., 1997; Li et al., 2007b; Tusell et al., 2007). 

Recently, ANPEP has been identified as an F4ac receptor by comparative proteomic analysis 

of the brush border proteins in F4ac receptor-positive (F4acR
+
) and F4ac receptor-negative 

(F4acR
-
) pigs and by adherence/internalization experiments on ANPEP-transfected cells. F4ac 

binding to ANPEP is mediated by the carbohydrate moieties of ANPEP in a sialic acid-

dependent manner, resulting in clathrin-mediated endocytosis of the fimbriae (Melkebeek et 

al., 2012). Binding of F4ab/ad ETEC to ANPEP has not yet been investigated. 

The gene encoding ANPEP [GenBank: NC_010449.4] is located on chromosome 7 (SSC7) 

and is composed of 20 exons (Poulsen et al., 1991). Although the locus controlling F4ab/ac 

ETEC susceptibility has been mapped on SSC13, it is possible that variation in gene 
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expression of ANPEP, localized on SSC7, is regulated by trans-acting factors present in the 

candidate region on SSC13 and therefore explains the observed F4ac ETEC binding profile to 

ANPEP in F4ac phenotyped pigs (Douglas and Wood, 2011; Melkebeek et al., 2012; Ren et 

al., 2012; Schroyen et al., 2012a; Nguyen and Seoighe, 2013). 

 

1.4.2.3.1.2. Other F4 receptors 

Two glycoproteins with a weight of 210 and 240 kDa isolated from the brush border were 

identified as F4ab/ac ETEC receptor in pigs exhibiting phenotype A and B (Erickson et al., 

1992; Billey et al., 1998; Francis et al., 1998). These glycoproteins are intestinal mucin-type 

sialoglycoproteins (IMTGP-1 (210 kDa) and IMTGP-2 (240 kDa)), and contain O-linked 

oligosaccharides composed of galactosyl (β-1,3) N-acetylgalactosamine, α-linked fucose, 

galactosyl (β-1,4) N-acetylglucosamine, sialic acid, galactose and N-acetylgalactosamine 

(Erickson et al., 1994; Grange et al 1998). 

A 74 kDa glycoprotein (GP74), belonging to the transferrin family, was recognized by F4ab 

fimbriae, and not by F4ac or F4ad fimbriae. Also, the intestinal GP74 receptor was detected in 

F4ab ETEC adhesive pigs and not in F4ab ETEC non-adhesive pigs. Compared to the gastric 

and serum tranferrins, the intestinal GP74 was characterized by high amounts of mannose, 

galactose and N-acetylglucosamine (Grange et al., 1996). Another F4ab ETEC receptor, 

galactosylceramide, was identified in the mucus from the small intestine (Blomberg et al., 

1993). Further, other glycoproteins (26kDa, 40 to 42 kDa, 41 kDa, and 80 kDa) present in the 

mucus of the small intestine of the pigs were recognized by F4ab fimbriae (40 to 42 kDa) or 

F4ac fimbriae (26kDa, 41 kDa, and 80 kDa) (Metcalfe et al., 1991; Fang et al., 2000; Jin et al., 

2000). 

For F4ad ETEC, a neutral glycosphingolipid (GSL), neolactotetraosylceramide, originating 

from intestinal epithelial cells has been identified as F4ad ETEC receptor. This GSL with a 

terminal β-linked galactose was found in the adhesive phenotypes A and D, but not in 

phenotype C (Grange et al., 1999). The terminal β-linked galactose is an essential component 

for the recognition of the neutral GSL by F4ad fimbriae as well as for the recognition of 

intestinal mucin-type sialoglycoproteins IMTGP-1 and IMTGP-2 by F4ac fimbriae (Grange et 

al., 1998; Grange et al., 1999). However, no studies have been performed on genes coding for 

these F4-binding glycoproteins or glycolipids to elucidate the genetic basis of F4 ETEC 

resistance. 
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1.4.2.3.2. Carbohydrate-binding specificity of F4 ETEC 

Based on the presence of different F4 ETEC adhesion phenotypes in pigs containing different 

F4 receptor profiles and based on the different haemagglutination patterns of the F4 variants, 

each variant possesses a related, but different carbohydrate-binding specificity (Bijlsma and 

Frik, 1987; Grange et al., 2002). Previous studies determining the carbohydrate-binding 

specificity of the F4 variants indicated that N-acetylglucosamine (GlcNAc), N-

acetylgalactosamine (GalNAc), N-acetylmannosamine, D-galactosamine and galactose (Gal) 

may play a role in the interaction of the fimbria with the receptor (Gibbons et al., 1975; 

Anderson et al., 1980; Sellwood, 1980; Blomberg et al., 1993; Payne et al., 1993). In an 

attempt to characterize the carbohydrate receptor structure of the F4 fimbrial variants by using 

porcine serum transferrin and GSL standards, it was found that the minimal binding epitope 

for all three variants contains a β-linked N-acetylhexosamine (HexNAc), and that the presence 

of a terminal β-linked galactose enhances the binding of F4 variants (Grange et al., 2002). 

Also, the binding of F4 fimbriae to mucus proteins was found to be blocked by a lectin of 

Euonymus europeaus which specifically recognizes the Galα(1–3)Gal sequence, indicating 

that this disaccharide forms a significant part of the receptor structure (Willemsen and de 

Graaf, 1992). 

 

Recently, the target cell receptors of the F4 fimbriae were further investigated by binding of 

isolated F4ab, F4ac and F4ad fimbriae, and F4ab, F4ac, and F4ad ETEC, to reference 

glycosphingolipids, glycosphingolipids from erythrocytes and from porcine small intestinal 

epithelium. Specific interactions between the F4ab, F4ac and F4ad fimbriae and both acid and 

non-acid glycosphingolipids were obtained (Table 1.3). All three F4 variants recognized 

GSLs characterized as galactosylceramide (GalNAcα3GalNAcß3Galß4Glcß1Cer and 

GalNAcα3GalNAcß3Galß4GlcNAcß3Galß4Glcß1Cer) isolated from chicken erythrocytes, 

and lactosylceramide (Galß4Glcß1Cer) isolated from the porcine small intestinal epithelium. 

Probably due to differences in the adhesive subunit (FaeG) sequence between these F4 

variants, two distinct binding patterns for F4ab and F4ac were observed. The F4ac fimbriae 

and the F4ac ETEC selectively bound to galactosylceramide (Galß1Cer), while the GSL 

recognized by F4ab fimbriae and F4ab ETEC were more divers. F4ab fimbriae and F4ab 

ETEC bound to galactosylceramide (Galß1Cer), sulfatide (SO3-3Galß1Cer), sulf-

lactosylceramide (SO3-3Galß4Glcß1Cer), globotriaosylceramide (Galα4Galß4Glcß1Cer), and 

galabiaosylceramide (Gal4Gal1Cer). The F4ad fimbriae and the F4ad-fimbriated ETEC 
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bound to reference gangliotriaosylceramide (GalNAcß4Galß4Glcß1Cer), 

gangliotetraosylceramide (Galß3GalNAcß4Galß4Glcß1Cer), isoglobotriaosylceramide 

(Galα3-Galß4Glcß1Cer), and neolactotetraosylceramide (Galß4GlcNAcß3Galß4Glcß1Cer). 

Although distinct carbohydrate binding patterns were defined for each fimbrial subtype, 

further characterization of these glycans of the F4 binding GSL would be an important next 

step (Coddens et al., 2011). 

 

Three genes (B3GNT5, B4GALT4 and B3GALT3) of the glucosyl/galactosyltransferse family 

located on SSC13 were examined by comparing their cDNA sequences in F4acR
+
 pigs and 

F4acR
-
 pigs. Unlike lactosylceramide 1,3-N-acetyl-β-D-glucosaminyl transferase (B3GNT5) 

and β-1,3-galactosyltransferase 3 (B3GALT3), β-1,4-galactosyltransferase 4 (B4GALT4) was 

only partially sequenced with approximately 100 base pairs missing at the 5’ end (Python et 

al., 2005). B3GNT5 encodes an enzyme that initiates the formation of the lactoseries GSL by 

transferring GlcNAc in a β-1,3-linkage to lactosylceramide (Henion et al., 2001). B4GALT4, a 

member of the β-1,4- galactosyltransferase gene family, and B3GALT3, a member of the β-

1,3-galactosyltransferase gene family, encode enzymes that transfer galactose as a β-anomer 

through 1,3 or 1,4 linkage to a variety of acceptors (Zhou et al., 1999). No polymorphisms in 

these genes were found to be associated with F4ac ETEC susceptibility (Python et al., 2005). 

In a study of Ouyang et al. (2011), the complete coding sequence of B3GNT5 was also 

sequenced in F4ab/acR
+
 and F4ab/acR

-
 pigs, concluding the same that no polymorphisms 

were causal for F4ab/ac ETEC susceptibility (Ouyang et al., 2011). 

In addition, an expression study of B3GNT5 and B4GALT4 was performed on cDNA isolated 

from the mid-jejunum of piglets with and without diarrhea. Although no expression difference 

was found, it should be noted that the piglets were not F4 phenotyped and that is possible that 

the cause of diarrhea may not be due to F4 ETEC (Schroyen et al., 2008). 
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Table 1.3: Summary of GSL binding specificities of F4ab, F4ac, and F4ad fimbriae. Adapted from Coddens et al., 2011. 

No. Trivial name Structure F4ab
a
 F4ac

a
 F4ad

a
 

I. Chicken erythrocyte 

Glycosphingolipids 

     

1. Galactosylceramide  Galß1Cer  +++ +++ − 

2.  GalNAcα3GalNAcß3Galß4Glcß1Cer +++ +++ +++ 

3.  GalNAcα3GalNAcß3Galß4GlcNAcß3Galß4Glcß1Cer +++ +++ +++ 

II. Porcine intestinal 

Glycosphingolipids 

     

1. Galactosylceramide Galß1Cer +++ +++ − 

2. Sulfatide SO3-3Galß1Cer +++ + − 

3. Sulf-lactosylceramide SO3-3Galß4Glcß1Cer +++ − − 

4 Globotriaosylceramide (t18:0-h24:0) Galα4Galß4Glcß1Cer +++ − − 

III. Reference 

Glycosphingolipids 

     

1. Lactosylceramide (t18:0-h16:0-h24:0) Galß4Glcß1Cer +++ +++ +++ 

2. Galabiaosylceramide Galα4Galß1Cer +++ − − 

3. Isoglobotriaosylceramide Galα3Galß4Glcß1Cer − − + 

4. Gangliotriaosylceramide GalNAcß4Galß4Glcß1Cer − − +++ 

5. Gangliotetraosylceramide Galß3GalNAcß4Galß4Glcß1Cer − − +++ 

6. Neolactotetraosylceramide Galß4GlcNAcß3Galß4Glcß1Cer − − + 
a
F4ab denotes binding obtained with both F4ab fimbriae and F4ab-fimbriated ETEC, F4ac binding obtained with both F4ac fimbriae and F4ac-

fimbriated ETEC, and F4ad binding obtained with both F4ad fimbriae and F4ad-fimbriated ETEC. 

Binding is defined as follows: +++ denotes an intense and highly reproducible staining when 4 mg of the glycosphingolipid was applied on the 

thin-layer chromatogram, + denotes an occasional staining, while − denotes no binding even at 4 mg. 
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1.4.2.4. Genetic mapping of the F4 receptor locus 

The first linkage studies reported linkage of the F4ab/ac receptor (F4ab/acR) locus with the 

transferrin locus on SSC13 (Guérin et al., 1993; Edfors-Lilja et al., 1995). By fine mapping, 

the localization of the F4ab/acR locus was refined to the interval between the microsatellites 

S0068 and SW1030 (Python et al., 2002) and later to the interval between microsatellites 

SW207 and SW225 (Figure 1.4) (Jørgensen et al., 2003). 

Based on the results of the linkage studies, Jørgensen et al. (2004) proposed mucin 4 (MUC4; 

GenBank: DQ848681) as a strong candidate gene. 

The linkage study of Joller et al. (2009) refined the candidate region for the F4ab/acR locus to 

a 10 Mb region (5.7 cM) between microsatellites SW207 and S0075. Through haplotype 

mapping, the candidate region for the F4ab/acR locus was then refined to a 3.1 Mb region 

between the zinc finger DHHC type containing 19 protein gene (ZDHHC19) and 

microsatellite S0075 (Jacobsen et al., 2009). Recently, the candidate region of F4ab/acR locus 

was located between the leishmanolysin-like gene (LMLN) and microsatellite S0283 based on 

a recombination event in the MUC4-F4ab/acR interval (Rampoldi et al., 2011). In addition, no 

significant single nucleotide polymorphisms (SNPs) were detected in the MUC4-LMLN 

region in the genome-wide association study of Fu et al. (2012) with the Porcine SNP60 

BeadChip. Based on the presence of several haplotypes associated with resistance to F4ab/ac 

ETEC, Rampoldi (2013) argued that the F4ab/acR locus should be located between 

ALGA0072075 (located close to HEG1) and MUC13-813 (located in exon 11 of MUC13). 

Although different polymorphisms were identified in the candidate region for F4ab/acR locus, 

none of these polymorphisms were causative. Jørgensen et al. (2004) found that the 

g.8227C>G polymorphism in MUC4 was strongly associated with F4ab/ac ETEC 

susceptibility. Based on this polymorphism, a DNA marker based test has been developed to 

allow genotyping for F4ab/ac ETEC susceptibility or resistance (Jørgensen et al., 2004). 

However, the genotypes, especially the CC genotype which was identified as the resistant 

genotype to F4ab/ac ETEC adhesion, were not completely consistent with the results of the 

adhesion assay. This result confirms that the g.8227G>C polymorphism is a marker but not 

the actual causative mutation (Rasschaert et al., 2007; Li et al., 2008). 

Also, other polymorphisms in MUC4 (Peng et al., 2007), mucin 13 (MUC13) (Zhang et al., 

2008; Huang, 2010; Ren et al., 2012), mucin 20 (MUC20) (Ji et al., 2011), transferrin receptor 

(TRFC) (Wang et al., 2007; Jacobsen et al., 2011), solute carrier family 12 member 8 

(SLC12A8), myosin light chain kinase (MYLK), karyopherin alpha 1 (KPAN1) (Huang et al., 
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2008), beclin-1 associated RUN domain containing protein (KIAA0226) (Jacobsen et al., 

2011), lactosylceramide 1,3-N-acetyl-β-D-glucosaminyl transferase (B3GNT5) (Ouyang et al., 

2011) were found to be associated with F4ab/ac ETEC phenotypes, but none of these 

polymorphisms were causative. 

 

 

 

Figure 1.4: Localization of the F4ab/acR candidate region on SSC13. The markers, gene 

annotations, order and approximate scale are deduced from the porcine map in Ensembl 

(Sscrofa10.2). The grey box indicates the candidate region for the F4ab/acR locus located 

between ALGA0072075 (located close to HEG1) and MUC13-813 interval. 

 

In addition, a genome-wide scan was carried out in 33 pigs to find any linkage of 

microsatellites spread over the 18 pig autosomes with the receptor locus for F4ad ETEC, but 

no linked markers were identified during this study. A larger pedigree (136 pigs) was then 

used for chromosomes 4, 11 and 13 linkage analysis, concluding that no linkage was found 

between F4adR locus and the microsatellite markers on chromosomes 4, 11 and 13 (Python, 

2003). 
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1.4.2.4.1. Candidate genes based on the genetic mapping of the F4ab/ac R locus 

Based on the study of Rampoldi (2013), two annotated porcine genes are located in the 

proposed candidate region for the F4ab/acR locus, namely heart of glass 1 (HEG1) and 

MUC13 (Figure 1.4). 

 

1.4.2.4.1.1. HEG1 

HEG1 (GenBank: NC_010455.4; chr13: 144,760,509-144,829,493) was recently proposed a 

candidate gene by Fu et al. (2012). HEG1, a transmembrane protein, is evolutionary related to 

MUC13 and its extracellular domain has been predicted to be highly glycosylated (Lang et al., 

2006; Faurobert and Albiges-Rizo, 2010). Although the exact function remains unknown, 

HEG1 plays a role in regulating vascular development and integrity (Faurobert and Albiges-

Rizo, 2010; Gingras et al., 2012). As in human, HEG1 showed low expression levels in the 

porcine small intestine and revealed alternative splicing not related to the F4ab/ac ETEC 

adhesion phenotype (Fu et al., 2012; Rampoldi, 2013). Because the region between SLC12A8 

and the microsatellite KVL1293 (located in intron 12 of HEG1) was excluded as candidate 

region for F4ab/acR locus and because there were no associated SNPs identified in the 

interval between microsatellite KLV1293 and 3’UTR of HEG1, it was suggested that HEG1 is 

no longer a candidate gene for F4ab/ac ETEC susceptibility (Rampoldi, 2013). 

 

1.4.2.4.1.2. MUC13 

Mucins are glycoproteins characterized by a tandem repeat structure, which comprises most 

of the protein backbone and is the scaffold for a large number of complex O-linked 

carbohydrate side chains (Williams et al., 2001). As in human, MUC13 is highly expressed in 

the porcine small intestine (Williams et al., 2001; Schroyen et al., 2012b; Rampoldi, 2013). 

Recently, MUC13 was suggested as the causal gene for F4ac ETEC susceptibility (Ren et al., 

2012). The MUC13 glycoprotein consists of an α and β subunit interconnected by covalent 

links which can be cleaved by proteases. The ß subunit refers to the C-terminal subunit 

containing the cytoplasmic tail and forms a homodimer (Williams et al., 2001). The α subunit 

contains the tandem repeat domain where the O-linked glycosylation takes place via 

glycosyltransferases and is enriched with serine, threonine and also proline (PTS tandem 

repeat region) (Figure 1.5). Glycans, including mannose, xylose, N-acetylglucosamine 
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(GlcNAc), N-acetylgalactosamine (GalNAc), and others, are mostly attached to the serine and 

threonine residues (Williams et al., 2001; Bergstrom and Xia, 2013). 

 

 

Figure 1.5: Schematic diagram of MUC13 showing the α subunit (extracellular) containing 

the tandem repeat (TR) domain and the β subunit containing the cytoplasmic tail domain with 

in between the cleavage site. Adapted from Maher et al. (2011). 

 

Two isoforms of MUC13 were recently identified in pig, namely MUC13A and MUC13B. 

Unlike MUC13A that lacks an O-glycosylation site, MUC13B is predicted to be heavily O-

glycosylated and therefore would contain the binding site for F4ac ETEC. These different O-

glycosylation patterns between MUC13A and MUC13B would be due to the distinct tandem 

repeats in exon 2 of MUC13. To allow genotyping for F4ac ETEC susceptibility or resistance, 

a DNA marker based test was then developed based on the indel of 68 bp in intron 2 of 

MUC13 with the longer sequence for MUC13A and the shortened sequence for MUC13B 

(Ren et al., 2012). Also, in the study of Rampoldi (2013), it was suggested that exon 2 of 

MUC13 is the most likely location for the F4ab/acR locus. 
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1.4.2.5. Methods for genetic mapping of the F4ab/ac receptor locus 

Linkage studies and association studies have both been used in the search for the genetic 

causes underlying F4 ETEC susceptibility. These approaches can either be hypothesis-based 

(i.e., candidate gene/region studies) or hypothesis-free (i.e., genome-wide studies) (Wang et 

al., 2011). Both methods (linkage and association analysis) use genetic markers to discover 

loci, but differ in experimental design. Genetic markers, such as restriction fragment length 

polymorphisms, simple sequence length polymorphisms (minisatellites and microsatellites), 

and single nucleotide polymorphisms (SNPs) are genotyped in a pedigree (linkage) or in a 

population (association) (Brown, 2002). 

Linkage is the co-segregation of a genetic marker and the disease phenotype within a pedigree. 

This was demonstrated by Morgan (1911) in Drosophila melanogaster, the species of fruit fly. 

Morgan (1911) proposed that the further apart two genes are, the higher the probability of 

recombination between these two genes. By determining the probability of recombination 

between two genes, the genetic distance between these two genes can be measured allowing 

the construction of a genetic linkage map (Sturtevant, 1913). By using polymorphic DNA 

markers for the construction of a genetic linkage map, genetic loci responsible for disease can 

be mapped with respect to the DNA marker loci by linkage analysis in a multigenerational 

pedigree (Botstein et al., 1980). The recombination frequency (proportion of recombinant 

progeny arising from a genetic cross) is calculated which is proportional to the physical 

distance between the marker and the disease loci (Sturtevant, 1913; Griffiths et al., 1999). 

Linkage analysis generally uses a low-density map of microsatellite markers that are spaced at 

intervals of ∼10 cM across the genome (Sellick et al., 2004). Microsatellite markers are short 

(up to several hundred base pairs) segments of DNA consisting of multiple tandem repeats of 

a two- or three base pair sequence (Chang, 2011). Further fine mapping (by further marker 

genotyping and/or sequencing of candidate genes) will then be required to identify the exact 

causative variant (Duncan et al., 2014). However, recent studies have shown that linkage 

analysis using a dense map of SNPs or microsatellites can result in a substantial gain in the 

power to detect linkage (Evans and Cardon, 2004; Sellick et al., 2004). SNPs (single 

nucleotide polymorphisms) are specific positions in a genome where the nucleotide (A, T, C, 

or G) differs between and within species (Griffiths et al., 1999; Chang, 2011). 
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Association analysis correlates genetic markers, usually SNPs, with the disease phenotype 

across a population and determines whether a certain allele occurs at a frequency higher than 

the one expected by change in animals with a particular phenotype (Yamada et al., 2011). 

This nonrandom pattern is called linkage disequilibrium (LD) and is dependent on the 

recombination frequency and the number of generations since the mutation was introduced 

into the population (Jorde, 1995). Recently, the Porcine SNP60 DNA BeadChip (Illumina, 

USA; Ramos et al., 2009) containing 62,163 SNPs that uniformly span the whole genome was 

developed. Due to this uniform genome-wide coverage, this Porcine SNP60 DNA BeadChip 

enables a broad range of applications, including whole-genome association studies, and can 

be used to determine genetic variation in porcine breeds such as Duroc, Landrace, Piétrain, 

and Large White.  

 

A candidate region on SSC13 has long been identified as harboring the F4ab/acR locus by 

linkage and association studies using genetic markers, but further detailed study of all genetic 

variants in the locus is required to discover the causal variant(s), to quantify their contribution 

to F4ab/ac ETEC susceptibility, and to elucidate their roles in functional pathways. Recent 

advances in DNA sequencing technology, such as next generation sequencing (NGS), have 

enabled the sequencing of individual genomes and are able to provide a much deeper, more 

uniform picture of genetic variations (1000 Genomes Project Consortium, 2010). NGS 

platforms perform massively parallel sequencing, during which millions of fragments of DNA 

or RNA from a single sample are sequenced in unison and allow an entire genome or exome 

to be sequenced within a day. Besides whole-genome and whole-exome sequencing, targeted 

sequencing of specific genes or genomic regions is also possible using NGS which would be 

of interest to find the causal variant(s) located in the previous identified candidate region on 

SSC13 (Grada and Weinbrecht, 2013). In addition, transcript expression levels can be 

assessed using NGS on RNA in F4R
+
 and F4R

-
 pigs and can contribute to the further 

elucidation of the genetic basis of F4 ETEC resistance.  
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2. AIM OF THE STUDY 

F4 enterotoxigenic Escherichia coli (F4 ETEC) are worldwide an important cause of diarrhea 

in neonatal and newly-weaned pigs. F4 fimbriae mediate the adherence of F4 ETEC to the 

small intestine by binding to specific receptors. Although previous linkage and binding 

studies were performed on this important economical disease, no causal mutation has yet been 

identified suggesting that this disease is much more complex than initially thought.  

The overall aim of the study was to identify the causal mutation(s) responsible for F4 ETEC 

susceptibility as well as its target gene(s) and to develop a new diagnostic genotyping test for 

the identified causal mutation(s). Two different approaches were used in parallel to achieve 

this goal. 

The first approach was to perform a genome-wide association study (GWAS) using the 

Porcine SNP60 DNA BeadChip (Chapter 3) to refine the candidate region for F4ab/ac ETEC 

susceptibility using well-phenotyped piglets. An accurate assessment of the F4 phenotypes in 

the piglets is important to precisely pinpoint the phenotype-causing mutation(s). In addition, a 

selected region harboring the SNPs with the highest evidence of association was sequenced in 

F4ab/ac receptor-positive and F4ab/ac receptor-negative pigs in order to identify the causal 

mutation(s) (Chapter 6).   

The second approach was to investigate whether genetic variation in the gene encoding 

ANPEP, identified as an F4ac receptor, (Chapter 4) and in genes involved in the assembly of 

the F4 binding carbohydrate moiety of glycosphingolipids (Chapter 5) could account for the 

F4 ETEC binding patterns previously observed in F4 phenotyped piglets. Although these 

genes are not located in the candidate region for F4ab/ac ETEC susceptibility on chromosome 

13 (SSC13), it is possible that the causal mutation exerts remote regulatory effects on these 

genes whose coding regions lie outside the boundaries of this candidate region.  
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3. REFINED CANDIDATE REGION FOR F4ab/ac ETEC 

SUSCEPTIBILITY SITUATED PROXIMAL TO MUC13 IN PIGS 

3.1. Abstract  

F4 enterotoxigenic Escherichia coli (F4 ETEC) are an important cause of diarrhea in neonatal 

and newly-weaned pigs. Based on the predicted differential O-glycosylation patterns of the 

two MUC13 variants (MUC13A and MUC13B) in F4ac ETEC susceptible and F4ac ETEC 

resistant pigs, the MUC13 gene was recently proposed as the causal gene for F4ac ETEC 

susceptibility. Because the absence of MUC13 on Western blot from brush border membrane 

vesicles of F4ab/acR
+
 pigs and the absence of F4ac attachment to immunoprecipitated 

MUC13 could not support this hypothesis, a new GWAS study was performed using 52 non-

adhesive and 68 strong adhesive pigs for F4ab/ac ETEC originating from 5 Belgian farms. A 

refined candidate region (chr13: 144,810,100-144,993,222) for F4ab/ac ETEC susceptibility 

was identified with MUC13 adjacent to the distal part of the region. This candidate region 

lacks annotated genes and contains a sequence gap based on the sequence of the porcine 

GenomeBuild 10.2. 

 We hypothesize that a porcine orphan gene or trans-acting element present in the identified 

candidate region has an effect on the glycosylation of F4 binding proteins and therefore 

determines the F4ab/ac ETEC susceptibility in pigs. 
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3.2. Introduction  

F4 enterotoxigenic Escherichia coli (F4 ETEC) diarrheal disease in neonatal and newly-

weaned pigs is an economically important genetic disease inherited in an autosomal dominant 

pattern (Gibbons et al., 1997; Fairbrother et al., 2005; Zhang et al., 2007). F4 ETEC possess 

F4 fimbriae acting as ligands for specific carbohydrate receptors on the epithelial surface of 

the small intestine. This interaction results in colonization of the small intestine and in 

production of enterotoxins inducing a secretory diarrhea in young pigs (Fairbrother et al., 

2005). F4 fimbriae exist in 3 antigenic variants: F4ab, F4ac and F4ad, of which F4ac is the 

most prevalent, except in central China where F4ad is the most prevalent fimbrial variant 

(Fairbrother et al., 2005; Wang et al., 2006). In the search for the causal mutation for F4ab/ac 

ETEC susceptibility, several linkage studies mapped the causal mutation(s) on swine 

chromosome 13 (SSC13) (Fu et al., 2012; Ren et al., 2012; Schroyen et al., 2012). Some 

studies suggest that one locus is controlling both F4ab and F4ac ETEC susceptibility (Bijlsma 

and Bouw, 1987; Python et al., 2002; Jørgensen et al., 2003), while others suggest 2 linked but 

distinct loci (Guérin et al., 1993; Edfors-Lilja et al., 1995; Li et al., 2007; Wang et al., 2007; 

Zhang et al., 2008; Yan et al., 2009). The g.8227G>C polymorphism in MUC4 [Genbank: 

DQ848681] was found to be strongly associated with F4ab/ac ETEC susceptibility with the 

dominant G allele representing F4ab/ac ETEC susceptibility and the recessive C allele 

representing F4ab/ac ETEC resistance. A genotyping test was proposed for distinguishing 

F4ab/ac ETEC susceptible and resistant pigs (Jørgensen et al., 2004). However, Rasschaert et 

al. (2007) could not confirm this when comparing with in vitro adhesion to villi. Recently, 

Ren et al. (2012) suggested that 2 MUC13 variants (MUC13A and MUC13B) are responsible 

for F4ac ETEC susceptibility of Duroc x Erhualian, Chinese conventional Sutai and Duroc x 

Landrace x Large White hybrids populations, due to a (predicted) different O-glycosylation 

pattern between these two proteins. In this study, we investigated if MUC13 is responsible for 

F4ab/ac ETEC susceptibility and we performed a GWAS study to identify a refined candidate 

region. 

 

 

 



Chapter 3: Candidate region for F4ab/ac ETEC in pigs 

 

49 

 

3.3. Material and methods 

3.3.1. Sample collection 

Experimental and animal management procedures were approved by the animal care and 

ethics committee of the Faculty of Veterinary Medicine, University of Ghent (EC2010/042). 

Pigs originating from five Belgian farms were euthanized at 6-18 weeks of age. The breeds of 

these pigs were Large White, Belgian Landrace, Large White x Belgian Landrace crossbreds, 

Large White x Piétrain crossbreds, and crossbreds of multiple breeds. Before euthanasia, 

blood samples were collected in EDTA blood tubes for DNA analysis and stored at -20 °C. 

After euthanasia, two-meter mid-jejunum samples were washed two times with Krebs-

Henseleit buffer (0.12 M NaCl, 0.014 M KCl, 0.001 M KH2PO4, 0.025 M NaHCO3, pH 7.4) 

and once with Krebs-Henseleit buffer containing 1 % (v/v) formaldehyde at 4 °C. After 

washing, the villi were scraped from the mucosa of a 20 cm segment and stored as mentioned 

in Van den Broeck et al. (1999a). These villi were used for the in vitro villous adhesion assay. 

The rest of the mid-jejunal sample was used to isolate brush border membrane vesicles 

(BBMVs) as described in Nguyen et al. (2013). 

 

3.3.2. F4ab/acR phenotyping based on the in vitro villous adhesion assay 

All pigs were phenotyped for the presence of the F4ab/ac receptor (F4ab/acR) using the in 

vitro villous adhesion assay with 4×10
8
 F4ac E. coli (strain GIS26, serotype O149:K91, 

F4ac
+
) or F4ab E. coli (strain G7, serotype O8:K87, F4ab

+
) and an average of 50 villi in a 

volume of 0.5 ml PBS with 1 % (W/V) D-mannose (Van den Broeck et al., 1999a). Adhesion 

of more than 30 bacteria per 250 μm villous brush border length was noted as strong adhesive 

for F4ab/ac ETEC and less than 5 bacteria per 250 µm brush border length was noted as non-

adhesive for F4ab/ac ETEC (Cox and Houvenaghel, 1993). A total of 120 pigs from 43 

different litters were included in the GWAS study based on the two F4ab/acR phenotypes: 

non-adhesive (F4R
-
; n= 52) and strong adhesive (F4R

+
; n=68). The two F4ab/acR phenotypes 

were present in 23 litters, in 10 litters only the non-adhesive F4ab/acR phenotype and in 10 

other litters only the strong adhesive F4ab/acR phenotype was present. Nine boars in this 

study had multiple litters (Table 3.1).  

Pigs that showed a weak adhesion towards F4ab/ac ETEC were excluded.  
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3.3.3. MUC4 TaqMan assay and the Indel MUC13 marker test 

DNA isolation of the blood samples for the MUC4 TaqMan assay and the Indel MUC13 

marker was performed as described by Van Poucke et al. (2015). 

The MUC4 TaqMan assay was carried out as described by Nguyen et al. (2013) and is based 

on the g.8227G>C mutation of MUC4 [Genbank: DQ848681] associated with F4ab/ac ETEC 

susceptibility (Jørgensen et al., 2004).. 

The Indel MUC13 marker test is based on an indel of 68 bp in intron 2 of MUC13 [GenBank: 

NC_010455.4; chr13: 144,993,222-144,993,289] differentiating MUC13A (the longer 

sequence) and MUC13B (the shortened sequence) and was performed as described by Ren et 

al. (2012). 
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Table 3.1: Information about the pigs used in the MUC4 TaqMan assay, the Indel MUC13 marker test, and the GWAS study. 

F4R Pig Litter Sow Boar Breed
a
 

MUC4
b 

g.8227G>C 

Indel 

MUC13
c
 

F4R Pig Litter Sow Boar Breed
a
 

MUC4
b 

g.8227G>C 

Indel 

MUC13
c
 

F4R
+
 V1 1 S1 B1 Hybrid SS BB F4R

+
 V61 42 S37 B22 LW SR AB 

F4R
+
 V2 1 S1 B1 Hybrid SS BB F4R

+
 V62 42 S37 B22 LW SR AB 

F4R
+
 V3 1 S1 B1 Hybrid SS AB F4R

+
 V63 45 S39 B22 LW SR AB 

F4R
+
 V4 1 S1 B1 Hybrid SR BB F4R

+
 V64 45 S39 B22 LW SR BB 

F4R
+
 V5 1 S1 B1 Hybrid SS AB F4R

+
 V65 45 S39 B22 LW SR BB 

F4R
+
 V6 1 S1 B1 Hybrid RR BB F4R

+
 V66 47 S41 B23 LW x BL SR AB 

F4R
+
 V7 2 S2 B2 Hybrid RR BB F4R

+
 V67 48 S42 B23 LW x BL SR BB 

F4R
+
 V8 2 S2 B2 Hybrid SS BB F4R

+
 V68 49 S43 B23 LW x BL SR BB 

F4R
+
 V9 2 S2 B2 Hybrid SR BB F4R

-
 V69 3 S3 B1 hybrid SR BB 

F4R
+
 V10 2 S2 B2 Hybrid SS BB F4R

-
 V70 4 S4 B3 hybrid RR AB 

F4R
+
 V11 3 S3 B1 Hybrid SR BB F4R

-
 V71 4 S4 B3 hybrid RR AB 

F4R
+
 V12 5 S5 B4 Hybrid SR BB F4R

-
 V72 4 S4 B3 hybrid RR AB 

F4R
+
 V13 5 S5 B4 Hybrid SR BB F4R

-
 V73 4 S4 B3 hybrid RR AB 

F4R
+
 V14 6 S6 B5 Hybrid SR BB F4R

-
 V74 4 S4 B3 hybrid RR AB 

F4R
+
 V15 7 S7 B6 Hybrid SR BB F4R

-
 V75 4 S4 B3 hybrid RR AB 

F4R
+
 V16 8 S8 B7 LW x P SS BB F4R

-
 V76 5 S5 B4 hybrid RR BB 

F4R
+
 V17 8 S8 B7 LW x P SR BB F4R

-
 V77 5 S5 B4 hybrid RR BB 

F4R
+
 V18 8 S8 B7 LW x P SS BB F4R

-
 V78 6 S6 B5 hybrid RR AB 

F4R
+
 V19 8 S8 B7 LW x P SS BB F4R

-
 V79 6 S6 B5 hybrid RR AB 

F4R
+
 V20 11 S9 B8 LW x BL SR BB F4R

-
 V80 7 S7 B6 hybrid RR AB 

F4R
+
 V21 12 S10 B9 LW SR AB F4R

-
 V81 8 S8 B7 LW x P RR AA 

F4R
+
 V22 13 S11 B8 LW x BL SS BB F4R

-
 V82 11 S9 B8 LW x BL RR AB 

F4R
+
 V23 14 S12 B8 LW x BL SS BB F4R

-
 V83 12 S10 B9 LW RR AA 

F4R
+
 V24 17 S14 B8 LW x BL SR AB F4R

-
 V84 13 S11 B8 LW x BL RR BB 

F4R
+
 V25 17 S14 B8 LW x BL SS BB F4R

-
 V85 14 S12 B8 LW x BL RR BB 

F4R
+
 V26 18 S15 B10 LW x P SR AB F4R

-
 V86 15 S13 B10 LW x P RR AA 

F4R
+
 V27 24 S19 B14 Hybrid RR BB F4R

-
 V87 17 S14 B8 LW x BL RR AB 

F4R
+
 V28 25 S20 B15 Hybrid RR BB F4R

-
 V88 18 S15 B11 LW x P RR AB 

F4R
+
 V29 25 S20 B15 Hybrid SR BB F4R

-
 V89 21 S16 B12 LW x BL RR AB 

F4R
+
 V30 25 S20 B15 Hybrid RR BB F4R

-
 V90 22 S17 B13 hybrid RR AB 

F4R
+
 V31 25 S20 B15 Hybrid RR BB F4R

-
 V91 23 S18 B13 hybrid RR BB 

F4R
+
 V32 26 S21 B15 Hybrid SR BB F4R

-
 V92 24 S19 B14 hybrid RR BB 

F4R
+
 V33 26 S21 B15 Hybrid SR BB F4R

-
 V93 25 S20 B15 hybrid RR BB 

F4R
+
 V34 27 S22 B15 Hybrid SS BB F4R

-
 V94 29 S24 B12 LW RR AA 
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F4R Pig Litter Sow Boar Breed
a
 

MUC4
b 

g.8227G>C 

Indel 

MUC13
c
 

F4R Pig Litter Sow Boar Breed
a
 

MUC4
b 

g.8227G>C 

Indel 

MUC13
c
 

F4R
+
 V35 27 S22 B15 Hybrid SR BB F4R

-
 V95 30 S25 B16 LW x P RR AA 

F4R
+
 V36 27 S22 B15 Hybrid SS BB F4R

-
 V96 31 S26 B17 hybrid RR AB 

F4R
+
 V37 28 S23 B15 Hybrid SR BB F4R

-
 V97 34 S29 B17 hybrid RR AB 

F4R
+
 V38 28 S23 B15 Hybrid SR BB F4R

-
 V98 34 S29 B17 hybrid RR AB 

F4R
+
 V39 29 S24 B12 LW SR AB F4R

-
 V99 35 S30 B17 hybrid RR AB 

F4R
+
 V40 29 S24 B12 LW SS BB F4R

-
 V100 37 S32 B19 BL  RR AB 

F4R
+
 V41 30 S25 B16 LW x P SR AB F4R

-
 V101 38 S33 B20 LW RR AA 

F4R
+
 V42 30 S25 B16 LW x P SS BB F4R

-
 V102 39 S34 B18 BL RR AB 

F4R
+
 V43 32 S27 B17 Hybrid SR BB F4R

-
 V103 40 S35 B21 LW RR AA 

F4R
+
 V44 32 S27 B17 Hybrid RR BB F4R

-
 V104 40 S35 B21 LW RR AA 

F4R
+
 V45 32 S27 B17 Hybrid SS BB F4R

-
 V105 40 S35 B21 LW RR AA 

F4R
+
 V46 33 S28 B17 Hybrid SR BB F4R

-
 V106 40 S35 B21 LW RR AA 

F4R
+
 V47 33 S28 B17 Hybrid RR AB F4R

-
 V107 41 S36 B22 LW RR AA 

F4R
+
 V48 34 S29 B17 Hybrid SR BB F4R

-
 V108 41 S36 B22 LW RR AB 

F4R
+
 V49 35 S30 B17 Hybrid SR BB F4R

-
 V109 41 S36 B22 LW SR AA 

F4R
+
 V50 35 S30 B17 Hybrid RR AB F4R

-
 V110 41 S36 B22 LW SR AA 

F4R
+
 V51 36 S31 B18 LW x BL SS BB F4R

-
 V111 42 S37 B22 LW RR AB 

F4R
+
 V52 36 S31 B18 LW x BL SR AB F4R

-
 V112 43 S38 B22 LW RR AB 

F4R
+
 V53 36 S31 B18 LW x BL SR AB F4R

-
 V113 43 S38 B22 LW RR AB 

F4R
+
 V54 37 S32 B19 BL SR AB F4R

-
 V114 43 S38 B22 LW RR AB 

F4R
+
 V55 37 S32 B19 BL RR BB F4R

-
 V115 43 S38 B22 LW RR AA 

F4R
+
 V56 38 S33 B20 LW SR AB F4R

-
 V116 45 S39 B22 LW RR AA 

F4R
+
 V57 38 S33 B20 LW SR AB F4R

-
 V117 46 S40 B23 LW RR AB 

F4R
+
 V58 39 S34 B18 BL SR BB F4R

-
 V118 46 S40 B23 LW RR AA 

F4R
+
 V59 39 S34 B18 BL SR BB F4R

-
 V119 46 S40 B23 LW RR AA 

F4R
+
 V60 42 S37 B22 LW SR BB F4R

-
 V120 48 S42 B23 LW x BL SR AB 

a 
Breeds are defined as follows: ‘LW’ denotes Large White, ‘BL’ denotes Belgian Landrace, ‘LW x BL’ denotes Large White x Belgian 

Landrace crossbreds, ‘LW x P’ denotes Large White x Piétrain crossbreds, ‘hybrid’ denotes crossbreds of multiple breeds; 
b
MUC4 genotypes are 

defined as follows: ‘SS’ denotes homozygous susceptible (S allele is corresponding with the G allele), ‘SR’ denotes heterozygous susceptible (R 

allele is corresponding with the C allele), ‘RR’ denotes homozygous resistant; 
c
MUC13 alleles are defined as follows: ‘AA’ denotes homozygous 

for the MUC13A allele, ‘AB’ denotes both MUC13A and MUC13B alleles are present, ‘BB’ denotes homozygous for the MUC13B allele.



Chapter 3: Candidate region for F4ab/ac ETEC in pigs 

 

53 

 

 

3.3.4. Expression of the MUC13 glycoprotein and F4ac binding proteins in BBMVs 

In a recent study Nguyen et al. (2013) demonstrated that two high molecular weight (MW) 

glycoproteins (>250 kD), which bind F4ab and F4ac fimbriae, are consistently present in pigs 

with the MUC4 homozygote or heterozygote susceptible genotype that show an immune 

response upon oral immunization with F4ac fimbriae. Here, these high MW glycoproteins 

were purified from F4ab/acR
+
 BBMVs group I (Nguyen et al., 2013) using anion exchange 

(Pierce strong anion exchange spin column, Thermo Scientific) followed by gel filtration 

(HiPrep 16/60 Sephacryl S-200, GE Healthcare). Eluates were tested by one-dimensional 

immunoblotting for the presence of the high MW glycoproteins with biotinylated F4ac 

fimbriae as described in Nguyen et al. (2013). 

A peptide (FPKIKVDISRGGQP) selected from the C-terminus of the porcine MUC13B 

sequence was synthesized and conjugated to keyhole limpet hemocyanin (KLH) (Genscript, 

Piscataway, USA) (Ren et al., 2012). The peptide conjugate emulsified in incomplete 

Freund’s adjuvant was used to immunize rabbits. Immunoglobulin G was purified using a 

Hitrap™ Protein G HP column (GE Healthcare) (Van den Broeck et al., 1999b). These 

antibodies dissolved in PBS were used to stain immunoblots of BBMVs from F4ab/acR
+
 pigs 

separated by SDS-PAGE under reducing and non-reducing conditions (Nguyen et al., 2013). 

In parallel, the binding pattern of biotinylated F4ac fimbriae to these blots was determined.  

Additionally, MUC13 was precipitated from BBMVs by incubating 1 mg of the vesicles with 

50 μg/ml anti-MUC13 antibodies for 1 h at 4 
°
C followed by 50 μl protein A conjugated 

sepharose (Protein A Sepharose ™ CL-4B, GE Healthcare) for 1 h at 4 
°
C. Precipitated 

MUC13 was eluted from the sepharose by boiling it for 10 min at 95 
°
C in 100 μl SDS-PAGE 

reducing loading buffer. Subsequently SDS-PAGE and immunoblotting with F4ac fimbriae 

were performed to determine the F4ac binding pattern (Nguyen et al., 2013). 

 

3.3.5. Genome-wide association study 

DNA isolation of the blood samples for the genome-wide association study was performed 

as described by Dupuis et al. (2011). A total of 120 F4ab/acR phenotyped pigs were 

genotyped using the Porcine SNP60 BeadChip (Illumina) containing 62,163 SNPs, 

according to the manufacturer’s protocol. The position of the SNPs was based on the 

current pig genome assembly (Sscrofa10.2). Quality scores were analyzed from allele 
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cluster definitions for each SNP as determined by the Illumina GenomeStudio Genotyping 

Module version 1.0 (Illumina). All genotype calls were extracted from the raw data with a 

minimum gencall score threshold of 0.2. An additional quality control was performed using 

PLINK (Purcell et al., 2007). SNPs were filtered with a call rate > 95 %, GenTrain Score < 

0.7 and minor allele frequency (MAF) ≥0.01. A total of 6874 (11 %) SNPs were excluded 

from further analysis. Two SNPs, namely the MUC4 SNP and the MUC13 SNP, were 

added in our association analysis based on the g.8227G>C mutation of MUC4 [Genbank: 

DQ848681] associated with F4ab/ac ETEC susceptibility and based on the indel of 68 bp in 

intron 2 of MUC13 [GenBank: NC_010455.4; chr13: 144,993,222-144,993,289] (Jørgensen 

et al., 2004; Ren et al., 2012). Pigs were genotyped for the MUC4 SNP by performing the 

MUC4 TaqMan assay as described by Nguyen et al. (2013). 

No samples were excluded due to frequency of missing genotypes > 5 %. Population 

stratification based on pair-wise identity-by-state (IBS) distances was also quantified using 

the PLINK software (Purcell et al., 2007). Multidimensional scaling (MDS) identified five 

clusters corresponding to breed with no genotypic outliers and the two F4ab/acR phenotypes 

were present in each cluster. These five clusters were used as stratification criteria for 

following association analysis. 

Association between the SNPs and the F4ab/ac receptor-positive (F4ab/acR
+
) status was 

assessed using the 2x2xK Cochran-Mantel-Haenszel (CMH) test for 5 clusters.  

The Bonferroni correction and the Max(T) permutation procedure (10,000 permutations) 

within the breeds were used to correct for experiment-wise error rate (Table 3.2) (Zhang et al., 

2012). Manhattan plots of the results were generated using Haploview (Figure 3.1) (Barret et 

al., 2005). 
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Table 3.2: Significant SNPs for F4ab/ac ETEC susceptibility. 

Chr. 
Position 

(bp)
a
 

SNP name Nearest gene
b
 

Genomic control 

corrected  

P-values
c
 

Bonferroni 

corrected  

P-values 

max(T) empirical 

P-values 

13 144,946,742 ASGA0089965 MUC13 (45,916 bp) 1.29E-20 6.19E-21 1.00E-04 

13 144,981,309 ASGA0091537 MUC13 (11,349 bp) 1.29E-20 6.19E-21 1.00E-04 

13 145,009,805 ALGA0106330 MUC13 (within) 1.14E-16 5.97E-16 1.00E-04 

13 144,299,267 ASGA0095873 LMLN (within) 9.24E-13 5.11E-11 1.00E-04 

13 143,820,612 MUC4 MUC4 (within) 2.87E-13 1.17E-11 1.00E-04 

13 144,832,256 ALGA0072075 HEG1 (31,668 bp) 3.17E-12 2.42E-10 1.00E-04 

13 144,733,031 ASGA0058925 SLC12A8 (within) 8.48E-12 8.37E-10 1.00E-04 

13 145,772,058 MARC0088848 HEG1 (within) 1.90E-11 2.31E-09 1.00E-04 

13 145,732,401 ASGA0058958 SLC12A8 (within) 2.80E-11 3.78E-09 1.00E-04 

13 145,671,763 ALGA0072105 SLC12A8 (within) 3.64E-11 5.26E-09 1.00E-04 

13 143,656,188 ASGA0058885 SLC12A8 (within) 5.09E-11 8.03E-09 1.00E-04 

13 145,398,474 MARC0045442 UMPS (243582 bp) 1.51E-10 3.16E-08 1.00E-04 

13 144,197,577 ALGA0072072 LMLN (within) 7.37E-10 2.33E-07 1.00E-04 

13 144,167,475 ALGA0072065 IQCG (within) 7.37E-10 2.33E-07 1.00E-04 

13 144,145,817 ALGA0072067 IQCG (within) 7.37E-10 2.33E-07 1.00E-04 

13 144,946,317 ALGA0122555 MUC13(46,341 bp) 1.72E-09 6.77E-07 1.00E-04 

13 
144,993,222-

144,993,289 
Indel MUC13 MUC13 (within) 1.72E-09 6.77E-07 1.00E-04 

0 0 ALGA0122702 NA 2.49E-09 1.08E-06 1.00E-04 

13 144,094,647 MARC0089106 IQCG (40,326 bp) 3.48E-09 1.65E-06 1.00E-04 

13 144,126,389 MARC0043596 IQCG (8,584 bp) 3.48E-09 1.65E-06 1.00E-04 

13 143,866,440 ALGA0072062 MUC20 (within) 8.20E-09 4.85E-06 1.00E-04 

13 147,328,480 ALGA0072162 SEMA5B (16,459 bp) 8.30E-09 4.92E-06 1.00E-04 

13 147,911,293 ISU10000469 CASR (within)  5.42E-08 5.23E-05 0.0004 

13 146,433,577 H3GA0037388 PTPLB (174,712) 5.64E-08 5.50E-05 0.0004 

13 142,313,068 ASGA0058867 APOD (218,113) 6.64E-08 6.75E-05 0.0005999 

13 145,414,240 DIAS0000584 UMPS (259,348 bp) 7.50E-08 7.87E-05 0.0006999 
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Chr. 
Position 

(bp)
a
 

SNP name Nearest gene
b
 

Genomic control 

corrected  

P-values
c
 

Bonferroni 

corrected  

P-values 

max(T) empirical 

P-values 

13 143,624,457 M1GA0017682 TNK2 (22,741 bp) 1.03E-07 0.00012 0.0011 

13 143,618,378 MARC0012378 TNK2 (28,820 bp) 1.03E-07 0.00012 0.0011 

13 148,020,127 MARC0031951 CASR (85,108 bp) 2.38E-07 0.00034 0.0013 

13 146,824,849 H3GA0037402 PDIA5 (18,255 bp) 2.49E-07 0.00036 0.0013 

13 143,638,483 MARC0093203 TNK2 (8,715 bp) 3.11E-07 0.00047 0.0013 

13 143,825,858 ASGA0058906 MUC4 (within) 5.75E-07 0.00102 0.0025 

13 147,415,740 MARC0032449 HASPBAP1 (within) 7.35E-07 0.00139 0.0031 

13 147,295,491 DIAS0001133 SEMA5B (within) 7.55E-07 0.00144 0.0034 

13 145,473,321 H3GA0037371 UMPS (318,429) 7.88E-07 0.00152 0.0034 

13 146,909,376 M1GA0017695 PDIA5 (within) 9.70E-07 0.00197 0.0043 

13 145,096,895 ALGA0072090 ITGB5 (within) 1.50E-06 0.00339 0.005999 

13 143,307,737 H3GA0037321 SLC51A (119 bp) 2.23E-06 0.00559 0.007899 

0 0 M1GA0027009 NA 3.61E-06 0.01024 0.013 

13 144,611,608 MARC0067282 SLC12A8 (19,579 bp) 5.85E-06 0.0188 0.0201 

13 144,488,410 MARC0099692 ZBP-89 (28,751 bp) 5.85E1-06 0.0188 0.0201 

13 147,927,896 ASGA0059010 CASR (within) 6.62E-06 0.02197 0.0232 

13 144,781,809 ASGA0058923 HEG1 (within) 7.22E-06 0.0245 0.0247 

13 147,536,783 MARC0105487 PARP15 (5097 bp) 1.22E-05 0.04727 0.0374 
a 
Derived from porcine GenomeBuild 10.2; 

b 
The nearest annotated porcine gene to the significant SNP based on the porcine GenomeBuild 10.2. 

Numbers in parentheses indicate distance in base pairs (bp); 
c 
Genomic control corrected significance value. This is based on a simple estimation 

of the inflation factor based on median chi-square statistic (genomic inflation factor λ is 1.26636) (Purcell et al., 2007).
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Figure 3.1: Manhattan plot obtained from the P-values for F4ab/ac ETEC susceptibility in 

120 pigs. SNPs are plotted on the X-axis ordered by chromosomal position. Genome-wide -

log(10) P-values adjusted to genomic control are plotted on the Y-axis. 

 

 

3.4. Results 

3.4.1. MUC4 TaqMan assay and the Indel MUC13 marker test 

Using the MUC4 TaqMan assay 17 pigs (25 %) were genotyped as homozygous susceptible 

(SS), 41 pigs (60.3 %) as heterozygous susceptible (SR) and 10 pigs (14.7 %) as homozygous 

resistant (RR) in the F4ab/ac ETEC strong adhesive group (n=68). In the F4ab/ac ETEC non-

adhesive group (n=52), 4 SR pigs (7.7 %) and 48 RR pigs (92.3 %) were present (Table 3.1).  

The Indel MUC13 marker test showed that 50 pigs (73.5 %) were homozygous for the 

MUC13B allele (BB) and 18 pigs (26.5 %) had a MUC13A as well as a MUC13B allele (AB) 

in the F4ab/ac ETEC strong adhesive group (n=68). In the F4ab/ac ETEC non-adhesive group 

(n=52), 8 pigs (15.4 %) were BB, 27 pigs (51.9 %) were AB and 17 pigs (32.7 %) were 

homozygous for the MUC13A allele (AA) (Table 3.1). 

 

3.4.2. F4ac fimbriae do not bind to MUC13 glycoprotein of BBMVs 

Separating BBMVs by SDS-PAGE under reducing (Figure 3.2.A) and non-reducing 

conditions (Figure 3.2.B) followed by immunoblotting with biotinylated F4ac fimbriae (lanes 

2 and 4) or anti-MUC13 antibodies (lanes 3 and 5) revealed bands with a similar molecular 

weight (47, 34 and <25 KDa). These bands are not F4-specific bands since they are presented 
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in both F4R
+
 and F4R

-
 BBMV blots (Nguyen et al., 2013). However, it is also clearly 

demonstrated that the anti-MUC13 antibodies did not bind to the high MW glycoproteins 

which are specifically recognized by F4ac fimbriae being only present in F4R
+
 and not in 

F4R
-
 BBMV blots. Purifying and enriching the high MW glycoproteins by a combination of 

anion exchange chromatography and gel filtration did not change this (Figure 3.3 lane 3). 

Immunoprecipitation of MUC13 with the anti-MUC13 antibodies enriched a protein with 

MW of 110 kDa (Figure 3.4.A lane 2) but this was not recognized by F4ac fimbriae (Figure 

3.4.A and B lane 2). Furthermore, not the immunoprecipitated fraction, but the non-

immunoprecipitated fraction contained the F4-specific high MW glycoproteins (Figure 3.4.B 

lane 3). This result excludes MUC13 as one of the F4-specific high MW glycoproteins. 

 

 

Figure 3.2: Immunoblotting of F4ab/acR
+
 BBMVs with F4ac fimbriae (lane 2 and 4) or anti-

MUC13 antibodies (lane 3 and 5). Proteins were separated under reducing (A) and non-

reducing (B) conditions. F4ac fimbriae bound to the F4-specific high molecular weight 

glycoproteins (only present in F4R
+
 pigs) and several non-specific F4-binding bands <50kDa 

(present in F4R
+
 and F4R

- 
pigs) (Nguyen et al., 2013). Anti-MUC13 antibodies recognized 

BBMV protein bands of 55, 47, 34 and <25 kDa under reducing and non-reducing conditions, 

but bands of 200, 110 kDa only under reducing conditions. Lane 1 = protein standards.  
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Figure 3.3: Absence of detection of intestinal MUC13 (lane 3) by anti-mucin 13 antibodies in 

the purified high molecular weight (MW) fraction of F4ab/acR
+
 BBMVs. Purification 

occurred by anion exchange chromatography followed by gel filtration chromatography. 

Strong binding of F4ac fimbriae to the high MW glycoproteins can be seen in lane 2. Lane 1: 

protein standard. 

 

 

Figure 3.4: Absence of F4ac fimbriae binding to immunoprecipitated intestinal MUC13. 

Intestinal MUC13 was purified from 1 mg F4ab/acR
+
 brush border membrane vesicles 

(BBMVs) by immunoprecipitation with anti-MUC13 antibodies and protein A sepharose. The 

eluate (lane 2) and the non-precipitated fraction (lane 3) were immunoblotted with anti-

MUC13 antibodies (A) or with F4ac fimbriae (B). Immunoprecipitation enriched a protein 

with a band of 110 kDa but this was not recognized by F4ac fimbriae. The F4-specific high 

MW glycoproteins were found in the non-precipitated fraction. Lane 1 = protein standards. 

Arrows: position of the high MW glycoproteins. 

 



Chapter 3: Candidate region for F4ab/ac ETEC in pigs 

 

60 

 

3.4.3. Association analysis 

The dataset presented in this article has been submitted to the Gene Expression Omnibus 

(http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE57981. The results of the 

SNP association significance are visualized in a Manhattan plot of genome-wide-log(10) P-

values adjusted to genomic control (Figure 3.1). Outliers displaying the highest association P-

values of the SNPs are only visible on SSC13. After controlling for multiple testing, 42 SNPs 

of the Porcine SNP60 BeadChip reached genome-wide significance (<0.05): 40 SNPs are 

located within an interval of 5.7 Mb on SSC13 and the position of 2 SNPs (ALGA0122702 

and M1GA0027009) are unknown in the GenomeBuild 10.2 (Table 3.2). The 3 most 

significant SNPs are located in a region of 63,063 bp on SSC13 close to MUC13. SNP1 

(ASGA0089965) and SNP2 (ASGA0091537) have the same P-value and are completely 

linked, only 1 strong adhesive F4Rab/ac pig (1/68) and 1 non-adhesive F4ab/ac pig (1/52) 

have a different genotype for these SNPs than expected. For SNP3 (ALGA0106330), 7 strong 

adhesive F4ab/ac pigs (7/68) and 1 non-adhesive F4ab/ac pig (1/52) have a different genotype 

than expected (Figure 3.5.B). A region of 213,267 bp (chr13: 144,810,100-145,023,367) was 

considered as the candidate region for F4ab/ac ETEC susceptibility. The borders of this 

region are 2 unassociated SNPs, namely MARC0002946 (SNPa) and ALGA0106230 (SNPb) 

(Figure 3.5.A).  
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Figure 3.5: Schematic representation showing the identified candidate region (chr13: 

144,810,100-144,993,222) of F4ab/ac ETEC susceptibility between MARC0002946 (SNPa) 

and Indel MUC13 marker on SSC13 (chr13: 143,780,000-145,110,000). 

(A) SNP1 (ASGA0089965), SNP2 (ASGA0091537) and SNP3 (ALGA0106330) are the most 

significant SNPs in the association study. MARC0002946 (SNPa) and ALGA0106230 (SNPb) 

are not associated with F4ab/ac ETEC susceptibility. The orange boxes represent all the 

annotated genes in the 1.33 Mb region of SSC13. The gray box represent the candidate region 

where no annotated genes were found during the in silico comparative mapping. 

(B) Schematic representation showing the genotypes of SNP1 (ASGA0089965), SNP2 

(ASGA0091537) and SNP3 (ALGA0106330) of 68 strong adhesive (F4R
+
) and 52 non-

adhesive (F4R
-
) for F4ab/ac ETEC.  

For SNP1 and SNP3, the dark green boxes represent CC genotype, light green boxes represent 

CT genotype and red boxes represent TT genotype. For SNP2, the dark green boxes represent 

TT genotype, light green boxes represent CT genotype and red boxes represent CC genotype.  

Pig 40 (F4aR
+
; See Table 3.1: V27) and pig 3 (F4R

-
; See Table 3.1: V120) show different 

genotypes for the markers than expected. 

 

 

3.5. Discussion 

The results of the MUC4 TaqMan assay confirm that the g.8227G>C mutation of MUC4 is 

associated with F4ab/ac ETEC susceptibility (Jørgensen et al., 2004). Nevertheless, the 

genotypes, especially the RR genotype, were not completely consistent with the results of the 

in vitro villous adhesion assay. Ten of the RR pigs (14.7 %) showed adhesion towards 

F4ab/ac ETEC and 4 SR pigs (7.7 %) showed no adhesion. This result confirms earlier 
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findings that the g.8227G>C mutation is a marker but not the actual causative mutation 

(Rasschaert et al., 2007; Li et al., 2008).  

Recently, MUC13 was suggested as the causal gene for F4ac ETEC susceptibility (Ren et al., 

2012). The MUC13 glycoprotein consists of an α and β subunit interconnected by covalent 

links which can be cleaved by proteases (Williams et al., 2001). The ß subunit refers to the C-

terminal subunit containing the cytoplasmic tail and forms as homodimer. The α subunit 

carries weighty O-glycosylations, which are thought to be responsible for the F4 ETEC 

binding. Unlike MUC13A that lacks an O-glycosylation site, MUC13B is predicted to be 

heavily O-glycosylated and therefore would contain the binding site for F4ac ETEC (Ren et 

al., 2012). This hypothesis suggests that the MUC13B allele (present in F4ac ETEC 

susceptible pigs) is dominant over the MUC13A allele (present in the F4ac ETEC resistant 

pigs). By performing the Indel MUC13 marker test in 120 F4ab/acR phenotyped pigs, the 

presence of the MUC13B allele was identified in 35 F4ab/ac ETEC non-adhesive pigs (67.3 

%), rejecting the hypothesis (Table 3.1). 

The predicted mass of the entire MUC13B protein is about 44 kDa based on the MUC13B 

sequence (Ren et al., 2012), but the expected mass on SDS gel should be much higher due to 

massive glycosylation and a gap in the domain rich in the amino acids Proline, Threonine and 

Serine (PTS domain) of the DNA sequence.  

The peptide used to immunize rabbits was selected from the MUC13B sequence described by 

Ren et al. (2012). It is located in the cytoplasmic tail of the ß subunit and is predicted not to 

contain glycosylation sites based on DictyOGlyc and NetNGlyc (Ren et al., 2012). 

Consequently, in theory, the produced antibodies should bind to the cytoplasmic parts of 

MUC13 without interference of glycans at the glycosylated sites. Binding of the MUC13 

antibodies to BBMV proteins was tested under non-reducing and reducing conditions so that 

both intact MUC13 and the individual monomers with digestion products should be observed. 

As expected, more bands were recognized in the reducing condition. Nguyen et al. (2013) 

demonstrated that the three F4 variants bound specifically the two high molecular weight 

(MW) glycoproteins (>250 kD), while the other bands (130, 110, 75, 64, 50, 47, 43, 40, 34, 

32, and <25 kDa) were also recognized by F4 fimbriae but not specifically since they were 

present in both F4R
+
 and F4R

- 
BBMV blots (Nguyen et al., 2013). In the present study, anti-

MUC13 antibodies and F4ac fimbriae also bound the 47, 34, and <25 KDa bands, which are 

not F4-specific. However, in none of the conditions MUC13 antibodies recognized the F4-

specific high MW glycoproteins. Furthermore, the immunoprecipitated MUC13 was not 

recognized by F4ac fimbriae. These results exclude MUC13 as one of the F4-binding high 
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molecular weight glycoproteins and F4 fimbriae do not bind specifically to MUC13. Also by 

using NetOGlyc 4.0 which is a mucin-type (GalNAc) glycosylation predictor trained on 

mammalian protein sequences (Steentoft et al., 2003), it was predicted that MUC13A 

(AEO00194.1) as well as MUC13B (AEO00200.1) are O-glycosylated. 

Based on our results, we could conclude that the 2 MUC13 variants are not responsible for 

susceptibility towards F4ab/ac ETEC.  

Our GWAS study demonstrates a strong association between 3 SNPs (ASGA0089965, 

ASGA0091537, ALGA0106330) and the F4ab/acR locus. In 118 pigs (98.33 %), 2 markers, 

namely SNP1 (ASGA0089965) and SNP2 (ASGA0091537), were in complete linkage 

disequilibrium (LD) with the F4ab/acR locus. For 2 pigs (1 strong adhesive F4ab/ac pig and 1 

non-adhesive F4ab/ac pig), the F4ab/acR phenotype showed the opposite genotype for these 

markers (Figure 3.5.B). It is possible that the causal mutation is located proximal of SNP1 or 

that the F4ab/acR phenotype is more complex and regulated by multiple factors. 

Our results confirm that MUC4 and MUC13 are not completely associated with F4ab/ac 

ETEC susceptibility. In our association analysis, the MUC4 marker (g.8227G>C mutation) 

and the Indel MUC13 marker [GenBank: NC_010455.4; chr13: 144,993,222-144,993,289] 

were included. The MUC4 marker showed a lower significant P-value than 4 markers located 

more distal from the g.8227G>C mutation (Table 3.2; Figure 3.5.A). The low significant P-

value of the Indel MUC13 marker (Table 3.2; Figure 3.5.A) confirmed our previous results 

that MUC13 is not the causal gene for F4ab/ac ETEC susceptibility. Four markers of the 

Porcine SNP60 BeadChip (ALGA0072075 [GenBank: NC_010455.4; chr13: 144,832,256], 

ALGA0106330 (SNP3), DIAS0000584 [GenBank: NC_010455.4; chr13: 145,414,240] and 

MARC0006918 [unknown position]), and 2 additional markers (MUC13-226 [GenBank: 

NC_010455.4; chr13: 145,010,437] and MUC13-813 [GenBank: NC_010455.4; chr13: 

145,016,914]) were in complete LD with the F4ab/acR locus in a Swiss experimental herd 

(Rampoldi et al., 2011). Except for one sow and some of her offspring, markers 

ALGA0106330 (SNP 3), MUC13-226 and MUC13-813 were not in LD with the F4ab/acR 

locus (Rampoldi, 2013). In our study, the markers ALGA0072075, ALGA0106330 (SNP 3), 

and DIAS0000584 all had statistically significant P-values (Table 3.2), but showed a weaker 

F4ab/acR association than SNP1 and SNP2. The unmapped marker MARC0006918 was not 

associated with the F4ab/acR locus in our study. Because MUC13-226 and MUC13-813 are 

positioned distal to the Indel MUC13 marker, we refined the candidate region to 183,122 bp 

(chr13: 144,810,100-144,993,222; Figure 3.5.A). 
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Also, our 3 most significant SNPs were significant in another F4ab/ac ETEC susceptibility 

study (Fu et al., 2012), but other more proximal located SNPs (MARC0012378, 

M1GA0017682, ALGA0072075) in this study showed a higher significant P-value.  

This result could be due to the fact that they included the F4ab/acR phenotype weak adhesive 

as non-adhesive pigs.  

The refined candidate region of 183,122 bp (chr13: 144,810,100-144,993,222) on SSC13 is 

almost in complete linkage with the F4ab/acR phenotype. No porcine annotated genes are 

present in our candidate region based on the available genome sequence of the porcine 

GenomeBuild 10.2 (Figure 3.5.A). Comparison of the candidate region with orthologous 

regions of human, mouse and rat genomes (GenBank: NC_000003.11 (human); NC_0000826 

(mouse); NC_005110.3 (rat)) using BLAST analysis was performed to identify non-annotated 

porcine genes as well as identifying the gap sequence (between NW_003611795.1 and 

NW_003617796.1) present in the candidate region (Benson et al., 2009). Performing the 

interspecies comparison, no new non-annotated porcine genes were identified and we were 

unable to identify the gap sequence. The presence of a porcine orphan gene in the candidate 

region cannot be ruled out. Fang et al. (2012) identified 240 orphan genes with no counterpart 

in any other organism (human, horse, dog, cat, cattle, rat and mouse) during analysis of the 

genome sequence of the Wuzhishan miniature pig. Also, the candidate region could contain a 

trans-acting element interacting with a distant gene influencing F4 ETEC adherence in pigs.  

Based on previous F4 ETEC binding studies, it was concluded that the carbohydrate moiety of 

glycoconjugates appears to be necessary for establishing adhesion with the F4 adhesin 

(Erickson et al., 1992; Grange and Mouricout, 1995; Grange et al., 1999; Coddens et al., 

2011; Melkebeek et al., 2012). We propose that a porcine orphan gene or a trans-acting 

element present in the candidate region (chr13: 144,810,100-144,993,222) has an effect on the 

glycosylation of F4 binding proteins and therefore determines the F4 ETEC susceptibility in 

pigs. 
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4. F4ac-RELATED EXPRESSION ANALYSIS OF THE 

AMINOPEPTIDASE N GENE IN PIGS 

4.1. Abstract 

Intestinal infections with F4 enterotoxigenic Escherichia coli (F4 ETEC) are worldwide an 

important cause of diarrhea in neonatal and recently weaned pigs. F4 fimbriae mediate the 

adherence of F4
 
ETEC to the small intestine by binding to specific receptors. Porcine 

aminopeptidase N (ANPEP) was recently identified as a new F4ac receptor. Because ANPEP 

is located on chromosome 7 (SSC7) and the causal mutation for F4ab/ac susceptibility is 

shown to be located on chromosome 13 (SSC13) (but not yet identified), we investigated if 

F4ac susceptibility is determined by differential expression of ANPEP, regulated by the causal 

mutation in a trans-acting manner. The expression of ANPEP was investigated by RT-PCR 

and sequencing, using three F4ac receptor-positive (F4acR
+
) and two F4ac receptor-negative 

(F4acR
-
) pigs, which were F4ac phenotyped based on the oral immunization assay with F4ac 

fimbriae and the in vitro villous adhesion assay for F4ac ETEC. No F4ac adhesion phenotype 

explaining differential gene expression was found in the small intestine of F4acR
+
 and F4acR

-
 

pigs. In conclusion, we hypothesize that the differences in F4ac binding to ANPEP might be 

due to modifications in its carbohydrate moieties by a genetic variation involved in the 

glycosylation of ANPEP. 
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4.2. Introduction 

Enterotoxigenic Escherichia coli (ETEC) expressing F4 fimbriae are worldwide a major cause 

of diarrhea in neonatal and recently weaned pigs (Do et al., 2006; Zhang et al., 2007; 

Amezcua et al., 2008; Madoroba et al., 2009; De la Fe Rodriguez et al., 2011). The bacteria 

colonize the small intestine of the pig by binding with their F4 fimbriae to specific receptors 

and produce enterotoxins, inducing diarrhea (Jones and Rutter, 1972; Alexander, 1994). The 

F4 fimbriae, composed of major and minor subunit structures, exist in three serological 

variants, namely F4ab, F4ac and F4ad (Orskov et al., 1964; Guinee and Jansen, 1979; Mooi 

and de Graaf, 1985). These variants differ in the amino acid composition of the major fimbrial 

subunit FaeG, which has adhesive properties and recognize glycoconjugates on the surface of 

enterocytes (Kearns and Gibbons et al., 1979; Sellwood, 1980; Bakker et al., 1992; Van den 

Broeck et al., 1999a). Although different F4 receptor profiles were observed due to different 

F4 ETEC adhesion phenotypes, no causal mutation in previously proposed candidate genes 

has yet been identified (Ren et al., 2012; Schroyen et al., 2012). 

Recently, aminopeptidase N (ANPEP) has been found to act as an endocytotic F4ac receptor 

by comparative proteomic analysis of the brush border proteins in F4ac receptor-positive 

(F4acR
+
) and F4ac receptor-negative (F4acR

-
) pigs (Melkebeek et al., 2012). ANPEP, 

belonging to the M1 family of zinc metallopeptidase, is a 936 amino acid membrane 

glycoprotein and is widely expressed on the surface of various cell types, including porcine 

enterocytes (Delmas et al., 1992; Rawlings and Barrett., 1993; Olsen et al., 1997). The gene 

encoding ANPEP [GenBank: NC_010449.4] is located on SSC7 and is composed of 20 exons 

(Poulsen et al., 1991). Although the locus controlling F4ab/ac ETEC susceptibility has been 

mapped on SSC13, it is possible that variation in gene expression (no expression or 

expression of an isoform to which binding is impossible) of ANPEP, localized on SSC7, is 

regulated by trans-acting factors present in the candidate region on SSC13 and therefore 

explain the F4ac ETEC binding profile to ANPEP in F4ac phenotyped pigs (Douglas and 

Wood, 2011; Ren et al., 2012; Schroyen et al., 2012; Nguyen and Seoighe, 2013).  
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4.3. Material and methods  

4.3.1. Animals, sample collection and F4ac phenotyping 

Forty-six mixed-breed pigs from seven different litters were phenotyped for the presence or 

absence for the F4ac receptor (Table 4.1). Blood samples for DNA analysis were collected 

before euthanasia at 6-18 weeks of age in EDTA blood tubes and stored at -20 °C. After 

euthanasia, mid-jejunum samples for RNA analysis were collected, washed 3 times with 

Krebs–Henseleit buffer (0.12 M NaCl, 0.014 M KCl, 0.001 M KH2PO4, 0.025 M NaHCO3, 

pH 7.4). Next, they were frozen in liquid nitrogen and stored at -80 °C. Mid-jejunum samples 

for the in vitro villous adhesion assay were washed twice with ice cold Krebs-Henseleit buffer, 

followed by one washing step with Krebs–Henseleit buffer containing 1 % (v/v) 

formaldehyde. Villi were then scraped from the mucosa and stored as mentioned in Van den 

Broeck et al. (1999b).  

For the oral immunization, pigs were orally given 1 mg of F4ac fimbriae (strain Gis26) in 10 

ml phosphate buffered saline (PBS) on three consecutive days and once again at 15 days post 

primary immunization. Blood was collected before the first immunization and after the second 

immunization at 15 and 21 days from the jugular vein to determine seropositivity via an F4ac-

specific ELISA (Van den Broeck et al., 1999b). 

The presence of the F4ac receptor was determined by performing the in vitro villous adhesion 

assay for the F4ac variant (Van den Broeck et al., 1999b; see Table 4.1). 

Experimental and animal management procedures were approved by the animal care and 

ethics committee of the Faculty of Veterinary Medicine at Ghent University (EC2010/042). 

 

4.3.2. RNA isolation and cDNA synthesis 

Total RNA isolation of mid-jejunum samples of five pigs (pig 5, 8, 15, 33, 36) was performed 

by using the Aurum™ Total RNA Fatty and Fibrous Tissue kit (Bio-Rad) according to the 

instructions of the manufacturer. Residual DNA was removed with an on-column DNase 

treatment. The concentration of total RNA (between 400 and 1600 ng/μl) and the OD260/280 

ratio for purity (between 2.09 and 2.14) were measured by the Nanodrop ND-1000 

Spectrophotometer (Isogen). RNA quality was assessed by evaluation of the 28S and the 18S 

ribosomal bands from 1 μg of total RNA on a 0.8 % agarose gel stained with ethidium 

bromide. All RNA samples were confirmed to be DNA-free by a minus RT-PCR with 
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SscrANPEP-F5/R5 primer pair on 20 ng RNA (Table 4.2). Positive and negative controls 

were included. The PCR product was examined by gel electrophoresis.  

Then cDNA was synthesized from 1 μg high quality RNA with the Improm-II Reverse 

Transcriptase kit (Promega) using Random and Oligo dT primers (each 0.5 μg per reaction), 

verified by PCR (similar to the minus RT-PCR but with 10× diluted cDNA as a template and 

40 PCR cycles) and examined by gel electrophoresis. 

 

 

Table 4.1: Detailed list of the pigs used in this study. 

Information pig 
F4ac binding 

profiling 
Information pig 

F4ac binding 

profiling 

Pig Litter Sow Boar IR
1
 

F4ac 

adhesion
2
 

Pig Litter Sow Boar IR
1
 

F4ac 

adhesion
2
 

1 1 Sow A Boar A + +++ 24 2 Sow B Boar B + +++ 

2 1 Sow A Boar A + +++ 25 2 Sow B Boar B + + 

3 1 Sow A Boar A + +++ 26 4 Sow D Boar C + +++ 

4 1 Sow A Boar A + +++ 27 4 Sow D Boar C + +++ 

5 1 Sow A Boar A + +++ 28 4 Sow D Boar C + +++ 

6 2 Sow B Boar B + +++ 29 4 Sow D Boar C + + 

7 2 Sow B Boar B + +++ 30 5 Sow E Boar D + + 

8 2 Sow B Boar B + +++ 31 7 Sow G Boar F + + 

9 3 Sow C Boar A + +++ 32 4 Sow D Boar C - - 

10 3 Sow C Boar A + +++ 33 4 Sow D Boar C - - 

11 5 Sow E Boar D + +++ 34 4 Sow D Boar C - - 

12 5 Sow E Boar D + +++ 35 4 Sow D Boar C - - 

13 5 Sow E Boar D + +++ 36 5 Sow E Boar D - - 

14 5 Sow E Boar D + +++ 37 5 Sow E Boar D - - 

15 5 Sow E Boar D + +++ 38 4 Sow D Boar C + - 

16 6 Sow F Boar E + +++ 39 4 Sow D Boar C + - 

17 6 Sow F Boar E + +++ 40 6 Sow F Boar E + - 

18 6 Sow F Boar E + +++ 41 6 Sow F Boar E + - 

19 7 Sow G Boar F + +++ 42 7 Sow G Boar F + - 

20 7 Sow G Boar F + +++ 43 3 Sow C Boar A + - 

21 7 Sow G Boar F + +++ 44 4 Sow D Boar C - +++ 

22 1 Sow A Boar A + +++ 45 4 Sow D Boar C - +++ 

23 2 Sow B Boar B + + 46 5 Sow E Boar D - +++ 
1
IR (immune response) is defined as follows: ‘+’ denotes positive immune response upon oral 

immunization with F4ac fimbriae, ‘-’ denotes negative immune response. 
2
F4ac ETEC adhesion is defined as follows: ‘+++’ denotes strong adhesion, ‘+’ denotes weak 

adhesion, ‘-’ denotes no adhesion. 
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4.3.3. Expression analysis and sequencing the complete coding sequence of ANPEP by 

RT-PCR  

cDNA was used for amplifying the whole coding sequence of ANPEP in four overlapping 

amplicons with four sets of primer pairs (SscrANPEP-F1/R1, -F2/R2, -F3/R3 and -F4/R4) 

designed with Primer3Plus (Untergasser et al., 2007; Table 4.2) in three F4acR
+
 piglets (pig 5, 

8, 15) and two F4acR
-
 piglets (pig 33, 36). The composition of the PCR mix and the PCR 

conditions with 40 PCR cycles were similar as described above. PCR products were examined 

by gel electrophoresis for differential gene expression and alternative splicing. 

After purification of the PCR products with Exonuclease I (4 U) and Antarctic Phosphatase 

(2 U) (New England Biolabs) at 37 °C for 30 min and 80 °C for 15 min, 1 µl PCR product 

was directly sequenced with 2 pmol of the corresponding ANPEP primers and an additional 

sequence primer (Table 4.2) using the BigDye Terminator v3.1 Cycle Sequencing Kit 

(Applied Biosystems). The sequence reactions were analyzed on a 16-capillary 3130xl 

DNA Analyzer (Applied Biosystems) according to the manufacturer’s protocol. Sequences 

were processed using BioEdit software (Hall et al., 1999). 

 

Table 4.2: Primer pairs for amplification and sequencing of ANPEP (Genbank: NM_214277.1). 

Primer F-primer (5’→3’) 

R- primer (5’→3’) 

Ta (°C) 

Length cDNA / gDNA (bp) 
Exon 

SscrANPEP-F1 

SscrANPEP-R1 

GCTCCCTTCTCACCCTCACCAT 

AGTCGGGCAAGGCAATCTGG 

68 

1050 / - 
EX1→EX5 

SscrANPEP-R1b GGACGATGCTTTTGCCCTTGA Seq primer EX1 

SscrANPEP-F2 

SscrANPEP-R2 

TGGCCTACATCGTGAGCGAGTT 

AGATGAGATGGGAACAATCCAGAGGT 

64 

935 / - 
EX3→EX11 

SscrANPEP-F3 

SscrANPEP-R3 

AGATGGGCTTCCCCGTCATC 

CTGTTCAGGAGCCAGACCTCGTT 

68 

895 / - 
EX10→EX17 

SscrANPEP-F4 

SscrANPEP-R4 

GCGGTCCACCATCTACTGCAA 

TTCTCAGGTTCAGGGTCTTTATGGAA 

64 

900 / - 
EX17→EX20 

SscrANPEP-F5 

SscrANPEP-R5 

GAATGACCTGTGGCTGAATGAGG 

GAGTCAAACATCTCGCTGATCTGG 

66 

210 / 307 
EX6→EX7 
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4.4. Results 

4.4.1. F4ac phenotyping in pigs 

To obtain a reliable F4ac phenotype, two tests were performed in 46 pigs, the oral 

immunization assay with F4ac fimbriae and the in vitro villous adhesion assay for F4ac ETEC 

(Table 4.1). In this study, 31 seropositive pigs showed adhesion towards F4ac ETEC and six 

seronegative pigs showed no F4ac ETEC adhesion. Six seropositive pigs showed no F4ac 

ETEC adhesion and three seronegative pigs showed F4ac adhesion. Five pigs were selected 

for the RT-PCR experiments: three F4acR
+
 pigs (seropositive and strong F4ac ETEC 

adhesion) and two F4acR
-
 pigs (seronegative and no F4ac ETEC adhesion). 

 

4.4.2. Expression analysis and sequencing the complete coding sequence of ANPEP by 

RT-PCR  

Expression of ANPEP in the small intestine was analyzed via gel electrophoresis of the RT-

PCR products. For all four primer pairs, covering the complete coding sequence, no obvious 

expression difference (expression or not, or expression of isoforms with a detectable amplicon 

size difference) was identified between the F4acR
+
 and the F4acR

-
 pigs, as illustrated in 

Figure 4.1 for primer pair SscrANPEP-F3/R3. All amplicons were sequenced to detect 

isoforms with a similar amplicon size than the wild type amplicon, but none were found. Only 

eight point mutations were found in the three F4acR
+
 and two F4acR

-
 pigs sequenced (Table 

4.3): two silent mutations (exon 1), five missense mutations (exon 1, 4 and 12), and one 

mutation in the beginning of the partially sequenced 3’UTR (exon 20). The mutation in the 

3’UTR was found in a region where no microRNA binding sites were detected by miRbase 

(Griffiths-Jones, 2004).  
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Figure 4.1: Agarose gel of SscrANPEP-F3/R3 PCR products using cDNA as a template 

representing the absence of differential gene expression and obvious alternative splice 

variants in the small intestine of F4acR
+
 and F4acR

- 
pigs. Lane 1: 1Kb Plus DNA ladder 

(Invitrogen); lane 2: F4acR
+
 pig 5; lane 3: F4acR

+
 pig 8; lane 4: F4acR

+
 pig 15; lane 5: 

F4acR
-
 pig 33; lane 6: F4acR

-
 pig 36; lane 7: water. 

 

 

 

Table 4.3: ANPEP mutations detected in 3 F4acR
+
 and 2 F4acR

-
 pigs during sequencing. 

 

EX1  
g.2380 

C>T 
(Y33Y) 

EX1  
g.2419 

G>A 
(Q46Q) 

EX1 
g.2602 

C>A 
(F107L) 

EX1 
g.2603 

A>C 
(I108L) 

EX1  
g.2615 

C>T 
(P112S) 

EX4  
g.4328 

C>T 
(P330S)  

EX 12  
g.8214 

A>G 
(I621V) 

EX 20  
g.16875 

C>G 
(-) 

NCBI_ss# 831884247 831884248 831884249 831884250 831884251 831884252 831884254 831884255 

PIG 5 

(R
+
) 

TAC/TAC  
(Y33Y) 

CAG/CAG  
(Q46Q) 

TTA/TTA 
(L107L) 

CTT/CTT 
(L108L) 

CCC/CCC  
(P112P) 

CCC/TCC  
(P330S)  

ATC/ATC  
(I621I) 

C/C 

PIG 8 

(R
+
) 

TAC/TAC  
(Y33Y) 

CAG/CAG  
(Q46Q) 

TTA/TTA 
(L107L) 

CTT/CTT 
(L108L) 

CCC/CCC  
(P112P) 

CCC/CCC  
(P330P)  

GTC/GTC 
(V621V) 

C/C 

PIG 15 

(R
+
) 

TAC/TAT  
(Y33Y) 

CAG/CAA  
(Q46Q) 

TTA/TTA 
(L107L) 

CTT/CTT 
(L108L) 

CCC/CCC  
(P112P) 

CCC/CCC  
(P330P)  

GTC/GTC 
(V621V) 

C/C 

PIG 33 

(R
-
) 

TAC/TAC  
(Y33Y) 

CAG/CAG  
(Q46Q) 

TTA/TTA 
(L107L) 

CTT/CTT 
(L108L) 

CCC/CCC  
(P112P) 

CCC/CCC  
(P330P)  

GTC/GTC 
(V621V) 

C/C 

PIG 36 

(R
-
) 

TAC/TAT  
(Y33Y) 

CAG/CAA  
(Q46Q) 

TTA/TTA 
(L107L) 

CTT/CTT 
(L108L) 

CCC/TCC 
(P112S) 

TCC/TCC  
(S330S) 

GTC/GTC 
(V621V) 

C/G 

Mutation in codon and subsituted amino acid are underlined. 
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4.5. Discussion 

For thirty-seven pigs (80.43 %) the results of the oral immunization assay and the in vitro 

villous adhesion assay were in agreement, whereas for nine pigs (19.56 %) the results were 

conflicting.  

Six pigs (13.04 %) showed in vitro no F4ac ETEC adhesion and became nevertheless 

seropositive. Blotting of brush border membrane proteins of these pigs with F4ac fimbriae 

displayed similar F4ac binding patterns as the F4acR
-
 group described in Nguyen et al. (2013). 

It has been described that oral administration of F4ac antigens to F4acR
-
 pigs (based on the in 

vitro villous adhesion test) can prime the immune system resulting in a secondary antibody 

response following a subsequent intramuscular immunization (Van den Broeck et al., 2001). 

Looking at the F4ac-specific serum IgA response of these piglets seven days after boosting, a 

weaker response occurred (from a titer of seven to 30) in comparison with F4acR
+
 piglets 

(titer increased till 43). Consequently, we hypothesize that, at least during the second oral 

immunization, F4ac antigens boosted the immune system via small wounds in the mouth or 

mucosa of these pigs.  

Three seronegative pigs (6.52 %) were F4ac ETEC adhesion-positive. Although the in vitro 

villous adhesion test has been proven to be reliable (Van den Broeck et al., 1999b), it has been 

described that the correlation between in vitro F4 ETEC adhesion to isolated brush border 

vesicles and F4 ETEC susceptibility is not absolute (Francis et al., 1998). 

Having well-characterized case-control groups is necessary in order to find a strong genotype-

phenotype correlation in genetic association studies. We propose to use pigs with 

corresponding results for the oral immunization and the in vitro villous adhesion assay for 

F4ac phenotyping the case-control groups for F4ac ETEC. We decided not to include 

genotyping data of MUC4 (Jørgensen et al., 2004) nor MUC13 (Ren et al., 2012) because 

their association with the F4ac adhesion phenotype was found to be too low, at least in our 

Belgian breeds (Goetstouwers et al., 2014).     

Because ANPEP was recently identified as an endocytotic receptor for F4ac ETEC 

(Melkebeek et al., 2012), the expression of ANPEP was investigated in the small intestine by 

RT-PCR and sequencing, because only an obvious difference in expression (expression or no 

expression) between F4acR
+
 and F4acR

-
 pigs could explain binding or no binding of F4ac 

ETEC in pigs. We could conclude that no apparent expression difference was observed.  

Also, alternative splicing could play a role in F4ac ETEC susceptibility by removing or 

adding specific domains of the F4ac fimbriae binding site, or by altering the steric structure of 
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ANPEP. Although human ANPEP is subjected to alternative splicing (Dybkaer et al., 2001) 

we observed no porcine ANPEP alternative splice variants in the small intestine during the 

RT-PCR experiment and sequencing of all the fragments. 

ANPEP mutations cannot play a role in the F4ac ETEC susceptibility because previous 

linkage studies have shown that the locus controlling F4ab/ac ETEC susceptibility is located 

on SSC13 (Ren et al., 2012; Schroyen et al., 2012). As a result we can conclude that the eight 

identified mutations do not have an effect on the F4ac binding properties of ANPEP. 

It was shown that F4ac ETEC, like porcine transmissible gastroenteritis coronaviruses, is 

binding on the carbohydrate moieties of ANPEP in a sialic acid-dependent manner (Schultze 

et al., 1996; Melkebeek et al., 2012). Given the results described above, F4ac susceptibility is 

not governed by ANPEP expression regulated by the as of yet unidentified causal mutation on 

SSC13. We hypothesize that the susceptibility towards F4ac ETEC mediated by ANPEP is 

not due to modifications in the protein itself, but due to modifications in the carbohydrate 

structures attached to it by a genetic variation influencing the glycosylation of ANPEP. 
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5. VARIATION IN 12 PORCINE GENES INVOLVED IN THE 

CARBOHYDRATE MOIETY ASSEMBLY OF GLYCOSPHINGOLIPIDS 

DOES NOT ACCOUNT FOR DIFFERENTIAL BINDING OF F4 ETEC 

AND THEIR FIMBRIAE 

5.1. Abstract 

Glycosphingolipids (GSLs) are important membrane components composed of a carbohydrate 

structure attached to a hydrophobic ceramide. They can serve as specific membrane receptors 

for microbes and microbial products, such as F4 enterotoxigenic Escherichia coli (F4 ETEC) 

and isolated F4 fimbriae. The aim of this study was to investigate the hypothesis that variation 

in genes involved in the assembly of the F4 binding carbohydrate moiety of GSLs (i.e. ARSA, 

B4GALT6, GAL3ST1, GALC, GBA, GLA, GLB1, GLB1L, NEU1, NEU2, UGCG and UGT8) 

could account for differential binding of F4 ETEC and their fimbriae.  

RT-PCR could not reveal any differential expression of the 12 genes in the jejunum of F4 

receptor-positive (F4R
+
) and F4 receptor-negative (F4R

-
) pigs. Sequencing the complete open 

reading frame of the 11 expressed genes (NEU2 was not expressed) identified 72 mutations. 

Although some of them might have a structural effect, none of them could be associated with 

a F4R phenotype.  

We conclude that no regulatory or structural variation in any of the investigated genes is 

responsible for the genetic susceptibility of pigs towards F4 ETEC. 
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5.2. Introduction 

Glycosphingolipids (GSLs) are membrane components that participate in many intracellular 

and extracellular biological processes (Lingwood, 2011). They are located in the outer leaflet 

of the plasma membrane in mammalian cells and are composed of a carbohydrate moiety 

linked to a lipid (ceramide). Biosynthesis of GSL occurs by the stepwise addition of 

carbohydrates first to the ceramide component, then to the growing carbohydrate chain (Varki 

et al., 2009). The genes from the cerebroside-sulfatid region of the sphingolipid metabolism 

pathway are directly involved in synthesizing the carbohydrate core structure of GSLs (Figure 

5.1). The cell surface carbohydrate structure of GSL can serve as specific binding sites for 

pathogens and their toxins, leading to subsequent adhesion (Schengrund, 2003). Recently, it 

has been shown that the carbohydrate moiety of GSL interacts with F4 enterotoxigenic 

Escherichia coli (F4 ETEC) and their fimbriae (Coddens et al., 2011). F4 ETEC infections are 

a major cause of neonatal and post-weaning diarrhea in pigs (Fairbrother et al., 2005). 

Following attachment with their F4 fimbriae to specific receptors in the small intestine, they 

colonize the small intestine and produce enterotoxins (heat-labile and heat-stable enterotoxins) 

which stimulate fluid secretion of epithelial cells, causing diarrhea in young pigs. Three 

antigenic F4 variants (F4ab, F4ac and F4ad) have been described (Gaastra and de Graaf, 

1982). The F4ac variant is worldwide the most common variant, except in central China 

where the F4ad variant is the most prevalent (Fairbrother et al., 2005, Wang et al., 2006). 

Susceptibility towards F4 ETEC is inherited as an autosomal dominant Mendelian trait and 

the locus controlling F4ab/ac ETEC susceptibility has been mapped on chromosome 13 

(SSC13). Recently, a new refined candidate region for F4ab/ac ETEC susceptibility has been 

identified on SSC13 indicating that the causal mutation for F4ab/ac ETEC susceptibility is not 

located in the previous suggested candidate genes on SSC13 (Goetstouwers et al., 2014a). The 

locus controlling F4ad ETEC susceptibility has not been mapped yet. So far, no causal 

mutation explaining the F4ab/ac/ad ETEC susceptibility in pigs has been identified (Schroyen 

et al., 2012; Rampoldi, 2013; Goetstouwers et al., 2014a). Therefore, the purpose of this study 

is to determine if the F4 ETEC binding differences observed by Coddens et al. (2011) could 

be explained by differential expression (for F4ab/ac/ad) or structural variation (for F4ad) of 

genes involved in the assembly of the carbohydrate moiety of GSLs. 
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Figure 5.1: F4 ETEC binding on GSLs and the 12 investigated genes of the cerebroside-sulfatid pathway. 

The carbohydrate moiety of GSLs has been shown to bind F4 ETEC and their fimbriae. According to Coddens et al. (2011), galactosylceramide 

Galβ1Cer binds to F4ab/ac ETEC and fimbriae. Twelve genes involved in the carbohydrate moiety assembly of glycosphingolipids were selected 

from the cerebroside-sulfatid region of the sphingolipid metabolism pathway (adapted from KEGG pathway 00600).  

The solid lines represent molecular interaction or relation, the dashed lines represent linked to another map (see http://www.genome.jp/kegg-

bin/show_pathway?map00600 for further details). 
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5.3. Methods 

5.3.1. Sample collection 

Crossbred pigs from different litters were euthanized at 5-18 weeks of age. Before 

euthanasia, blood samples were collected in EDTA blood tubes and stored at -20 °C for 

DNA isolation. After slaughter, samples of mid-jejunum were collected using protocols 

approved by the animal care and ethics committee of the Faculty of Veterinary Medicine, 

University of Ghent (EC2010/042). Mid-jejunum samples for RNA isolation were washed 

three times with Krebs–Henseleit buffer (0.12 M NaCl, 0.014 M KCl, 0.001 M KH2PO4, 

0.025 M NaHCO3, pH 7.4), immediately frozen in liquid nitrogen and stored at -80 °C 

until RNA isolation. Villi from mid-jejunum samples for the in vitro villous adhesion assay 

were isolated and stored as described by Van den Broeck et al. (1999a). 

 

5.3.2. Animal selection based on the in vitro villous adhesion assay 

The in vitro villous adhesion assay for F4ab/ac/ad ETEC was carried out as described by Van 

den Broeck et al. (1999a). Adhesion of more than 30 bacteria per 250 μm villous brush border 

length was noted as strong adhesive for F4 ETEC (F4R
+
) and less than 5 bacteria per 250 µm 

brush border length was noted as non-adhesive for F4 ETEC (F4R
-
) (Cox and Houvenaghel, 

1993).  

Eight pigs, representing six different F4 adhesion phenotypes, were selected for the 

expression study and mutation detection. These phenotypes were previously described as 

phenotype A (F4ab/ac/adR
+
; pig 1 and 2), B (F4ab/acR

+
; pig 3), C (F4ab/adR

+
; pig 4), D 

(F4adR
+
; pig 5), E (F4ab/ac/adR

-
; pig 6 and 7) and F (F4abR

+
; pig 8) (Bijlsma et al., 1982; 

Baker et al., 1997). The phenotypes G (F4acR
+
) and H (F4ac/adR

+
), mainly observed in 

eastern breeds, were absent in our study (Bonneau et al., 1990, Li et al., 2007; Yan et al., 

2009). Fourteen additional pigs were selected, only based on the presence of the F4ad 

receptor (7 F4adR
+
 and 7 F4adR

-
), for the GALC (c.979T>C) mutation screening. 
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5.3.3. DNA isolation, RNA isolation and cDNA synthesis 

DNA isolation from frozen blood samples was performed as described by Van Poucke et al. 

(2005). RNA isolation and cDNA synthesis of frozen mid-jejunum samples was performed 

as described by Goetstouwers et al. (2014b). 

 

Table 5.1: Details of the investigated genes involved in the assembly of the F4 binding 

carbohydrate moiety of GSLs. 

Gene 

Symbol 
Gene Description 

NCBI 

gene ID 

RefSeq 

status 
Chr. AccNo 

ARSA arylsulfatase A 396973 Non-curated 5 NM_213933.1 

B4GALT6 beta-1,4-galactosyltransferase 6 100517222 Non-curated 6 XM_003127886.3 

GAL3ST1 galactose-3-O-sulfotransferase 1 100155265 Non-curated 14 NM_001244429.1 

GALC Galactosylceramidase 100156917 Curated 7 NM_001243631.1 

GBA glucosidase, beta 449572 Non-curated 4 NM_001005730.1 

GLA galactosidase, alpha 407057 Non-curated X NM_001177925.1 

GLB1 galactosidase, beta 1 / / 15
α
 AK230951.1 

GLB1L galactosidase, beta 1-like 100154356 Non-curated 15 XM_001928375.3 

NEU1 sialidase 1 100124381 Non-curated 7 NM_001101822.1 

NEU2 sialidase 2 100738467 Non-curated 15 XM_003483766.2 

UGCG 
UDP-glucose ceramide 

glucosyltransferase 
100152737 Non-curated 1 XM_001925267.5 

UGT8 UDP glycosyltransferase 8 / / 8
α
 GU991196.1 

α
 chromosome location based on human comparative mapping information 

 

5.3.4. In silico gene analysis and experimental validation 

Non-curated porcine gene sequences (Table 5.1) from NCBI databases were (re)checked 

manually using BLAST analysis (genomic and mRNA) for a human-pig and a pig-pig 

comparison (Benson et al., 2009). Primers were designed with Primer3Plus (Untergasser et 

al., 2007), generating overlapping amplicons that cover the complete coding sequence. RT-

PCR products were generated with porcine mid-jejunum cDNA as a template (Table 5.2), 

http://www.ncbi.nlm.nih.gov/nuccore/NM_213933.1
http://www.ncbi.nlm.nih.gov/nuccore/XM_003127886.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_001244429.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_001243631.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_001005730.1
http://www.ncbi.nlm.nih.gov/nuccore/295444971
http://www.ncbi.nlm.nih.gov/nuccore/XM_001928375.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_001101822.1
http://www.ncbi.nlm.nih.gov/nuccore/XM_003483766.2
http://www.ncbi.nlm.nih.gov/nuccore/XM_001925267.5
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of which 2 µl was used to check the amplicon length using agarose gel electrophoresis. The 

rest of the product (8 µl) was cleaned up with 4 U Exonuclease I and 2 U Antarctic 

Phosphatase (New England Biolabs) at 37 °C for 30 min and 80 °C for 15 min, and 

sequenced for verification. Forward and reverse sequencing reactions were performed with 

the PCR primers as described by Goetstouwers et al. (2014b). 

 

Table 5.2: Oligonucleotide sequences of primers with their specifications (ANPEP: 

NM_214277.1, ARSA: NM_213933.1, B4GALT6: XM_003127886.3, GAL3ST1: NM_001244429.1, 

GALC: NM_001243631.1, GBA: NM_001005730.1, GLA: NM_001177925.1, GLB1: AK230951.1, 

GLB1L: XM_001928375.3, NEU1: NM_001101822.1, NEU2: XM_003483766.2, UGCG: 

XM_001925267.5, UGT8: JQ650526).  

 

Gene 

(Chr.) 

Name 

Primer pair 

F-primer (5’→3’) 

R-primer (5’→3’) 

Ta (°C) 

Length cDNA 

/ gDNA (bp) 

Exon (EX) / 

Intron (IN) 

ANPEP 

(7) 

SscrANPEP-F1 GAATGACCTGTGGCTGAATGAGG 66 

210 / 307 
EX 6 → EX 7 

SscrANPEP-R1 GAGTCAAACATCTCGCTGATCTGG 

ARSA 

(5) 

SscrARSA-F1 GTCAGTGTGCGGGGACTTCT 66 

578 / - 
EX 1 → EX 4 

SscrARSA-R1 GGAAGCAGGTCAGGTTCTGG 

SscrARSA-F2 ATGTGCCGGTGTCTCTGTGC 66 

960 / - 
EX 2 → EX 8 

SscrARSA-R2 TCATCTGGGTAGGCCGGGTA 

SscrARSA-F3 AGACAACGGACCCGAGACGA 66 

783 / - 
EX 5/6 → EX 9 

SscrARSA-R3 TCGAGCCACCTTCATCCACTC 

B4GALT6 

(6) 

SscrB4GALT6-F1 TGCAGTCTCGGGGTTTGTT 62 

1009 / - 
EX 1 → EX 7 

SscrB4GALT6-R1 CCAAAGGTCATCGTCTTCTCC 

SscrB4GALT6-F2 GCAGCCTTTTAACCGTGCAAT 62 

751 / - 
EX 6 → EX 9 

SscrB4GALT6-R2 CGCCGAAGGGAATGAGTCTA 

GAL3ST1 

(14) 

SscrGAL3ST1-F1 TGCAGGGTACAGGGACATGC 64°C 

866 / - 
EX 1 → EX 3 

SscrGAL3ST1-R1 GAAGAGCAGGTTGCGGAGGT 

SscrGALT3ST1-F2 GCTTCCACTACGACGAGGTT 62°C 

962 / - 
EX 3 → EX 3 

SscrGAL3ST1-R2 AGTCCTGGCTGGTTGCAC 

GALC 

(7) 

SscrGALC-F1 AACTCCTGCCCTTCTCCATCA 56 

1009 / - 
EX 1 → EX 9 

SscrGALC-R1 CTAGCCACTAAATTCCAAGCAATGG 

SscrGALC-F2 GATGCTAGGTTGACTGAGAAGAAGC 64 

965 / -  
EX 8 → EX 15 

SscrGALC-R2 TTACCCTTCCGGCAATGAAC 

SscrGALC-F3 TGTCTATGAGGACGATTTCAACG 64 

967 / - 
EX 13 → EX 17 

SscrGALC-R3 CGACGAGGACACAGCTCACT 

SscrGALC-F4 CATTTGTGACCTCTCTGGTACTGG 62 

- / 520
 α
 

IN 8 → IN 9 
SscrGALC-R4 AGGTGCTGTTTGCCTTGTCTC 

GBA 

(4) 

SscrGBA-F1 ACCAATAAGAAGTGCGGAAAGG 60 

833 / - 
EX 1 → EX 6 

SscrGBA-R1 AACTGGAAGTCATCAGGGGTGT 

SscrGBA-F2 GATTTGGAGGGGCCATGA 64 

909 / - 
EX 5 → EX 11 

SscrGBA-R2 CAGTCAGTCCAGCCAACCAC 

SscrGBA-F3 AGGCGGCTAAGTACGTTCA 64 

965 / - 
EX 10 → EX 13 

SscrGBA-R3 CGGCTTTCCTAGTCTCTTCC 

GLA 

(X) 

SscrGLA-F1 AAGAACCTAGAAGCCCAGGTGACT 66 

961 / - 
EX 1 → EX 6 

SscrGLA-R1 TCGGAGGTCATTGGACATGAG 

SscrGLA-F2 TTGGACTGGACATCTTCTAACCA 64 

702 / - 
EX 5 → EX 7 

SscrGLA-R2 GCTGCGGTTGTGACCTACAC 

GLB1 

(15) 

SscrGLB1-F1 CTGTCCCGGCGCTGACTG 64 

932 / - 
EX 1 → EX 8 

SscrGLB1-R1 CGTGGAGGAAAGAAGCCACCA 

SscrGLB1-F2 TGAACCCAGAGGACCCTTGA 64 

1101 / - 
EX 7 → EX 16 

SscrGLB1-R2 GTGCATGCTCCAGCTCCAG 

SscrGLB1-F4 ATCTTCCCGATGGACACTGA 64 

594 / - 
EX 15 → EX 16 

SscrGLB1-R4 GCAGGAAATCCTTGGGTGA 

http://www.ncbi.nlm.nih.gov/nuccore/XM_003127886.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_001005730.1
http://www.ncbi.nlm.nih.gov/nuccore/295444971
http://www.ncbi.nlm.nih.gov/nuccore/XM_001928375.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_001101822.1
http://www.ncbi.nlm.nih.gov/nuccore/XM_003483766.2
http://www.ncbi.nlm.nih.gov/nuccore/XM_001925267.5
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α
Positions of GALC±4 and amplicon size based on Acc. Nr. NC_010449.4  

 

5.3.5. Semi-quantitative expression study via RT-PCR 

All above mentioned primers, generating overlapping amplicons covering the complete 

open reading frame of the 12 investigated genes, were used to perform RT-PCR (see above) 

on cDNA of the mid-jejunum samples of the 8 selected animals. Agarose gel 

electrophoresis was used to analyze the number and the length of the PCR products to 

check for phenotype explaining alternative splicing, and to compare the intensity of the 

bands to check for phenotype explaining differential expression (semi-quantitatively). 

ACTB was used as a validated reference gene (Erkens et al., 2006). 

 

5.3.6. Mutation detection via sequencing of the RT-PCR products 

All RT-PCR products from the expression study were sequenced (see above) to check for 

F4ad phenotype explaining structural mutations. 

Gene 

(Chr.) 

Name 

Primer pair 

F-primer (5’→3’) 

R-primer (5’→3’) 

Ta (°C) 

Length cDNA 

/ gDNA (bp) 

Exon / Intron 

GLB1L 

(15) 

SscrGLB1L-F1 CGGTTCCCTCCCAGGAATCT 70 

971 / - 
EX 1 → EX 8 

SscrGLB1L-R1 CATGTTCACACTGGCTCCCAAC 

SscrGLB1L-F2 TATGAACCCCACGGGCCACT 62 

816 / - 
EX 7 → EX 15 

SscrGLB1L-R2 TGGATGGGAAACCACCACTTTACA 

SscrGLB1L-F3 CGTGCCTACGTCATGGTGGA 62 

883 / - 
EX 13 → EX 16 

SscrGLB1L-R3 AACCGGAGGGCATTTGGAAG 

NEU1 

(7) 

SscrNEU1-F1 TGCTGTGGATTTGAGGGTGA 64 

812 / - 
EX 1 → EX 4 

SscrNEU1-R1 ATCGCTGAGGAGGCAGAAGA 

SscrNEU1-F2 TCCTTGGATATAGGCACTGAGATGT 64 

786 / - 
EX 3 → EX 6 

SscrNEU1-R2 GGAACTCTCTTCCAGGCTCCTC 

NEU2 

(15) 

SscrNEU2-F3 GCCTACGCTTACCGCAACCT 64 

381 / - 
EX 2 → EX 2 

SscrNEU2-R3 GGATCTTCGCTTCGGGTCA 

UGCG 

(1) 

SscrUGCG-F1 AGCCACTAGGCTGCGGGAAG 66 

955 / - 
EX 1→ EX 4 

SscrUGCG-R1 GGACCTTGGATGAGAGGTTCCAA 

SscrUGCG-F2 GATGCTAGATTGTTCATAGGTGGCAAA 64 

813 / - 
EX 3/4 → EX 9 

SscrUGCG-R2 CGGCCAGTTCTCCAGCTTATTG 

SscrUGCG-F3 CCTGGCGTGGTTTATATTTGACT 62 

463 / - 
EX 8 → EX 9 

SscrUGCG-R3 CCAATTCTCTTGATTCTCTACTTCCAC 

UGT8 

(8) 

SscrUGT8-F1 CAGCCGAAGGAGCAGGAG 62 

1580 / - 
EX 1→ EX 5 

SscrUGT8-R1 TATCGTAATGGTCTCCAAAGAGTGG 

SscrUGT8-R1a CAGCAGGATACCAAAGGCCAGT 62 EX 1 → EX 1 

SscrUGT8-F2 GGGGAACAATACCAAGCTCA 62 

791 / - 
EX 4 → EX 6 

SscrUGT8-R2 CAGCCATCTTAATTCCACAGAA 
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5.3.7. GALC (c.979T>C) mutation screening 

The GALC (c.979T>C) mutation was screened in 14 additional F4ad phenotyped pigs (7 

F4adR
+
 and 7 F4adR

-
) via PCR with primer pair SscrGALC±4 and DNA as a template 

(Table 5.1), and direct sequencing with the reverse sequence primer after PCR amplicon 

clean-up (see above). 

 

5.4. Results and discussion 

For all 12 genes (Table 5.1) there is a curated human reference sequence available in the 

public databases. In pig however, this is so far only the case for GALC. For 9 genes (i.e. ARSA, 

B4GALT6, GAL3ST1, GBA, GLA, GLB1L, NEU1, NEU2 and UGCG) there was a predicted 

porcine sequence. These sequences were subjected to an in silico gene analysis and 

experimental validation. The coding sequence of all predicted porcine sequences was found to 

be correct since the exact sequence was found to be expressed in the jejunum, except for 

NEU2 that was not expressed. We neither observed NEU2 expression in porcine lymph node, 

heart, lung, dorsal muscle, diaphragm, liver, spleen, gall bladder, kidney, adrenal gland, 

bladder, duodenum, jejunum, ileum, colon and rectum (NEU2 assay was validated with DNA 

as a template; data not shown), which resembles the situation in human where extremely low 

levels of mRNA expression were found in all human tissues, except for testis, placenta and 

ovary (Koseki et al., 2012). Interspecies sequence comparison revealed the complete porcine 

GLB1 coding sequence in a non-annotated mRNA sequence [GenBank: AMP010068C04]. 

The exact sequence of 1992 bp (encoding a protein of 663 amino acids) was found to be 

expressed in the jejunum and shows 85 % sequence identity with its human ortholog 

[GenBank: NM_000404.2]. The complete coding sequence of porcine UGT8 (1623 bp; 

encoding a protein of 541 amino acids) was amplified by RT-PCR from jejunum cDNA with 

primers based on its human ortholog [GenBank: NM_001128174.1]. Interspecies comparison 

showed only high sequence identities with UGT8 orthologs (93 % with its human ortholog) 

and the sequence was submitted to NCBI as the first porcine UGT8 mRNA sequence 

[GenBank: JQ65026]. 

The eight pigs used in this study were solely phenotyped based on the in vitro villous 

adhesion test that has been proven to be reliable (Cox and Houvenaghel, 1993; Van den 

Broeck et al., 1999a; Van den Broeck et al., 1999b). Phenotyping of the pigs based on the 

associated markers identified in previous linkage studies or based on the associated mutations 
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in MUC4 and MUC13 would not be precise, because they are not in complete linkage 

disequilibrium with the F4ab/ac locus (Jørgensen et al., 2004; Rasschaert et al., 2007; Li et al., 

2008; Goetstouwers et al., 2014a). Although linkage studies mapped the causal locus for the 

F4ab/ac susceptibility on SSC13 (Schroyen et al., 2012; Rampoldi, 2013; Goetstouwers et al., 

2014a), it is possible that the expression of any of the 12 investigated genes is influenced by a 

trans-acting element present in this candidate region (Goetstouwers et al., 2014a). As no 

positional information is available for the F4ad ETEC receptor, a regulatory mutation 

impairing expression of any of the investigated GSL genes could also be responsible for the 

F4ad ETEC susceptibility in pigs. Because an obvious difference in expression between F4 

receptor-positive (F4R
+
) and F4 receptor-negative (F4R

-
) pigs was expected, semi-

quantitative measurements using 8 pigs with different F4 adhesion phenotypes were 

performed. For every amplicon a single fragment was generated with the same intensity for all 

samples. We can conclude that F4 ETEC susceptibility is not caused by any mutation 

affecting the expression level of any of the investigated genes nor by the expression of splice 

variants. 

All amplicons generated in the expression study were sequenced to investigate if a structural 

mutation in any of these genes could be responsible for F4ad ETEC susceptibility. In total, 72 

mutations were found: 45 silent mutations, 24 missense mutations, 2 mutations in the 3’UTR 

and 1 nonsense mutation (Table 5.3). Only the silent mutation c.979T>C in GALC was 

differential for the presence of the F4ad receptor in this sample set. The CC homozygotes and 

CT heterozygotes were present in the F4adR
+
 pigs and only TT homozygotes were present in 

the F4R
- 
pigs. We expected a homozygous genotype in the F4adR

-
 pigs, because resistance to 

F4 adhesion (F4R
-
) is inherited in a recessive Mendelian way (Gibbons et al., 1977). We 

screened this mutation in 14 additional F4ad phenotyped pigs. Four TT homozygotes and 3 

CT heterozygotes were observed in the F4adR
+
 pigs (n=7) and 7 TT homozygotes in de 

F4adR
- 
group (n=7). Because 4 TT homozygotes were present in the F4adR

+
 pigs, we can 

conclude that this mutation is not associated with F4ad ETEC susceptibility. For completeness 

we also looked for association with the F4ab/acR phenotype, but as could be expected from 

the chromosomal position of the GSL genes none of the 72 mutations were differential in 

F4ab/acR
+
 and F4ab/acR

- 
pigs.  
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Table 5.3: Prevalence of the differential structural mutations in 11 investigated genes based on F4R type. 

 

CC CT TT CC CT TT TT TA AA TT TC CC AA AG GG CC CT TT CC CA AA GG GA AA CC CT TT CC CT TT CC CT TT GG GA AA CC CT TT GG GA AA CC CT TT TT TC CC CC CT TT TT TC CC

F4abR
+ 4 1 0 4 1 0 5 0 0 5 0 0 2 3 0 2 2 1 4 1 0 3 1 1 0 0 5 4 0 1 2 2 1 4 1 0 5 0 0 1 0 4 1 1 3 0 0 5 0 0 5 2 1 2

F4abR
- 2 1 0 3 0 0 2 1 0 1 2 0 1 2 0 1 2 0 3 0 0 3 0 0 0 0 3 3 0 0 1 2 0 3 0 0 2 1 0 0 0 3 1 2 0 0 0 3 0 0 3 2 1 0

F4acR
+ 2 1 0 2 1 0 3 0 0 3 0 0 1 2 0 1 2 0 3 0 0 2 1 0 0 0 3 2 0 1 1 2 0 2 1 0 3 0 0 1 0 2 1 0 2 0 0 3 0 0 3 1 0 2

F4acR
- 4 1 0 5 0 0 4 1 0 3 2 0 2 3 0 2 2 1 4 1 0 4 0 1 0 0 5 5 0 0 2 2 1 5 0 0 4 1 0 0 0 5 1 3 1 0 0 5 0 0 5 3 2 0

F4adR
+ 4 0 0 4 0 0 4 0 0 4 0 0 1 3 0 1 2 1 3 1 0 3 1 0 0 0 4 3 0 1 1 2 1 3 1 0 4 0 0 1 0 3 0 1 3 0 0 4 0 0 4 0 2 2

F4adR
- 2 2 0 3 1 0 2 1 0 2 2 0 2 2 0 2 2 0 4 0 0 3 0 1 0 0 4 4 0 0 2 2 0 4 0 0 3 1 0 0 0 4 2 2 0 0 0 4 0 0 4 4 0 0

6 2 0 7 1 0 7 1 0 6 2 0 3 5 0 3 4 1 7 1 0 6 1 1 0 0 8 7 0 1 3 4 1 7 1 0 7 1 0 1 0 7 2 3 3 0 0 8 0 0 8 4 2 2

AA AG GG CC CT TT CC CT TT CC CT TT CC CT TT GG GA AA GG GA AA TT TC CC CC CT TT GG GA AA TT TC CC AA AG GG TT TC CC CC CG GG GG GT TT GG GA AA AA AG GG GG GA AA

F4abR
+ 0 2 3 5 0 0 2 3 0 0 0 5 2 1 2 0 0 5 1 3 1 5 0 0 5 0 0 4 1 0 0 0 5 0 0 5 0 0 5 0 0 5 0 0 5 0 0 5 0 0 5 4 1 0

F4abR
- 0 3 0 1 2 0 1 2 0 0 2 1 0 3 0 0 0 3 0 3 0 2 1 0 2 1 0 3 0 0 0 0 3 0 0 3 0 0 3 0 0 3 0 0 3 0 0 3 0 0 3 3 0 0

F4acR
+ 0 1 2 3 0 0 2 1 0 0 0 3 2 0 1 0 0 3 0 2 1 3 0 0 3 0 0 2 1 0 0 0 3 0 0 3 0 0 3 0 0 3 0 0 3 0 0 3 0 0 3 2 1 0

F4acR
- 0 4 1 3 2 0 1 4 0 0 2 3 0 4 1 0 0 5 1 4 0 4 1 0 4 1 0 5 0 0 0 0 5 0 0 5 0 0 5 0 0 5 0 0 5 0 0 5 0 0 5 5 0 0

F4adR
+ 0 1 3 4 0 0 3 1 0 0 0 4 2 2 0 0 0 4 1 2 1 4 0 0 4 0 0 3 1 0 0 0 4 0 0 4 0 0 4 0 0 4 0 0 4 0 0 4 0 0 4 3 1 0

F4adR
- 0 4 0 2 2 0 0 4 0 0 2 2 0 2 2 0 0 4 0 4 0 3 1 0 3 1 0 4 0 0 0 0 4 0 0 4 0 0 4 0 0 4 0 0 4 0 0 4 0 0 4 4 0 0

0 5 3 6 2 0 3 5 0 0 2 6 2 4 2 0 0 8 1 6 1 7 1 0 7 1 0 7 1 0 0 0 8 0 0 8 0 0 8 0 0 8 0 0 8 0 0 8 0 0 8 7 1 0

TT TC CC GG GA AA GG GT TT CC CT TT TT TC CC CC CG GG TT TC CC AA AG GG CC CT TT GG GA AA CC CT TT GG GA AA CC CT TT CC CA AA AA AG GG AA AC CC TT TG GG CC CT TT

F4abR
+ 0 0 5 2 3 0 2 3 0 4 1 0 0 2 3 1 4 0 0 3 2 4 1 0 1 4 0 4 1 0 0 1 4 0 1 4 4 1 0 5 0 0 4 1 0 4 1 0 5 0 0 4 1 0

F4abR
- 0 0 3 2 1 0 3 0 0 2 1 0 0 2 1 3 0 0 0 3 0 2 1 0 3 0 0 2 1 0 1 1 1 1 1 1 1 0 2 2 0 1 3 0 0 3 0 0 2 1 0 3 0 0

F4acR
+ 0 0 3 1 2 0 1 2 0 3 0 0 0 2 1 0 3 0 0 2 1 3 0 0 0 3 0 2 1 0 0 1 2 0 1 2 2 1 0 3 0 0 2 1 0 3 0 0 3 0 0 2 1 0

F4acR
- 0 0 5 3 2 0 4 1 0 3 2 0 0 2 3 4 1 0 0 4 1 3 2 0 4 1 0 4 1 0 1 1 3 1 1 3 3 0 2 4 0 1 5 0 0 4 1 0 4 1 0 5 0 0

F4adR
+ 0 0 4 2 2 0 3 1 0 2 2 0 0 2 2 2 2 0 0 4 0 2 2 0 2 2 0 3 1 0 1 1 2 1 1 2 2 1 1 3 0 1 3 1 0 4 0 0 3 1 0 3 1 0

F4adR
- 0 0 4 2 2 0 2 2 0 4 0 0 0 2 2 2 2 0 0 2 2 4 0 0 2 2 0 3 1 0 0 1 3 0 1 3 3 0 1 4 0 0 4 0 0 3 1 0 4 0 0 4 0 0

0 0 8 4 4 0 5 3 0 6 2 0 0 4 4 4 4 0 0 6 2 6 2 0 4 4 0 6 2 0 1 2 5 1 1 5 5 1 2 7 0 1 7 1 0 7 1 0 7 1 0 7 1 0

CC CG GG AA AG GG CC CT TT TT TC CC AA AG GG GG GA AA GG GA AA CC CT TT AA AG GG GG GA AA CC CT TT AA AG GG AA AC CC GG GA AA TT TC CC AA AG GG TT TC CC CC CT TT

F4abR
+ 5 0 0 2 2 1 3 2 0 2 2 1 2 2 1 0 2 3 4 1 0 1 0 4 4 0 1 1 1 3 4 0 1 2 2 1 3 1 1 4 1 0 3 2 0 4 1 0 5 0 0 4 1 0

F4abR
- 2 1 0 0 2 1 3 0 0 1 1 1 1 1 1 1 1 1 3 0 0 1 0 2 3 0 0 0 1 2 3 0 0 1 2 0 2 1 0 3 0 0 3 0 0 3 0 0 2 1 0 3 0 0

F4acR
+ 3 0 0 2 0 1 1 2 0 2 0 1 2 0 1 0 1 2 3 0 0 1 0 2 3 0 0 0 1 2 3 0 0 1 2 0 2 1 0 3 0 0 1 2 0 2 1 0 3 0 0 2 1 0

F4acR
- 4 1 0 0 4 1 5 0 0 1 3 1 1 3 1 1 2 2 4 1 0 1 0 4 4 0 1 1 1 3 4 0 1 2 2 1 3 1 1 4 1 0 5 0 0 5 0 0 4 1 0 5 0 0

F4adR
+ 3 1 0 2 2 0 2 2 0 3 1 0 3 1 0 1 2 1 4 0 0 1 0 3 4 0 0 0 1 3 4 0 0 2 2 0 3 1 0 3 1 0 2 2 0 4 0 0 4 0 0 4 0 0

F4adR
- 4 0 0 0 2 2 4 0 0 0 2 2 0 2 2 0 1 3 3 1 0 1 0 3 3 0 1 1 1 2 3 0 1 1 2 1 2 1 1 4 0 0 4 0 0 3 1 0 3 1 0 3 1 0

7 1 0 2 4 2 6 2 0 3 3 2 3 3 2 1 3 4 7 1 0 2 0 6 7 0 1 1 2 5 7 0 1 3 4 1 5 2 1 7 1 0 6 2 0 7 1 0 7 1 0 7 1 0

ARSA B4GALT6 GAL3ST1 GALC

c.1348C>T c.1546C>T c.453T>A c.1210T>C c.320A>G c.979T>C

EX 7 EX 9 EX 3 EX 9 EX 2 EX 2 EX 3 EX 3 EX 3

c.1007G>A c.1228C>T c.52G>A c.130C>T c.449T>C c.664C>Tc.402C>T c.484C>A c.512G>A c.542C>T c.831C>T c.963C>T

EX 4 EX 7

GLB1

G69E S79F Y175Y F219F V234E R308C

EX 9

L361L L427L F95Y I347I    Q5R A32A A60T

EX 3 EX 3 EX 3 EX 3 EX 1 EX 1

G217G C322C

c.1192A>G c.1426T>C c.1468C>T c.1549C>T c.1927C>T

R13R P39P F146L

GALC GBA GLA

c.29G>A

EX 10 EX 13 EX 13 EX 13 EX 16 EX 16 EX 7 EX 7 EX 8

c.541A>G c.612T>C c.850C>G c.885G>T c.928G>A c.1278A>G*2328G>A c.1007G>A c.1178T>C c.1445C>T c.1636G>A c.207T>C

EX 6 EX 7

c.151G>A

EX 1

L383L T471T P485P G512G G638G 3'UTR K225K

EX 10 EX 2 EX 3 EX 4 EX 6 EX 6

Q284E A295A E310K S426S V5I

EX 16 EX 16

GLB1 GLB1L

T282T F371F R435H S69S I181V Y204Y

*2088C>Tc.422G>A c.491C>T c.731C>A c.836A>G c.1662A>C c.1952T>Gc.1577C>G c.1580T>C c.1902A>G c.1948C>T c.80G>A c.167C>Tc.139T>C

EX 16 EX 16

L41L Q45Q T98T P322P L342L R521G Y522H

EX 1 EX 2 EX 3 EX 5 EX 6 EX 8

D639E 3'UTR

EX 2 EX 2 EX 3 EX 10 EX 10 EX 15 EX 15

c.196C>G c.296A>G c.318T>C c.951T>C c.1215A>G

L232L T267T T543P

c.310G>T c.982C>T c.1042T>C

R376R

NEU1 UGCG UGT8

E629G R656X P15P V44V E129E F152F

EX 15

c.926C>T

EX 1 EX 1 EX 2 EX 5 EX 6 EX 6 EX 2 EX 3 EX 5

c.1537A>G c.1547A>C c.1586G>A c.142T>C c.561A>G c.755T>Cc.1337G>A c.637G>A c.694C>T c.874A>G c.937G>A C.1204C>T

EX 2 EX 3 EX 3

L20G N53S T60T L271L K359K R400Q  T72T

EX 5 EX 7 EX 9 EX 9 EX 9 EX 1

E389K H46H D186G P251S L308LD91D P151P P172P S261S T372T
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5.5. Conclusions 

Overall, we can conclude that no structural or regulatory variation in any of the 12 

investigated genes is associated with F4 ETEC susceptibility. However, some of the 

mutations found (e.g. a nonsense mutation (c.1577C>G) in exon 5 of GLB1, introducing a 

premature stop codon (R656X) truncating the GLB1 protein with 8 amino acids at the C-

terminus) may be of importance for other GSL-related diseases (Hanada, 2005; Taube et al., 

2010; Xu et al., 2010). 
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6. GENERAL DISCUSSION AND FUTURE PERSPECTIVES 

6.1. Introduction  

Enterotoxigenic Escherichia coli (ETEC) expressing F4 fimbriae are worldwide a major cause 

of diarrhea in neonatal and recently weaned pigs causing great economic loss due to 

decreased growth rate, cost of medication, and considerable morbidity and mortality 

(Alexander et al., 1994; Fairbrother et al., 2005; Do et al., 2006; Zhang et al., 2007; Amezcua 

et al., 2008; Madoroba et al., 2009; Kim et al., 2010; De la Fe Rodriguez et al., 2011). 

Adherence of F4 ETEC is species specific, because F4 fimbriae are only found on E. coli 

strains that cause diarrhea in pigs (Holland, 1990). The bacteria colonize the small intestine 

by binding with their F4 fimbriae to specific receptors and produce enterotoxins inducing a 

secretory diarrhea in young pigs (Fairbrother et al., 2005). The F4 fimbriae, composed of 

major and minor subunits, exist in three serological variants, namely F4ab, F4ac and F4ad 

(Orskov et al., 1964; Guinee and Jansen, 1979; Mooi and de Graaf, 1985). These variants 

differ in the amino acid composition of the major fimbrial subunit FaeG, which has adhesive 

properties and recognizes glycoconjugates on the surface of enterocytes (Kearns and Gibbons 

et al., 1979; Sellwood, 1980; Bakker et al., 1992; Van den Broeck et al., 1999a). Although 

different F4 receptor profiles were observed due to different F4 ETEC adhesion phenotypes, 

no causal mutation in previously proposed candidate genes has been identified yet (Ren et al., 

2012; Schroyen et al., 2012).   

Neonatal piglets can be protected against F4 ETEC infections by pathogen-specific antibodies 

in the sow’s colostrum and milk (Gaastra and de Graaf et al., 1982; Sellwood, 1982). This 

passive maternal protection can be increased by vaccination of the sow (Rutter et al., 1976; 

Fürer et al., 1982). However at weaning, the lactogenic maternal protection ceases making the 

recently weaned piglets susceptible to an F4 ETEC infection. Although mucosal protection 

can be obtained by vaccinating F4 ETEC susceptible piglets via the oral route, no commercial 

oral vaccines are available yet (Bianchi et al., 1996; Van den Broeck et al., 1999b; Melkebeek 

et al., 2013).  

Therefore, diarrhea caused by F4 ETEC remains a serious problem in weaned piglets. 

Furthermore, an increase in multi-drug resistant porcine ETEC strains due to intensive use of 

therapeutic antibiotics in order to suppress infections has been observed (Van Driessche et al., 

1995; Maynard et al., 2003; Boerlin et al., 2005, Fairbrother et al., 2005; Lee et al., 2009; 

Costa et al., 2010; Li et al., 2012). Thus, alternative prevention strategies are urgently needed 
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to reduce the antibiotic use and the economic losses caused by F4 ETEC infections in swine 

production.  

 

A strategy for reducing the F4 ETEC diarrhea in pigs is to design a diagnostic test identifying 

the F4 ETEC resistant pigs to preferentially use these pigs in breeding programs. The in vitro 

villous adhesion test or similar in vitro test (Sellwood et al., 1975; Van den Broeck et al., 

1999a) are difficult to use as routine test because it either needs major intestinal surgery or 

slaughter of the pigs to sample intestinal mucosa. Therefore, a genotyping test based on a 

genetic polymorphism linked to F4 ETEC resistance would be preferable, because it would 

allow predicting the F4 ETEC adhesion phenotype in live animals (Jørgensen et al., 2004).  

Previously, Jørgensen et al. (2004) proposed MUC4 as a potential candidate gene for the 

F4ab/ac receptor and found that the MUC4 g.8227C>G polymorphism in intron 7 was highly 

associated with F4ab/ac ETEC adhesion phenotypes. Based on the results of previous linkage 

studies (Rampoldi et al., 2011; Fu et al., 2012) and based on the result of our GWAS 

including the g.8227G>C mutation of MUC4 polymorphism (Chapter 3), it was concluded 

that the causal mutation for the F4ab/ac ETEC susceptibility is located distal to MUC4. 

Polymorphisms in the transmembrane mucin 13 (MUC13) gene, including the patented 

MUC13-813 polymorphism, were found to be in strong linkage disequilibrium with the ETEC 

F4ab/ac receptor locus. However, none of these MUC13 polymorphisms are causal mutations 

(Zhang et al., 2008; Huang, 2010; Ren et al., 2012; Rampoldi, 2013).  

Therefore, the main focus of this thesis was to identify the causal mutation(s) responsible for 

F4 ETEC susceptibility as well as its target gene(s) and to develop a new diagnostic 

genotyping test for the identified causal mutation(s).  
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6.2. Determination of the F4 phenotype 

Recently, Rampoldi et al. (2014) divided the phenotypes A to E into eight receptor 

phenotypes based on the weak adhesion to F4ab ETEC and F4ad ETEC (Table 1.1; Chapter 

1). The F4 adhesion phenotypes were assessed using the microscopic adhesion test according 

to Vögeli et al. (1996) and Python et al. (2002). For pigs with more than 85 % adhesive 

enterocytes for an F4 variant, the term fully adhesive (FA) was used. For pigs with more than 

0 % and less than 85 % adhesive enterocytes, the term partially adhesive (PA) was used. 

 

In our experiment, the presence of the F4 receptor was determined in 191 pigs (3- to 18-week-

old) by performing the in vitro villous adhesion assay as described in Van den Broeck et al. 

(1999b) (data unpublished). Adhesion of less than 5, less than 30 and more than 30 bacteria 

per 250 μm villous brush border length was noted as non-adhesive, weak adhesive and strong 

adhesive (Cox and Houvenaghel, 1993). The specificity of the adhesion test used in our 

studies (Chapter 3 to 5) was assessed by blocking experiments with F4-specific monoclonal 

antibodies and purified F4 fimbriae, and by adhesion studies with bacteria expressing no F4 

fimbriae. The data proved that this adhesion test is a reliable tool to demonstrate the presence 

of the F4 receptor in pigs (Van den Broeck et al., 1999c). 

 

The adhesive phenotype designations (A to F) according to Bijlsma et al. (1982) and Baker et 

al. (1997) can be further divided into subphenotypes (A-I to A-VIII, B-I to B-IV, C-I to C-II, 

D-I to D-II, F-I to F-II) based on the F4 ETEC adhesion pattern observed in our pigs of the 

following breeds: Large White, Belgian Landrace, Large White x Belgian Landrace 

crossbreds, Large White x Piétrain crossbreds, and crossbreds of multiple breeds (Table 6.1). 

Phenotype A (60.21 %) and E (23.56 %) were predominantly detected in our population. A 

similar result was observed in the study of Rampoldi et al. (2014) using Large White 

purebreds and Large White x Landrace crossbreds (Table 1.2; Chapter 1). Phenotype G and 

H, mainly observed in eastern breeds, were absent in our population (Bonneau et al., 1990, Li 

et al., 2007; Yan et al., 2009b). In a recent study, the prevalence of F4 fimbriae in E. coli 

isolates from pigs with PWD was 53 % (31 of the 59 isolates) in Belgium (unpublished data). 

No current data on the prevalence of F4 fimbrial E. coli isolates from pigs with neonatal 

diarrhea in Belgium are available. Therefore, it can be concluded that significant economic 

losses will arise when F4 ETEC infection occurs in this population due to the high F4 ETEC 

susceptibility rate (76.44 %).   
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Table 6.1: Summary of F4 ETEC adhesion phenotypes observed in our thesis. 

PHENOTYPE
1
 ADHESION

2
 No. of pigs % 

 F4ab F4ac F4ad   

A ● ● ● 115 60.21 

A-I +++ +++ +++ 55 28.80 

A-II +++ +++ + 25 13.10 

A-III + +++ +++ 8 4.19 

A-IV + +++ + 8 4.19 

A-V +++ + +++ 10 5.24 

A-VI + + +++ 3 1.57 

A-VII +++ + + 3 1.57 

A-VIII + + + 3 1.57 

B ● ● - 12 6.28 

B-I +++ +++ - 9 4.71 

B-II + +++ - 1 0.52 

B-III +++ + - 1 0.52 

B-IV + + - 1 0.52 

C ● - ● 5 2.62 

C-I + - +++ 4 2.10 

C-II + - + 1 0.52 

D - - ● 12 6.28 

D-I - - +++ 5 2.62 

D-II - - + 7 3.67 

E - - - 45 23.56 

F ● - - 2 1.05 

F-I +++ - - 1 0.52 

F-II + - - 1 0.52 

G - ● - 0 0 

H - ● ● 0 0 

 
1
Phenotype designations in grey are according to Bijlsma et al. (1982), Baker et al. (1997), 

Bonneau et al. (1990), Li et al. (2007) and Yan et al. (2009b). Phenotype designations in 

white are according to our thesis.  
2
Adhesion in grey is defined as follows: ‘●’ denotes adhesion, ‘-’ denotes no adhesion. 

Adhesion in white is defined as follows: ‘+++’ denotes strong adhesion, ‘+’ denotes weak 

adhesion, ‘-’ denotes no adhesion.   

 

The main observation of determining the F4 ETEC adhesion phenotypes is that 39.8 % of the 

pigs showed at least weak adhesion towards one of the F4 variants supporting the hypothesis 

that mutations controlling the expression of the F4 receptor or controlling the post-expression 

inhibition or modification on the F4 receptor sites play a role in F4 ETEC susceptibility 

(Bijlsma and Bouw, 1987; Python et al., 2005; Li et al., 2007). When comparing the different 

F4 ETEC adhesion strengths between the F4 variants in our population, a similar pattern can 

be observed between the F4ab and F4ac variant (See Table 6.2).  For the F4ad variant, a 

higher percentage of pigs showing weak adhesion was found than for the F4ab and F4ac 

variants.   
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Table 6.2: Distribution of the adhesion strength within each F4 variant observed in our thesis. 

F4 ETEC ADHESION STRENGTH No. of pigs % 

 
STRONG 

ADHESION 

WEAK 

ADHESION 

NO  

ADHESION  

 

F4ab ETEC 104 (54.45) 30 (15.71) 57 (29.84) 191 100 

F4ac ETEC 106 (55.50) 21 (10.99) 64 (33.51) 191 100 

F4ad ETEC 85 (44.50) 47 (24.61) 59 (30.89) 191 100 

Numbers in parentheses indicate the percentage of pigs showing the adhesion strength. 

 

 

6.3. Identification of causal mutation(s) located on chromosome 13 

A genome-wide association study (GWAS) using the Porcine SNP60 DNA BeadChip was 

performed (Chapter 3) to refine the candidate region for F4ab/ac ETEC susceptibility in 

well-phenotyped piglets. The reliable assessment of the F4 ETEC phenotype using the 

adhesion test as described by Van den Broeck et al. (1999b) is important to accurately 

pinpoint the phenotype-causing mutation(s). In addition, a selected region harboring the SNPs 

with the highest evidence of association was sequenced in F4ab/ac receptor-positive and 

F4ab/ac receptor-negative pigs in order to identify the causal mutation(s) (Chapter 6; see 

below).   

MUC13 was recently proposed as the causal gene for F4ac ETEC susceptibility based on the 

predicted differential O-glycosylation patterns of the 2 MUC13 variants (MUC13A and 

MUC13B) in F4ac ETEC susceptible and F4ac ETEC resistant pigs. Unlike MUC13A that 

lacks an O-glycosylation site, MUC13B is predicted to be heavily O-glycosylated and 

therefore would contain the binding site for F4ac ETEC (Ren et al., 2012). This hypothesis 

suggests that the MUC13B allele (present in F4ac ETEC susceptible pigs) is dominant over 

the MUC13A allele (present in the F4ac ETEC resistant pigs). In addition, Rampoldi (2013) 

also suggested that exon 2 of MUC13 is the most likely location for the F4ab/acR locus. 

However, the results of the Indel MUC13 marker test, the GWAS and the F4ac fimbriae 

binding assay in our study independently confirmed that MUC13 does not play a role in 

F4ab/ac ETEC susceptibility, and therefore rejects the hypothesis that MUC13 is the causal 

gene for F4ab/ac ETEC susceptibility.  

 

For our GWAS using the Porcine SNP60 BeadChip, the goal was to use the matching control-

case design to control confounding and to reduce the potential impact of population 
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stratification by selecting non-adhesive pigs and strong adhesive pigs originating from the 

same litter (Schaid, 2002). The pigs were phenotyped for the presence of the F4ab/ac receptor 

(F4ab/acR) using the in vitro villous adhesion assay as described by Van den Broeck et al. 

(1999b). Only pigs with a clearly defined phenotype were used in this study. Pigs that were 

phenotyped as weak adhesive towards F4ab/ac ETEC were excluded from our study design, 

because the inheritance of this phenotype is still unclear. The result of our GWAS slightly 

differs from the results from previous studies (Rampoldi et al., 2011; Fu et al., 2012; Ren et 

al., 2012) using the Porcine SNP60 BeadChip. This could be due to the different cut-off 

values used to differentiate the different phenotypes (adhesive and non-adhesive) measured by 

the number of bacteria adhering to brush borders prepared from enterocytes (Ren et al., 2012), 

isolated enterocytes (Rampoldi et al., 2011; Fu et al., 2012) or a length of villous brush border 

(Goetstouwers et al., 2014) and due to the different composition of buffers used in the 

adhesion tests (Edfors and Torremorell, 2010). Consequently, the outcome of these tests may 

be influenced and may complicate interpretations concerning the genetic basis of F4 ETEC 

resistance (Edfors and Torremorell, 2010).  

 

Based on the result of our GWAS, the candidate region could be refined to an 183,122 bp 

region between the 2 SNP markers, MARC0002946 (SNPa) and the Indel MUC13 marker 

(chr13: 144,810,100-144,993,222; Figure 3.5. in Chapter 3). This candidate region 

containing the SNPs with the strongest association (SNP1 and SNP2) lacks annotated genes 

indicating that previously suggested candidate genes on chromosome 13 (SSC13) are not 

responsible for F4ab/ac ETEC susceptibility. Also, the sequence of the porcine GenomeBuild 

10.2 (between NW_003611795.1 and NW_003617796.1) contains a sequence gap (gap 1) in 

the candidate region. A multispecies comparison of this region to identify the gap sequence 

(between NW_003611795.1 and NW_003617796.1; chr13: 144,865,325 - 144,915,326) as 

well as non-annotated porcine genes was performed. No new non-annotated porcine genes 

were identified and we were unable to identify the gap sequence. Based on these results, it is 

very likely that the candidate region contains a trans-acting element interacting with a distant 

gene influencing F4ab/ac ETEC adherence in pigs. However, the presence of a porcine orphan 

gene in the candidate region cannot be ruled out. Fang et al. (2012) identified 240 orphan 

genes with no counterpart in any other organism (human, horse, dog, cat, cattle, rat and mouse) 

during analysis of the genome sequence of the Wuzhishan miniature pig. 

A region of 85,155 bp (chr13: 144,936,341 - 145,021,495 bp; Figure 6.1) harboring the SNPs 

with the highest evidence of association (SNP1, SNP2 and SNP3) was sequenced as a starting 
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point in an attempt to find the causal mutation(s) for F4ab/ac ETEC susceptibility (data 

unpublished). It should be noted that this region does not contain the previously mentioned 

sequence gap (gap 1; between NW_003611795.1 and NW_003617796.1). Animals from four 

different litters of different breeds comprising one F4ab/acR
+
 pig and one F4ab/acR

-
 pig were 

used to reduce the confounding effect of different genetic background. The two pigs 

exhibiting different genotypes than expected (1 strong adhesive F4Rab/ac pig and 1 non-

adhesive F4ab/ac pig) were also included in this study. All mutations identified during 

sequencing showed the opposite genotype than expected for these two pigs. Although the in 

vitro villous adhesion test has been proven to be reliable (Van den Broeck et al., 1999c), it is 

possible that the correlation between the in vitro F4-mediated adhesion to isolated villi and F4 

ETEC susceptibility is not absolute or that an accidental sample swap has occurred. 

Elucidation might be provided when the candidate region is sequenced in pigs originating 

from the same litter as the two pigs exhibiting different genotypes. For further discussion, the 

results of these pigs were disregarded. 

 

In total 725 mutations were found in the selected region, 274 mutations correlated with the 

F4ab/ac ETEC adhesion phenotype (38 %), 230 mutations correlated with the 2 MUC13 

isoforms (MUC13A and MUC13B) (32 %), and 221 mutations that were not correlated with 

F4ab/ac ETEC adhesion phenotype or the 2 MUC13 isoforms (30 %) (Figure 6.1). In order to 

identify highly conserved regions and potential regulatory sequences in the associated region, 

a comparison of orthologous sequences from multiple species was performed using BLAST 

analysis (Benson et al., 2009). This comparison did not reveal any potential important 

mutations identified in the associated region. 

 

The selected candidate region for sequencing contains the tandem repeat region in exon 2 of 

MUC13 (gap 2 in Figure 6.1). To fill this tandem repeat region, the porcine bacterial artificial 

chromosome (BAC) bank at the CRB GADIE facility in France (http://crb-gadie.inra.fr/) was 

screened with MUC13-specific primers. Unfortunately, no MUC13 clones were found during 

the screening (data not published) and thus the sequence of the tandem repeat region remains 

unknown. The attempt to close this sequence gap (gap 2) was carried out prior to genotyping 

the piglets for the Indel MUC13 marker and the F4ac fimbriae binding assay. Based on the 

overall result of our study, it can be concluded that this region can be excluded from further 

analysis.  
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Figure 6.1: Schematic representation of the mutations found in an 85 kb region on SSC13 by 

sequencing.  

The black boxes above the beam represent the primer pairs and sequence primers used for 

sequencing. Gap 1 before the beam indicates the region between NW_003611795.1 and 

NW_003617796.1 (chr13: 144,865,325 - 144,915,326). Gap 2 within the beam indicates the 

tandem repeat region in exon 2 of MUC13. The purple regions within the beam represent the 

regions requiring further sequencing. The green regions within the beam represent the 

location of the mutations correlated with the F4ab/ac ETEC adhesion phenotype, the red 

regions represent the location of the mutations correlated with the 2 MUC13 isoforms, and the 

black regions represent the location of the mutation with no correlation with the F4ab/ac 

ETEC adhesion phenotype or the 2 MUC13 isoforms.  

The percentages under the beam indicate the distribution of the mutations correlated to the 

F4ab/ac ETEC adhesion phenotype.  

 

 

 

Because SNP1 (ASGA0089965) and SNP2 (ASGA0091537) in our GWAS are almost 

completely linked with the F4ab/ac ETEC adhesion phenotype, except for 1 strong adhesive 

F4Rab/ac pig (1/68) and 1 non-adhesive F4ab/ac pig (1/52), it could be useful to genotype 

these SNPs in live animals used in breeding programs. However, during sequencing of the 

amplicon harboring SNP1, no variation was found at the location of SNP1 (ASGA0089965, 

chr13: 144,946,742). It was concluded that both strands of DNA were sequenced, because 

another heterozygous polymorphism was detected in the amplicon. The result might be 

explained by a sequence duplication of this region within the genome. If SNP1 is located in 

duplicated regions, the heterozygous genotype (GT) assigned to this SNP may arise from the 

homozygous genotypes present at the 2 targeted loci (GG at locus 1 and TT at locus 2). To 

determine whether duplicated regions harboring SNP1 were present in the pig’s genome, 

BLAST analysis was performed to identify differences in the adjacent regions of SNP1 

(Benson et al., 2009). No sequences indicating that a duplication event had occurred were 

found. A next step to examine whether SNP1 is located in duplicated regions would be to 
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perform Southern blotting analysis using an oligonucleotide probe with the identical sequence 

as the sequence of the SNP marker ASGA0089965 (Southern, 1975). After cloning the DNA 

fragments of interest, the clones can be further sequenced identifying whether duplicated 

regions containing SNP1 are present in the pig’s genome. 

Nevertheless, it can be concluded that SNP2 can be used in a genotyping test and that a more 

reliable result will be obtained than the DNA-based test based on the MUC4 g.8227C>G 

polymorphism or the Indel MUC13 test. The SNP2 genotyping test is currently performed at 

the Laboratory of Animal Genetics to identify the F4ab/ac ETEC phenotypes (resistant and 

susceptible) in pigs.  

 

6.4. Identification of target genes responsible for F4 ETEC binding 

Regulatory sequences can be divided into 2 broad classes, namely cis-acting or trans-acting 

regulatory sequences. While cis-acting regulatory elements affect the expression of 

neighboring genes, trans-acting regulatory elements affect the expression of genes distributed 

across the genome (Strachan et al., 2014). The hypothesis that a genetic variation exerts 

remote regulatory effects on genes whose coding regions lie outside the boundaries of the 

region of maximal association was examined by investigating whether a still undiscovered 

genetic variation in the proposed candidate region of SSC13 could influence the expression of 

genes involved in previously observed F4 ETEC binding differences.  

First, the expression pattern of porcine aminopeptidase N (ANPEP) was investigated 

(Chapter 4). ANPEP has been found to act as an endocytotic F4ac receptor by comparative 

proteomic analysis of the brush border proteins in F4ac receptor-positive (F4acR
+
) and F4ac 

receptor-negative (F4acR
-
) pigs (Melkebeek et al., 2012). The gene encoding ANPEP 

[GenBank: NC_010449.4] is located on SSC7 and not on SSC13 where the locus controlling 

F4ab/ac ETEC susceptibility has been mapped on. No expression difference (expression or 

not, or expression of isoforms with a detectable amplicon size difference) of ANPEP was 

detected in our small group of carefully F4 phenotyped pigs, rejecting the hypothesis that the 

expression of ANPEP is regulated by trans-acting factors present in the candidate region on 

SSC13. Previously, it was concluded that the carbohydrate moiety of glycoconjugates appears 

to be necessary for establishing adhesion with the F4 adhesin (Erickson et al., 1992; Grange 

and Mouricout, 1996; Grange et al., 1999; Verdonck et al., 2004; Coddens et al., 2011; 

Melkebeek et al., 2012). Therefore, we suggest that the susceptibility towards F4ac ETEC 
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mediated by ANPEP is not due to modifications in the protein itself, but due to the post-

translational modifications of ANPEP by a genetic variation influencing the glycosylation of 

ANPEP. 

 

Second, the interaction between the carbohydrate moiety of glycosphingolypids (GSLs) and 

F4 ETEC and their fimbriae has been confirmed by Coddens et al. (2011). Twelve genes (i.e. 

ARSA, B4GALT6, GAL3ST1, GALC, GBA, GLA, GLB1, GLB1L, NEU1, NEU2, UGCG and 

UGT8) were selected from the cerebroside-sulfatid region of the sphingolipid metabolism 

pathway (Chapter 5), because these genes are involved in the assembly of the F4 binding 

carbohydrate moiety of GSLs. None of the investigated genes are positioned on SSC13. 

In addition, sialic acid-containing glycans are considered to play a role in receptor recognition 

by F4ac fimbria. Previous studies performing sialidase (also known as neuraminidase) 

treatment of purified F4ac receptors (Erickson et al., 1994) and BBMVs (Melkebeek et al., 

2012) observed a reduction in binding of F4ac fimbria. Therefore, it was highly interesting to 

investigate whether genetic variation in sialidase 1 (NEU1) and sialidase 2 (NEU2), 

exoglycosidases hydrolyzing terminal sialic acid residues, could explain the previous 

observed findings (Monti et al., 2010).  

It can be concluded that F4ab/ac/ad ETEC susceptibility is not caused by any mutation 

affecting the expression level of any of the investigated genes nor by the expression of splice 

variants. In addition, no differential structural mutation located within the selected genes 

explaining the F4ad binding difference was found.  

 

Although previous results (Python et al., 2005; Schroyen et al., 2008; Ouyang et al., 2011) did 

not indicate that the following three genes of the glucosyl/galactosyltransferse family located 

on SSC13 play a role in F4 ETEC susceptibility: B3GNT5, B4GALT4 and B3GALT3, it would 

be of interest to analyze the gene expression of these genes as described in the studies above 

(Chapter 4 to 5) to identify whether the gene expression pattern of these genes is consistent 

with the F4 ETEC phenotype. 
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6.5. Further perspectives 

The economic losses caused by F4 ETEC diarrhea, the increasing prevalence of antimicrobial 

resistance in porcine E. coli strains and the lack of an effective vaccine for prevention of post-

weaning diarrhea caused by F4 ETEC would justify the genetic selection against F4 ETEC 

susceptibility in pigs. When selecting for disease resistance, possible adverse effects on the 

susceptibility to other diseases and on production traits must be taken into account. It has been 

reported that the genetic improvement in resistance to ketosis and retained placenta are a 

correlated response to selection against chronic mastitis in dairy cattle (Heringstad et al., 

2007). Therefore, the association between the SNP2 marker, the susceptibility to other 

diseases, and production traits should be closely monitored. 

 

The mechanism of action by which the associated candidate region influences the F4ab/ac 

ETEC susceptibility in pig is still unclear. It is unknown which genetic variation present in the 

candidate region could influence the different F4 ETEC adhesion phenotypes observed in pigs. 

The result of our genome-wide association study is therefore the starting point for future 

genetic and functional studies. Also, a GWAS for F4ad ETEC by selecting F4ad phenotyped 

pigs would be a good starting point to reveal the relevant mutation(s) for F4ad ETEC 

susceptibility. It is possible that the associated region for F4ad ETEC susceptibility would 

demand additional exploration as described below for F4ab/ac ETEC.  

To facilitate future genetic and functional studies, it is essential to refine the location of causal 

variants as sharply as possible (McCarthy and Hirschhorn, 2008). Because the gap (gap 1) 

located within the identified candidate region between NW_003611795.1 and 

NW_003617796.1 prevents further analysis, filling in the missing sequence by sequencing is 

required. One approach to obtain the sequence of the gap is to use long-range PCR followed 

by high throughput sequencing (also known as next-generation sequencing). By modifying 

the polymerases, long-range PCR can amplify up to 30 kb or longer genomic DNA (Jia et al., 

2014). However, in practice it is often difficult to design a robust assay (Taylor and Delaney, 

2010). Another approach to fill this gap with unknown size is screening a porcine genomic 

library with primers adjacent to the gap in order to identify a clone spanning this critical 

region (Bogden et al., 2011). By completely sequencing the clone using direct Sanger 

sequencing (Sanger et al., 1977) or high throughput sequencing (Myllykangas et al., 2012), 

the sequence of the gap can be identified. After identifying the sequence of the gap, BLAST 

analysis can be performed to identify whether a sequence duplicate of SNP1 is present in the 
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gap region (Benson et al., 2009). If this is the case, the SNP1 marker can be included in the 

genotyping test to identify F4ab/ac ETEC resistant pigs.  

The candidate region for F4ab/ac ETEC susceptibility can be further refined by sequencing 

across the entire region of association. Because GWAS uses a dense set of markers in and 

close to the associated region, it would be difficult to increase the strength of association by 

fine mapping (McCarthy and Hirschhorn, 2008). Targeted sequencing of the candidate region 

using next generation sequencing in F4 phenotyped pigs would then be of interest in order to 

have a much more complete catalogue of potential causal DNA variation(s) (Grada and 

Weinbrecht, 2013). Further validation of the identified variant(s) in a large data set is required 

in order to find the true causal variant(s). Because it is likely that the causal variant(s) will be 

located in a non-coding region influencing gene regulation, whole-exome sequencing 

identifying the transcript expression levels in F4R
+
 and F4R

-
 pigs could help to find the target 

gene(s) of the regulatory element located on SSC13. In addition, novel orphan genes in the 

porcine genome can be identified by providing sequence information for protein-coding 

regions in the candidate region (Grada and Weinbrecht, 2013). 

In order to provide further insight into the genetic basis of F4ab/ac ETEC susceptibility and to 

confirm the target gene(s) of the causal mutation(s), functional studies identifying the exact 

receptor structures of F4ab/ac ETEC and elucidating the potential mechanisms influencing 

this interaction between the F4 receptors and F4ab/ac ETEC should be performed. It has been 

proposed to characterize the glycans of the F4 binding glycoconjugates as an important next 

step (Coddens et al., 2011). For instance, blocking experiments using lectins or glycan-

binding antibodies can profile the glycan structures on the F4 glycoconjugates. Lectins are 

non-immunological glycan-binding proteins exhibiting specificity towards a defined glycan 

motif or structural feature whereas antiglycan antibodies are generally highly specific for a 

single glycan determinant (Stebbins and Sasisekharan, 2014). A screening using a glycan 

array was already performed via the consortium for functional glycomics (CFG) without 

success (unpublished results). It should be noted that the protein and lipid moieties of the F4 

binding glycoconjugates can also play a role in the F4 fimbriae-carbohydrate recognition and 

must also be taken into account in further studies (Grange et al., 1999). For instance, the 

causal variant can influence the expression levels of these proteins and lipids harboring the F4 

binding glycan structures and thus explaining the observed F4 adhesion phenotypes.  

 

It can be concluded that identifying the causal variant(s) for F4 ETEC susceptibility and 

unravelling its mechanism will be challenging, but it will bring us closer to elucidating the 
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genetic basis of this complex disease leading to new strategies to reduce diarrhea caused by 

F4 ETEC in swine production.  
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7. SUMMARY – SAMENVATTING 

7.1. Summary 

Escherichia coli is the leading cause of diarrhea in newborn and recently weaned piglets 

causing significant economic losses in the pig husbandry due to decreased growth rate, 

treatment costs, and considerable mortality and morbidity. The main causative agent of 

neonatal diarrhea and post-weaning diarrhea is enterotoxigenic Escherichia coli expressing F4 

fimbriae (F4 ETEC). Because the expression of F4-specific receptor is genetically determined 

in pig, a diagnostic genotyping test identifying the F4 ETEC resistant pigs can be developed. 

By using preferentially F4 ETEC resistant pigs in breeding programs, the number of F4 ETEC 

diarrhea outbreaks in the pig industry can be reduced. However, no causal mutation 

explaining the F4 ETEC susceptibility in pigs has been identified yet. 

  

Chapter 1 reviews the current literature on F4 ETEC infection in piglets. The first part of 

Chapter 1 represents an overview of the virulence factors, F4 fimbriae and enterotoxins. F4 

fimbriae (F4ab, F4ac and F4ad) mediate the attachment of F4 ETEC to F4 receptors in the 

small intestine. By adhering to the small intestine, F4 ETEC can overcome the intestinal 

peristalsis, facilitating colonization of the small intestine. The enterotoxins, heat-labile (LT) 

and heat-stable (ST) enterotoxins produced by F4 ETEC are responsible for the diarrhea in 

piglets by decreasing absorption and increasing secretion of fluids and electrolytes in the 

small intestine. 

The second part of Chapter 1 represents the current knowledge of F4 receptors and the 

genetic aspect of the inheritance of these receptors. F4 fimbriae bind to glycoprotein (e.g. 

ANPEP for F4ac ETEC) or glycolipid receptors where the carbohydrate moiety of these 

glycoconjugates seems to be involved in the adhesion of F4 ETEC to the small intestine. In 

addition, the presence of F4ab/ac receptors in pigs is genetically determined. The expression 

of the F4ab/ac receptors is inherited as an autosomal dominant trait in a simple Mendelian 

manner. For F4ad receptors, the exact mode of inheritance is still unknown. Genetic mapping 

of the F4ab/ac receptor (F4ab/acR) locus has revealed that the causal mutation responsible for 

F4ab/ac ETEC susceptible is located on chromosome 13 (SSC13). Based on recent studies, it 

was suggested that the most likely location for the F4ab/acR locus is in exon 2 of mucin 13 

(MUC13). 
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The overall aim of the study was to identify the causal mutation(s) responsible for F4 ETEC 

susceptibility as well as its target gene(s) and to develop a new diagnostic genotyping test for 

the identified causal mutation(s). Two different approaches were used in parallel (Chapter 2). 

  

The first approach was to perform a genome-wide association study (GWAS) using the 

Porcine SNP60 DNA BeadChip (Chapter 3) to refine the candidate region for F4ab/ac ETEC 

susceptibility using well-phenotyped piglets. Recently, MUC13 was proposed as the causal 

gene for F4ac ETEC susceptibility. The results of the Indel MUC13 marker test, the GWAS 

and the F4ac fimbriae binding assay in our study independently confirmed that MUC13 does 

not play a role in F4ab/ac ETEC susceptibility. The refined candidate region lacks annotated 

genes indicating that previous suggested candidate genes on SSC13 are also not responsible 

for F4ab/ac ETEC susceptibility. In addition, a selected region within the candidate region 

harboring the SNPs with the highest evidence of association was sequenced in F4ab/ac 

receptor-positive and F4ab/ac receptor-negative piglets in order to identify the causal 

mutation(s) (Chapter 6). During sequencing, 725 mutations were found in the selected region 

of which 274 mutations (38 %) were correlated with the F4ab/ac ETEC phenotype. 

 

The second approach was to investigate whether genetic variation in the gene encoding 

ANPEP, identified as an F4ac receptor, (Chapter 4) and in genes involved in the assembly of 

the F4 binding carbohydrate moiety of glycosphingolipids (Chapter 5) could account for the 

F4 ETEC binding patterns previously observed in F4 phenotyped piglets. Although these 

genes are not located in the candidate region for F4ab/ac ETEC susceptibility on SSC13, it is 

possible that the causal mutation exerts remote regulatory effects on these genes whose 

coding regions lie outside the boundaries of this candidate region.  

In Chapter 4, the expression of ANPEP was investigated in F4 phenotyped piglets by RT-

PCR and sequencing, but no obvious differential expression difference was detected 

suggesting that the F4ac ETEC binding to ANPEP is not due to modifications in the protein 

itself, but due to post-translational modifications of ANPEP by a genetic variation influencing 

the glycosylation of ANPEP. 

In addition, the interaction between the carbohydrate moiety of glycosphingolypids (GSLs) 

and F4 ETEC and their fimbriae has been previously confirmed. In Chapter 5, twelve genes 

(i.e. ARSA, B4GALT6, GAL3ST1, GALC, GBA, GLA, GLB1, GLB1L, NEU1, NEU2, UGCG, 

and UGT8) involved in the assembly of the F4 binding carbohydrate moiety of GSLs were 

selected. The expression of these genes in piglets with different F4 ETEC adhesion 
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phenotypes was also analyzed by RT-PCR and sequencing. The result of this study concluded 

that F4ab/ac/ad ETEC susceptibility is not caused by a genetic variation in the investigated 

genes. 

  

In Chapter 6, the general discussion and future perspectives are presented. 

The F4 ETEC susceptibility rate in our population was 76.44 % which indicates the 

importance of this study. Although no causal mutation(s) or target gene(s) for F4ab/ac ETEC 

susceptibility were identified, it is very likely that the identified candidate region located on 

SSC13 contains a trans-acting element interacting with a distant gene influencing F4ab/ac 

ETEC adherence in pigs. Also, a new marker, SNP2, was suggested to be used in a 

genotyping test providing a more reliable result than the DNA-based test based on the MUC4 

g.8227C>G polymorphism or the Indel MUC13 marker test. This SNP2 genotyping test is 

currently performed at the Laboratory of Animal Genetics to identify the F4ab/ac ETEC 

phenotypes (resistant and susceptible) in pigs.  

 

  

7.2. Samenvatting 

Escherichia coli is de belangrijkste oorzaak van diarree bij pasgeboren en pasgespeende 

biggen en is verantwoordelijk voor grote economische verliezen in de varkenshouderij door 

groeiachterstand, behandelingskosten, hoge mortaliteit en morbiditeit. De belangrijkste 

verwekker van neonatale diarree en speendiarree is enterotoxigene Escherichia coli die F4 

fimbriae bezitten (F4 ETEC). Omdat de expressie van F4-specifieke receptoren genetisch 

bepaald is in het varken, kan een diagnostische genotyperingstest voor de selectie van F4 

ETEC resistente varkens ontwikkeld worden. Door deze dieren bij voorkeur te gebruiken in 

fokprogramma’s, kan het aantal uitbraken van F4 ETEC diarree in de varkensindustrie 

gereduceerd worden. Echter werd er tot op heden geen oorzakelijke mutatie voor F4 ETEC 

gevoeligheid in biggen gevonden. 

  

Hoofdstuk 1 geeft een overzicht van de huidige literatuur over F4 ETEC infectie bij biggen 

weer. Het eerste deel van Hoofdstuk 1 handelt over de virulentiefactoren van F4 ETEC, 

namelijk F4 fimbriae en enterotoxines. De F4 ETEC bacteriën hechten zich met F4 fimbriae 

(F4ab, F4ac en F4ad) vast aan de F4 receptoren in de dunne darm. Door deze vasthechting 

kan F4 ETEC de intestinale peristaltiek overwinnen waardoor bacteriële kolonisatie in de 
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dunne darm kan plaatsvinden. Vervolgens produceren de F4 ETEC bacteriën enterotoxines, 

hitte-labiele (LT) en hitte-stabiele (ST) enterotoxines, die verantwoordelijk zijn voor de 

symptomen van diarree. Het tweede deel van Hoofdstuk 1 geeft de huidige kennis van de F4 

receptoren en het genetische aspect van de overerving van deze receptoren weer. F4 fimbriae 

binden aan glycoproteïne receptoren (vb. ANPEP voor F4ac ETEC) of glycolipide receptoren 

waarvan de suikergroep van deze glycoconjugaten betrokken lijkt te zijn in de vasthechting 

van F4 ETEC aan de dunne darm. De aanwezigheid van deze F4 receptoren in varkens is 

bovendien genetisch bepaald waarvan de expressie van F4ab/ac receptoren als een dominante 

eigenschap wordt overgeërfd op een Mendeliaanse manier. De exacte wijze van overerving 

van de F4ad receptoren is echter nog niet gekend. Door het genetisch in kaart te brengen van 

de F4ab/ac receptor (F4ab/acR) locus werd er aangetoond dat de causale mutatie 

verantwoordelijk voor F4ab/ac ETEC gevoeligheid op chromosoom 13 gelegen is. Op basis 

van recente studies werd er gesuggereerd dat de F4ab/acR locus meest waarschijnlijk 

gelokaliseerd is in exon 2 van mucine 13 (MUC13). 

  

Het doel van dit doctoraatsonderzoek was om de oorzakelijke mutatie(s) verantwoordelijk 

voor F4 ETEC gevoeligheid evenals het doelwitgen of -genen te identificeren en om zo een 

nieuwe diagnostische genotyperingstest te ontwikkelen op basis van de geïdentificeerde 

causale mutatie(s). Twee verschillende benaderingen werden in parallel toegepast (Hoofdstuk 

2). 

  

De eerste benadering was om via een genoomwijde associatiestudie (GWAS) met behulp van 

de Porcine SNP60 DNA BeadChip (Hoofdstuk 3) de kandidaatregio voor F4ab/ac ETEC 

gevoeligheid verder te verfijnen in goed gefenotypeerde biggen. MUC13, gelokaliseerd op 

chromosoom 13, werd onlangs voorgesteld als het oorzakelijk gen voor F4ac ETEC 

gevoeligheid. De resultaten van de Indel MUC13 merker-test, de GWAS en de F4ac fimbriae 

bindingstest in onze studie bevestigden onafhankelijk dat MUC13 geen rol speelt in de 

F4ab/ac ETEC gevoeligheid. De verfijnde kandidaatregio geïdentificeerd in deze thesis bevat 

geen geannoteerde genen waardoor vastgesteld kon worden dat de eerder voorgestelde 

kandidaatgenen op chromosoom 13 niet verantwoordelijk zijn voor F4ab/ac ETEC 

gevoeligheid. Daarnaast werd een gebied met de sterkst geassocieerde SNPs geselecteerd 

binnen de kandidaatregio en werd deze gesequeneerd in F4ab/ac receptor-positieve en 

F4ab/ac receptor-negatieve biggen om de causale mutatie(s) (Hoofdstuk 6) te identificeren. 
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Tijdens deze sequenering werden er 725 mutaties in het geselecteerde gebied geïdentificeerd 

waarvan 274 mutaties (38 %) een correlatie vertoonden met het F4ab/ac ETEC fenotype. 

  

De tweede benadering was om te onderzoeken of een genetische variatie in het gen coderend 

voor ANPEP, geïdentificeerd als F4ac receptor, en in genen betrokken in de assemblage van 

het F4-bindend suikerdeel van glycosfingolipiden verantwoordelijk kan zijn voor de F4 ETEC 

bindingspatronen eerder geobserveerd in F4 gefenotypeerde biggen. Hoewel deze genen niet 

gelokaliseerd zijn in de kandidaatregio voor F4ab/ac ETEC gevoeligheid, is het mogelijk de 

oorzakelijke mutatie regulerende effecten uitoefent op genen waarvan de coderende gebieden 

buiten de grenzen van de geïdentificeerde kandidaatregio voor F4ab/ac ETEC gevoeligheid 

liggen. 

In Hoofdstuk 4 werd de expressie van ANPEP onderzocht in F4 gefenotypeerde biggen door 

middel van RT-PCR en sequenering. Er werd geen differentieel expressieverschil 

waargenomen wat erop wijst dat de F4ac ETEC binding aan ANPEP niet te wijten is aan 

wijzigingen in het eiwit zelf, maar het gevolg is van post-translationele modificaties van dit 

eiwit door een genetische variatie die de glycosylering van ANPEP beïnvloedt. 

Daarnaast werd de interactie tussen de suikergroep van glycosfingolypiden (GSLs) en F4 

ETEC en hun fimbriae eerder vastgesteld. In Hoofdstuk 5, werden twaalf genen (ARSA, 

B4GALT6, GAL3ST1, GALC, GBA, GLA, GLB1, GLB1L, NEU1, NEU2, UGCG en UGT8) 

geselecteerd die betrokken zijn in de assemblage van het F4-bindend suikerdeel van GSLs. De 

expressie van deze genen werd geanalyseerd in biggen met verschillende F4 ETEC adhesieve 

fenotypes door RT-PCR en sequenering. Het resultaat van deze studie concludeert dat 

F4ab/ac/ad ETEC gevoeligheid niet veroorzaakt wordt door een genetische variatie in de 

onderzochte genen. 

  

In Hoofdstuk 6 worden de algemene discussie en toekomstperspectieven gepresenteerd. 

Hier wordt het belang van deze studie aangetoond door de hoge F4 ETEC gevoeligheidsgraad 

(76,44 %) in onze varkenspopulatie. Hoewel er geen causale mutatie(s) of doelwitgen(en) 

voor F4ab/ac ETEC gevoeligheid geïdentificeerd werden in deze thesis, is het zeer 

waarschijnlijk dat de kandidaatregio op chromosoom 13 een trans-werkend element bevat dat 

genen die een rol spelen in de adhesie van F4ab/ac ETEC aan de dunne darm beïnvloedt. Ook 

werd er een nieuwe merker, SNP2, voorgesteld om te gebruiken in een genotyperingstest met 

een betrouwbaarder resultaat tot gevolg dan de DNA-test op basis van het MUC4 g.8227C>G 

polymorfisme of de Indel MUC13 merker-test. Deze SNP2-genotyperingstest om de F4ab/ac 
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ETEC fenotypes (resistent en gevoelig) in varkens te identificeren, wordt momenteel 

uitgevoerd in het Laboratorium voor Dierlijke Genetica. 
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