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ABSTRACT 

 

An investigation of post-weaning diarrhea control strategies and enterotoxigenic Escherichia coli 

challenge trial methodology 

 

 

Michelle Rose Goodman       Co-advisors: 

 

University of Guelph, 2021      Dr. Robert Friendship & 

         Dr. Abdolvahab Farzan 

  

 

Strategies for preventing post-weaning diarrhea to enhance growth and health of nursery 

pigs were examined using clinical on-farm trials, and in addition, experimental E. coli challenge 

methodologies were synthesized and compared. Two clinical trials were conducted to examine 

the effectiveness of a live oral vaccine. Diarrhea was more prevalent in vaccinated pigs in 1 of 2 

trials (P < 0.05), but growth was similar between vaccinated and non-vaccinated pigs (P > 0.05). 

The use of diets containing alternative protein sources compared to soybean meal was also 

evaluated. Faster growth and less diarrhea was observed in nursery pigs fed complex diets 

containing alternative proteins compared to diets with higher levels of soy. Lastly, a scoping 

review of E. coli experimental challenge studies was conducted. Factors that were examined 

included; pig age, bacterial strain, dose and method of administration. Both on-farm and 

experimental challenge studies can be useful in evaluating control measures.
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CHAPTER 1: LITERATURE REVIEW   

1.1 Introduction  
 

Weaning is deemed one of the most stressful events in a pig’s life, often characterized by 

increased susceptibility to enteric disease associated with diarrhea and reduced growth (1). 

Nursery pig’s susceptibility to disease can be influenced by factors such as environmental 

temperature fluctuations, mixing of litters, gastric pH and loss of lactogenic immunity (2-6). 

These pigs can also be exposed to a plethora of pathogens. In Ontario, enterotoxigenic E. coli 

(ETEC) is one of the most common reasons for enteric disease in newly weaned pigs (7). Post-

weaning diarrhea (PWD), which results from an infection with ETEC can lead to large economic 

losses (8), due to reduced weight gain, and high rates of morbidity in weaned piglets (9, 10). In 

addition, PWD is a cause of mortality in weaned pigs, killing around 1.5-2% of pigs annually (8). 

Traditionally, PWD has been controlled with antibiotics and/or the inclusion of 

therapeutic levels of zinc oxide (2500-3000 mg/kg) in starter feeds. However, increasing public 

pressure and concern from the scientific community regarding antibiotic use leading to the 

development of antibiotic resistance (11, 12) and the threat of environmental pollution from 

excess secretions of heavy metals into manure (9, 13, 14) has resulted in the search for effective 

alternative strategies for treatment and prevention of PWD. Scientific endeavors have examined 

the use of vaccines, specifically live oral vaccines to prevent the adherence of ETEC fimbria to 

receptors on intestinal cells. This type of vaccine has shown promising results for the prevention 

of PWD and induction of mucosal immunity (15, 16).  

The withdrawal of sow’s milk and abrupt change to a plant-based solid diet is also 

thought to have an effect on a pig’s susceptibility to infection from ETEC (17). The combination 
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of antibody loss from reduced exposure to milk, post-weaning anorexia (2, 14), and gut irritation 

and inflammation (18) from some of the ingredients in a plant-based diet, produce intestinal 

damage and reduced absorption (4), providing optimal conditions for proliferation and 

colonization of ETEC. Pig diets typically rely on relatively inexpensive sources of plant protein, 

particularly by-products of the vegetable oil industry such as soybean and canola meal, however, 

these ingredients are noted to contain anti-nutritional factors and can cause inflammation of the 

intestinal lining, as well as reduce feed palatability for young pigs. Thus, diets containing 

alternative proteins (e.g. whey, fish meal, spray-dried porcine plasma) are commonly used to 

ease the transition to solid, plant-based feed in order to minimize the post-weaning setback, 

prevent diarrhea and achieve optimal growth (19). However, the use of alternative protein 

sources results in increased feed costs (20, 21). At the time the industry embraced the use of 

expensive transition feeds containing alternative protein sources for newly weaned pigs, post-

weaning diseases were much harder to control than they are today. Farm management including 

the use of off-site nurseries, all-in/all-out pig flow, vaccination, biosecurity and hygiene have 

greatly improved as well as improvements in housing and ventilation design. It is possible that 

the importance of expensive transition feeds may be less now than they were previously. It is 

important to revisit the efficacy of the more digestible and expensive diet to determine if more 

cost effective alternatives can be used with satisfactory results.  

The following review will discuss ETEC and how bacterial infection leads to disease in 

weaned pigs, placing emphasis on the virulence factors and pathogenesis of the bacteria. 

Frequency of PWD globally will also be investigated. In addition, bacterial infection will be 

described, and implications of PWD economically, environmentally and with regards to public 
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health will be explored. Several treatment and preventative methods will also be discussed with 

an emphasis on vaccination and diet complexity. 

1.2 Enterotoxigenic Escherichia coli (ETEC) 
 

 

The most common E. coli pathotype is enterotoxigenic E. coli (ETEC) (22), which are 

flagellated rods often associated with diarrhea in newly weaned piglets. Similar to all other E. 

coli pathotypes, ETEC is Gram-negative. The main virulence factors of ETEC include fimbrial 

adhesins and enterotoxins that are necessary for the development of disease (23, 24).  

1.2.1 Fimbriae 

 

Diarrhea and illness induced by an ETEC infection are typically dependent on survival of 

the bacteria through the stomach, attachment of adhesins to specific receptors on the brush 

border of enterocytes where rapid multiplication can occur and finally the release of enterotoxins 

(1, 22, 25). Attachment is mainly mediated by fimbrial adhesive surface antigens of ETEC. The 

fimbriae most commonly found on ETEC in pigs include; F4 (formally K88), F5 (K99), F6 

(987P), F17 (Fy/Att25), F18 and F41 (26-28). In general, F5, F6 and F41 are normally associated 

with neonatal infection and weanling pigs (29, 30). In nursery pigs, F4 and F18 are currently the 

most common fimbrial types found in diseased animals (25, 31). Previously, the F4 fimbrial 

strain has been linked to diarrhea in both weaned and suckling pigs, whereas the F18 strain is 

almost exclusively associated with disease in weaned pigs only (29, 32).  
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1.2.1.1 F4 (K88) fimbriae 

 

 

  F4 fimbriae are long filamentous surface proteins that can vary from a wide, condensed 

ridged structure to one that is more thin and flexible (33). There are 3 known variants of F4 

fimbriae that characterize their adherence to the intestinal mucosa; F4ab, F4ac and F4ad (2, 9, 

25, 32-35). F4ac is often the most prevalent of the three (10, 25, 36). Previously, researchers 

investigated 44 isolates that were known to carry F4 ETEC genes and discovered 96% contained 

F4ac genes, with the other 4% of isolates containing F4ab genes (37). A second study examined 

237 F4 ETEC isolates from pigs experiencing PWD and found 98% were of the F4ac variant, 

while the F4ab (0.8%) and F4ad (1.3%) variants were much less common (38). The “a” present 

in all three variants is referred to as the common epitope, and the following “b”, “c” or “d” are 

known as specific epitopes (32). An epitope is the portion of the antigen to which the antibodies 

bind.  

 

1.2.1.2 F18 fimbriae 

 

 

 F18 fimbriae are long and flexible filaments with a characteristic zigzag pattern (25, 39, 

40). F18 fimbriae occur as two antigenic variants F18ab and F18ac (25, 26, 40); with the 

common epitope designated “a”, and “b” and “c” as specific epitopes (40). Prior to 1995, these 

variants were termed F107 (F18ab) and 2134P or 8813 (F18ac) (25, 40). Generally, F18ab is 

associated with cases of oedema disease in weaned pigs, while F18ac is associated with PWD 

(26, 29, 41). These fimbriae more successfully adhere to microvilli of pigs at least 3 weeks of 

age (39), as F18 receptors are typically not developed in pigs younger than 20 days of age (25, 

40).  
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1.2.1.3 Bacterial attachment 

 

 

 The process of bacterial attachment begins when the ETEC bacteria are ingested by the 

piglet. The bacteria then make their way through the gastro-intestinal tract (GIT) to the small 

intestine where they attach to receptors with the fimbriae either on the epithelium or in the mucus 

which coats the small intestine (40). Adherence of the bacteria alters epithelial cell function 

provoking the small intestine to secrete fluid and electrolytes into the lumen (41, 42) ultimately 

leading to diarrhea. Once the animal is infected, bacteria rapidly proliferate in the ileum and 

jejunum of the small intestine increasing the number of colony forming units (CFU) per gram of 

tissue (25), with severity of infection positively correlated with greater bacterial attachment.  

 

1.2.1.4 F4 and F18 receptors 

 

 

Prior to colonization of the small intestine, F4 or F18 ETEC must attach to fimbria-

specific receptor sites, which are located in the brush border of epithelial cells and microvilli of 

the small intestine (40). Once attached, proliferation and colonization of the bacteria occurs 

reaching 109-1010 CFU/g of tissue, and consequently producing disease (40).  

Presence or absence of fimbrial receptors can be determined using an in-vitro adhesion 

assay (34, 43, 44). Based on brush border attributes, pigs are classified as F4R+ (receptor) or 

F4R- (no receptor) (43). For F18 ETEC, a simple PCR test can determine whether a pig is 

susceptible or resistant (25). 

Pigs can also be classified based on their adhesion status, since adhesion of the fimbriae 

can only occur if the attachment site is part of the physiological structure of the pigs gastro-

intestinal tract. Adhesion categories are similar to those of susceptibility and resistance. Animals 
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that are considered adhesive permit attachment of bacteria to epithelial cells, while pigs that are 

non-adhesive are more difficult to infect with F4 ETEC (34, 41, 43).   

In recent years, the presence of the F4 binding site was discovered to be an autosomal 

dominant trait (45). The majority of pigs are positive for the F4 binding site and the F18 binding 

site (25, 46). Genetic susceptibility of pigs to F4 ETEC can be determined using DNA marker-

based tests that target the Mucin4 (MUC4) gene situated on chromosome 13 (45, 23). This test 

categorizes pigs into 1 of 3 genotypes; homozygous susceptible (SS), heterozygous susceptible 

(SR) and homozygous resistant (RR) (45-49). The test is not applicable to F18 ETEC, because it 

is a different gene requiring different primers. As well, the F18 fimbriae receptors are located on 

chromosome 6 (25).  

The relationship between age and presence of receptors in piglets has also been 

investigated, using samples from pigs 5, 26 and 47 days-old (50). Pigs euthanized around 26 

days of age were determined to have the highest number of F4 receptors compared to pigs 

euthanized at 5 and 47 days-old. Comparatively, F18 receptors are generally not expressed 

earlier than 20 days of age (25, 40). In Canada, weaning commonly occurs at approximately 3 

weeks of age, and thus it is important to implement preventative techniques during the first 2 

weeks post-weaning when pigs are most susceptible to infection.  

1.2.1.5 Phenotypes 

 

 

 In addition to the existence of a receptor (F4R+), F4 ETEC adhesion to epithelial cells 

can be mediated by several phenotypes. Bijlsma et al. (34) conducted a two part study to classify 

the different phenotypes related to F4 ETEC in swine. First, the receptor status of the E. coli 
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strains were investigated, then possible phenotypes were identified and later classified from A-

E based on different fimbrial variants’ attachment ability (32, 34, 48, 51).  

Pigs with phenotype A can adhere to all three F4 variants (F4ab, F4ac, F4ad), whereas 

those belonging to phenotype B and C can only adhere to a combination of 2 variants. For 

phenotype B, F4ab or F4ac can adhere and for phenotype C, F4ab or F4ad can adhere. Pigs with 

phenotype D can only adhere to one variant (F4ad) and those with phenotype E were resistant in 

that no variants were able to adhere (32, 34, 48, 51). Pigs with phenotype E did not recognize the 

F4 ETEC due to the lack of receptors and as a result failed to produce antibodies (52).  

A sixth phenotype was later discovered and named phenotype F, which can only adhere 

to the F4ab variant (51).  

Phenotypes of pigs affected by F18 ETEC have not been explored in such depth and are 

designated as either adhesive or non-adhesive (25, 46). 

1.2.1.6 E. coli enterotoxins  

 

 

Following bacterial attachment and proliferation, the release of enterotoxins into the 

gastro-intestinal tract (GIT) occurs, altering the function of fluid homeostasis in the small 

intestine leading to excess fluid in the lumen and modification of the epithelial environment  

(22). Enterotoxins are categorized by thermal stability and termed heat-labile toxin (LT) and 

heat-stable-toxin (ST).   
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1.2.1.6.1 Heat-labile toxin (LT)  

 The heat-labile toxin (LT) is structurally similar to the Vibrio cholerae toxin (23, 24, 42, 

53) and can be further sub-divided into LT-I and LT-II (26, 51). LT-I is commonly produced by 

E. coli in humans and pigs, whereas LT-II tends to be associated with cases of animal ETEC (42, 

54). Through a series of binding processes LT activates the adenylate cyclase system increasing 

the level of cAMP, which triggers the hypersecretion of fluid and electrolytes into the lumen (53-

55). This excess of fluid secretion can lead to diarrhea.  

The LT toxin can be produced by both F4 and F18 E. coli, but production in F18 E. coli 

is much less common (40).  

1.2.1.6.2 Heat-stable toxins (ST) 

 

 

Heat-stable enterotoxins are classified as STa and STb (10, 22, 54). Diarrhea in neonatal 

pigs is often associated with E. coli producing STa, but STa can be found in pigs with post-

weaning diarrhea as well. On the other hand, STb is highly associated with diarrhea in weaned 

pigs (40, 42). After their release STa enterotoxins stimulate the guanylate cyclase system. This 

activates cyclic guanosine monophosphate (cGMP), which inhibits the absorption of and 

contributes to the secretion of fluids and electrolytes in the small intestine (40, 42). The process 

of how STb produces clinical signs is not well understood (40). Both F4 and F18 E. coli are 

ordinarily able to produce both heat-stable toxins.   
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1.2.2  Prevalence of post-weaning diarrhea caused by E. coli (PWD) 

Cases of PWD increased in Ontario after 1997, with the number of E. coli isolates 

submitted to the Animal Health Laboratory (Guelph, Ontario, Canada) increasing by 51% (7). 

The rise in cases could be attributed to many factors because the Ontario swine industry has 

changed a great deal in the last 25 years, including the management of weaned pigs. For 

example, off-site nurseries became common, along with the practice of large group sizes of 

newly weaned pigs in a pen. Increased biosecurity and sanitation aimed at reducing the spread of 

disease may have inadvertently created a more naïve population and contributed to the rise in 

cases, because of lower exposure of suckling pigs to E. coli and less opportunity to acquire active 

immunity before entering the nursery.  

 The prevalence of PWD induced by ETEC and fimbrial type varies by geographical 

location. In a study by Luppi et al. (56), 339 isolates taken from scouring pigs revealed 45.1% 

and 33.9% of the isolates were from pigs infected with F4 E. coli and F18 E. coli, respectively, 

and ≤ 0.6% of E. coli isolates were positive for F6, F5 and F41. Farms included in the study were 

located in Belgium, France, Germany and the Netherlands (56). In Australian piggeries, 

approximately 46% of 104 isolates taken from pigs experiencing PWD were from F4 ETEC and 

only 2 isolates were F18 E. coli (57). While in Korea, it was more common to isolate F18 ETEC 

(21.5%) rather than F4 ETEC (16.9%) from PWD cases. Less than 10% of cases were attributed 

to F5, F6 and F41 E. coli (58). In Japan, F4 ETEC was the most common (45.8%) fimbrial type 

associated with PWD cases, with F18 and F6 as the second two most common (26.3%) (59). 

Isolates from pigs experiencing PWD in North Carolina (USA) were mainly from F4 ETEC 

(41.1%) and F18 ETEC (32.5%) (60). In Quebec (Canada), 23.4% of 1226 E. coli isolates were 
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F4 positive (61). A low frequency of F18 positive ETEC (7%) was observed on 28 farms in  

southern Ontario (Canada) (62), while in another study 57.6% of cases on 26 farms were 

attributable to F4 ETEC (63).  

1.2.3 Pathogenesis  

 

 

Diarrhea caused by ETEC typically occurs during the first 2 weeks after weaning (1, 2, 6) 

with clinical signs generally lasting 4-14 days (21). Generally, the disease is spread by fecal-oral 

transmission and the source of the bacteria may be pen mates, fomites or contaminated feed. 

Factors involved in weaning such as separation from the sow, alteration of diet, exposure to a 

new environment, cool environmental temperature, litter mixing and histological changes in the 

small intestine can create an environment suitable for the survival of E. coli in the intestine (64). 

 An infection with ETEC can result in colonization of the small intestine via attachment of 

bacteria to receptors on the small intestinal epithelium (40). Colonization mainly occurs in the 

jejunum, ileum and to a lesser extent the duodenum. After colonization, rapid proliferation 

occurs followed by the release of enterotoxins, which trigger the secretion of fluids into the 

intestinal lumen. As well, the toxins prevent absorption of the fluid and electrolytes which flood 

the lumen, prompting acidosis, dehydration and eventual diarrhea (24, 41).  
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Figure 1.1 Visual representation of the pathogenic process of enterotoxigenic E. coli in 

nursery pigs (adapted from 63, created on BioRender.com) 

 

1.2.4 Clinical signs of an ETEC infection   

 

 

 Pigs are often afflicted by PWD at the start of the weaning period (1, 2, 6, 55). Clinical 

signs can appear in over 70% of affected pigs in an outbreak following sufficient bacterial 

colonization (62). One of the main clinical signs is diarrhea, which can range from mild to severe 

(56) depending on the degree of infection. More severe diarrhea tends to be watery or loose with 

light to no colour, continuing for approximately one week post-initial infection date. Depending 

on the alkalinity, diarrhea can trigger irritation and hair loss around the anus (9). A combination 

of red and blue discolouration of certain extremities (e.g. abdomen, nose, ears) can be noted on 

affected pigs. As well, other traits such as dehydration, decreased feed consumption, weight loss 
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and shivering have been observed (64). The skin can develop a rough parchment-like appearance 

as the dehydration worsens. 

Older pigs have a greater chance of recovering from an ETEC infection but those that 

survive can have reduced growth rates for the remainder of the nursery period (42). Death occurs 

more frequently in younger pigs. Dehydration can occur so rapidly that pigs may die with fluid-

filled intestines before signs of diarrhea are observed (9).  

 In a study examining the impact of ETEC infection on common daily behaviours, it was 

found that the pigs challenged with ETEC exhibited higher rates of defecation, longer lying 

times and reduced feed and water intake than non-challenged control pigs (3). Monitoring these 

behaviours during the early stages of weaning can help act as an early warning system for 

possible ETEC infection (3). 

1.3  Implications of post-weaning diarrhea (PWD) 

1.3.1  Economic impact 

 

Outbreaks of PWD from ETEC lead to significant economic consequences for pork 

producers. Losses mainly stem from morbidity, mortality, cost of treatments and decreased 

growth rate associated with the diarrheal condition (9, 15, 16, 22). Supposing a weaned pig is 

priced at $40, and the mortality rate is between 2-7%, then losses could reach $20,000 per year in 

a 500-sow herd (63). A European report in 2014, estimated losses to be around 40 per sow 

based on prolonged rearing time and mortality (65). Thus, it is important to use effective 

treatment methods to reduce the economic burden of disease.  
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1.3.2  Public health concerns 

Antimicrobials are commonly used to treat or prevent PWD because of proven success, 

ease of distribution and the ability to protect multiple pigs at once. In general, over 50% of all 

antimicrobial use is for livestock (66-68) and this has raised public health concerns (11, 12), 

because multi-resistant antimicrobial genes can develop in pigs and possibly transfer to human 

pathogens (69, 70). Some consumers worry that pork is a source of antibiotic residues and/or 

bacteria carrying antibiotic resistant genes (71, 72), and thus reducing demand for pork products. 

Resistance of several antibiotics has been linked to incorrect use such as; under-dosing, repeated 

use, and mass medication of herds (9, 12). In order to meet the demand of reducing antimicrobial 

use, while also preventing major loss and mortality for producers (73) the scientific community 

has been investigating alternative measures that may be as effective as antimicrobials for 

controlling ETEC infection in post-weaned pigs.   

 

1.3.3  Environmental impact  

 

 

Zinc is a common feed ingredient included in pig diets. It is essential for several 

metabolic functions, although higher concentrations of zinc act as an antimicrobial and has 

proven to be an effective method to control PWD. Excess dietary zinc above the pigs’ metabolic 

needs are poorly absorbed and excreted in feces (9, 74). The spreading of manure with high zinc 

levels on fields can lead to the accumulation of zinc in the soil and damage plant production (75). 

In addition, bacteria develop resistance to zinc (9).  
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1.4 Preventative measures for enterotoxigenic E. coli 
 

 

Ever-growing concern regarding the restriction of antibiotics in swine has motivated 

research into alternative treatment and preventative measures that will promote growth, improve 

feed consumption and lead to positive health benefits. In the following section, traditional 

methods (e.g. antibiotics and ZnO) and several alternatives previously investigated will be 

discussed.    

 

1.4.1 Antimicrobials  

 

 

Antimicrobials have been administered in livestock and human medicine to promote 

growth, treat bacterial infection and as prophylaxis to prevent disease (66, 76, 77). In recent 

years, countries have banned or restricted antimicrobials as growth promotors and placed 

restrictions on the animal use of antibiotics that are of high importance in human medicine (66).  

 

1.4.2 Antibiotics  

 

 

Currently, antibiotics are one of the most common control measures for PWD in pigs (7). 

Some commonly used antibiotics in Canada for E. coli infection in swine include apramycin and 

neomycin in water, and individual parenteral treatment with trimethoprim-sulfa (9).  

Medicating the entire pen treats affected individuals and can prevent disease from 

developing in uninfected pigs. It can also lead to under-dosing if consumed in unequal amounts 

favouring the development of resistant bacteria (9, 12). Reducing antibiotic use prior to 

discovering a sufficient alternative can negatively impact feed efficiency and increase rates of 

morbidity and mortality (73).  
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1.4.3 Heavy metals    

 

 

The addition of therapeutic amounts of heavy metals to nursery diets can prevent PWD 

and promote growth (74). Levels between 50-125 mg/kg of zinc and 5-10 mg/kg of copper are 

sufficient to meet the metabolic needs of pigs (78). However, concentrations of 2000-3000 

mg/kg of zinc oxide (ZnO) and 100-250 mg/kg of copper sulphate act as antimicrobials (78). 

Furthermore, the inclusion of high levels of ZnO can reduce diarrhea (74, 79) by decreasing 

proliferation and adherence of bacteria in the gastro-intestinal tract (79, 80). When incorporated 

into the diet during the first few weeks post-weaning improved fecal scores, gut health and 

growth have been observed (14, 70, 81, 82). Although copper sulphate has also been seen to 

improve growth when given at high concentrations, additive effects typically do not occur when 

high levels of zinc and copper are used in conjunction (78).  

 

1.4.4 Probiotics and prebiotics 

 

 

Probiotics are defined as bacteria, yeast or microorganisms that can counteract the 

negative consequences of pathogenic bacteria, if provided at sufficient levels (36, 83, 84). When 

fed to pigs during the nursery period, they have shown promising results preventing ETEC 

infection, due to their ability to modulate the intestinal immune response (36). Additionally, 

probiotics can hinder fimbrial adherence, inactivate ETEC toxins, compete for nutrients, aid in 

reinforcing the intestinal barrier (36, 83, 85-87) and modulate the activity if their gut microbiome 

(88). The variable effects observed in pigs is attributed to the strain type and timing of 

administration, inconsistent doses within and across farms and animal age (36). Most often, 

prominent beneficial effects are seen on farms that have suboptimal conditions (85).  
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Prebiotics like probiotics are able to prevent pathogenic adhesion to the mucosa 

theoretically preventing colonization of ETEC (83). As fermentable carbohydrates, the prebiotics 

are thought to alter the microbiota of the small and large intestine (86), which may reduce pH 

(83) and survivability of pathogenic bacteria in the intestinal environment.  

 

1.4.5 Proteobiotics and synbiotics 

 

 

Newer developments for the treatment and prevention of PWD in pigs are proteobiotics 

and synbiotics. Proteobiotics are bacterial peptides that are able to interrupt cell-to-cell 

communication of pathogenic bacteria using quorum sensing (89, 90). Quorum sensing prevents 

the bacteria from alerting other pathogenic bacteria that they have reached the site of infection, 

inhibiting adherence and eventual colonization (89, 90). Researchers observed that pigs given 

proteobiotics were 2-3 times less likely to become ill or shorten the duration of illness (90).  

 Alternatively, synbiotics are products that are composed of probiotic and prebiotic 

components which are thought to be more effective in combination than alone for the promotion 

of gut health and function (86, 87). These supplements should have synergistic and 

complementary effects to provide optimal protection against pathogenic bacteria and to stimulate 

growth of beneficial bacteria in the intestinal tract (86).  

1.4.6 Feed additives   

 

 

Another common means of preventing disease in nursery pigs is to manage their diet by 

adding feed ingredients known to reduce bacterial proliferation of E. coli and other pathogens in 

the intestinal tract. Numerous studies have investigated these methods to control PWD with 

variable success.  
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1.4.6.1 Spray-dried porcine plasma  

 

 

Spray-dried porcine plasma (SDPP) is a type of protein rich feed product obtained from 

fractionating the blood of healthy pigs (91, 92). Recommended inclusion levels of SDPP are 4-

8% in starter rations for ideal results (91, 92). Effects such as the stimulation of appetite and 

reduction of post-weaning growth lag are most prominent during the first few days after weaning 

(93, 94). Reports of reduced inflammation and inhibition of ETEC excretion have also been 

detected (25). Recently, the use of SDPP has declined as it is an expensive feed ingredient and 

has been banned in Europe (25) due to biosafety concerns (91).  

 

1.4.6.2 Egg yolk-antibodies 

 

 

The inclusion of egg yolk-antibodies in piglet feed is also an inexpensive therapeutic 

method to passively protect young pigs from gastro-intestinal diseases (95) such as ETEC 

infection (96). Egg-yolks originating from chickens immunized against specific ETEC antigens 

contain high concentrations of IgY (13, 95, 97, 98). In-feed prophylaxis and treatments are then 

developed using the egg yolks and given orally to pigs to control PWD (13, 95). Field trials 

investigating the use of egg yolk-antibodies have reported no change in morbidity and mortality 

and there is speculation that IgY is altered in the piglet stomach and upper intestine by digestive 

enzymes (13). However, certain studies have observed increased growth and fewer instances of 

diarrhea in pigs provided with egg yolk-antibodies but typically these studies were performed on 

piglets less than 7-days of age (96). Inconsistencies in results could also relate to factors such as 

duration of treatment, gastric pH, product titer or disease status (98).  
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1.4.6.3 Acidifiers  

 

At the start of the nursery phase pigs are subjected to an abrupt change from milk-based 

to solid feed leading to dramatic changes in the intestinal microbiota and possibly inflammation 

of the gastro-intestinal tract (18). The pH of a nursery pig ranges from 2.6-5, while matured pigs 

tend to have a pH of 2-3 (1). A higher gastric pH can support the growth and survival of 

pathogens and colonization of the small intestine (99). Acidifiers are commonly described as 

bacteriocidal and bacteriostatic (100), meaning they can kill bacteria and prevent their growth or 

reproduction. Organic acids or acidifiers are typically added to starter feed to enhance the normal 

process of pH reduction and counteract the elevated gastric pH levels commonly observed in 

suckling pigs (83, 100, 101). The addition of acidifiers to weaner diets can also increase daily 

weight gain (25) from improved digestion of nutrients (85). Positive effects of acidifiers are most 

frequently seen at the start of weaning and lessen with age (99, 102). The type of acid, 

palatability, inclusion levels, presence of receptors and immunity from maternal vaccination are 

some factors that may influence a pigs’ response to consumption of acidifiers (83).   

 

1.4.6.4 Plant extracts  

 

Plant extracts have been observed to increase nutrient digestion, enhance enzyme activity 

and improve the immune status of pigs following weaning (103). These extracts are hydrophobic 

liquids composed of volatile aromatic compounds obtained from plants (103). In pigs given plant 

extracts an increase of 2% in growth and 0.9% in feed intake was reported (103). This may be 

attributed to enhanced palatability and flavour promoting voluntary intake and greater weights as 

a result (103). Typically, these additives are more effective against Gram-positive bacteria (103) 

and tend to only pass through the stomach if encapsulated, thus their ability to prevent PWD is 
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less than that of other alternatives discussed. Overall, understanding of the outcomes of plant 

extracts and their action against gut pathogens is elementary.  

 

1.4.7 Vaccination  

 

 Vaccination is another method used to prevent E. coli infection on swine farms. Most 

commonly, vaccinations are used to passively protect neonatal pigs from E. coli diarrhea. Sows 

are vaccinated with a killed vaccine given intramuscularly. The antibodies produced by the sow 

can be passed down to the suckling pigs through colostrum and milk. However, when pigs are 

weaned they no longer receive this protection and must develop active immunity against E. coli 

pathogens in their new environment (104, 105).   

 Injectable killed vaccines such as those used in maternal vaccination programs induce a 

systemic immune response and produce mainly IgG rather than IgA antibodies (25, 105). 

Movement of the antibodies from the blood to intestinal lumen is not at a high enough 

concentration to yield an effective response if given to weaned piglets to try to protect against 

PWD (10, 25, 105, 106). Oral vaccination with a modified live vaccine has been used to protect 

weaned pigs. Encapsulation strategies have been investigated to protect the oral vaccine against 

low pH and maternal antibodies, as it moves through the gastro-intestinal tract (30). Variable 

success of encapsulated subunit vaccines has been observed against ETEC challenges. Snoek et 

al. (107) found the vaccine was able to significantly reduce excretion of F4 ETEC following 

challenge. Although, colonization of the pathogenic bacteria could not be prevented (107). As 

well, when purified F18 fimbriae were administered, a protective response could not be induced 

unless a live strain was used (30). Additional analysis of the capsule revealed that the enhanced 
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immune response was not a result of protection against gastro-intestinal degradation, thus it may 

not be appropriate for use during the suckling period for the prevention of PWD. 

  Genetically modified vaccines are being studied in 1-2 week old pigs. These vaccines 

contain live avirulent E. coli with vectors that transport genes which code for antigenic proteins 

(108). Targeted deletion of E. coli virulence genes render the organisms non-pathogenic. Oral, 

nasal or ocular administration of the vaccine is available, allowing for mass or individual 

protection (108). This control method is more common in Australia where the generic vaccines 

are available for commercial use and successful results have been observed on farm.  

 Another vaccination strategy is orally immunizing pigs with live wild-type or attenuated 

E. coli (25). These vaccines are non-pathogenic but can transport adhesins following inoculation 

(25). Two types of oral vaccines are currently under investigation and referred to as inactivated 

and live oral vaccines.  

 Inactivated oral vaccines use killed E. coli bacteria to control PWD in pigs. The 

subsequent response is dose dependent, thus the vaccine must be provided in large amounts over 

the course of a few days. Some successful trials have been reported; although it was suggested 

that this vaccine is not suitable for immunizing young pigs (104) and is unable to produce a 

mucosal immune response.   

 On the other hand, live oral vaccines have been shown to protect pigs against PWD (15, 

16, 109), by inhibiting bacterial attachment (15, 16, 40). After oral administration, the live 

bacteria attach to cells in the intestine to induce a mucosal immune response (30). Subsequently, 

IgA antibodies are produced and stop the colonization of ETEC expressing the same fimbriae as 
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the vaccine strain. Several on-farm studies that used live oral vaccines found lower antibiotic use 

and mortality following the inoculation (40), indicating that it could be a promising alternative 

method to control PWD. 

1.4.8 Diet  

 

 Pigs are exposed to a multitude of changes when moved to the nursery. One such change 

is their diet from liquid to solid feed (40). Rapid introduction of solid feed may increase gastric 

pH, allowing greater passage and survival of pathogens such as ETEC through the gastro-

intestinal tract (92, 95). This is a result of immature digestive enzymes in newly weaned pigs that 

can only effectively digest milk (92). The drier feed in addition to being less digestible is less 

palatable and can lead to lower intake and consequently slower growth. Commonly, highly 

digestible ingredients (e.g. whey, fish meal) are included in nursery diets to promote intake, 

health and reduce the post-weaning growth check. These ingredients increase the cost of nursery 

feed, which is by far the greatest input cost in pork production (110). Because the swine industry 

is constantly changing with, for example, improved management and bio-security practices, it is 

important to revisit the usefulness of expensive ingredients like alternative protein sources in 

transition diets compared to more cost-effective protein sources such as soybean meal.  

 

1.4.8.1 Soybean meal and alternative protein sources  

 Soybean meal is a common protein supplement used in pig feed due to its relatively low 

cost and availability. Though, it is generally understood that in large amounts it can have 

negative impacts on health and growth in the case of young pigs at weaning (1). Due to pigs 

hypersensitivity to the ingredient, inflammation of the intestines, shorter villi (111, 112) and 
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higher incidence of diarrhea and ETEC in pigs have been reported in association with the 

inclusion of high levels of soybean meal in starter diets (1).  

 Instead, the addition of alternative proteins to feedstuffs is often implemented to promote 

growth, increase palatability, digestibility and improve the intake of nutrients (113, 114). Diets 

that include milk products (i.e. whey) can reduce the initial period of reduced feed intake and 

make the transition to solid diets easier (25, 114).  

Numerous studies have reported faster growth in pigs provided with alternative proteins 

and improved intestinal morphology compared to higher soybean meal diets (1, 18, 115). Though 

these positive effects are sometimes restricted to the first few weeks post-weaning. 

 Compensatory growth refers to a period of increased weight gain in a group of animals 

that previously experienced slowed growth (110). Typically, the compromised animals can 

achieve gains greater than those unaffected by a growth lag (110). This has been reported in 

several studies investigating diet type. By the end of the nursery period pigs given soybean meal 

may reach similar weights compared to pigs provided with alternative proteins  (110, 116). If 

there are no long-term consequences for growth lags at the start of the nursery phase, it may be 

worth using less expensive nursery diets with higher proportions of soybean meal compared to 

typical transition diets now commonly used in the industry. Whether or not compensatory growth 

makes up for the initial setback at weaning, it is also important to determine whether feeding 

diets with higher levels of soybean meal feed will increase GI problems such as diarrhea and lead 

to more ETEC disease problems.  
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1.5 Research objectives  

 

Studies to investigate several strategies to prevent post-weaning diarrhea and improve 

overall health and growth performance in nursery pigs will be undertaken. In addition, the 

methodology of experimental enterotoxigenic E. coli challenge studies reported in the literature 

will be evaluated.   

In chapter 2, the efficacy of a bivalent (F4/F18) ETEC vaccine on improving growth and 

reducing the occurrence of diarrhea compared to non-vaccinated pigs will be investigated. 

Chapter 3 will examine whether nursery diets containing soybean meal as the main protein 

supplement will result in poor growth and more diarrhea in newly weaned pigs compared to diets 

containing a higher proportion of alternative protein sources such as whey and fish meal. Lastly, 

chapter 4 aims to 1) find and describe available literature on ETEC experimental challenge trials 

and 2) assess whether the protocols used in the included ETEC challenge studies could produce a 

consistent diarrheal response, ETEC shedding in feces and histological evidence of E. coli 

colonization.   
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CHAPTER 2: The investigation of an enterotoxigenic Escherichia coli (ETEC) 

vaccine on the prevention of post-weaning diarrhea in pigs  

2.1 Abstract  

 

The usefulness of a vaccine in reducing post-weaning E. coli diarrhea in newly weaned 

pigs was investigated in two trials. Prior to weaning in each trial, 90 pigs were assigned to either 

VAC (n = 30, vaccinated) or NV (n = 60, not vaccinated). Pigs were monitored for 5 weeks post-

weaning for growth and signs of diarrhea. As well, rectal swabs were collected to determine 

presence of hemolytic E. coli. VAC pigs were more likely to get diarrhea at least once and for 

more than 2 days during the study period compared to NV pigs in Trial 1 only (P < 0.05). In 

Trial 2, more VAC pigs with or without diarrhea were found positive for E. coli from rectal swab 

compared to those in the NV group (P < 0.05). There was no effect of treatment (VAC vs. NV) 

on average daily gain in either trial. The lack of response to vaccination might have been a result 

of the inadvertent inclusion of therapeutic levels of zinc (> 2500 mg/kg) in the diet for the first 

week post-weaning.  

 

2.2 Introduction  

Post-weaning diarrhea (PWD) caused by enterotoxigenic E. coli (ETEC) is a common 

problem on Ontario swine farms (1). It can lead to sizable economic loss (2) from the cost of 

treatments or preventative measures, reduced weight gain, morbidity and mortality (3, 4).  

Severity of infection in newly weaned pigs often relates to factors such as stress (5), separation 

from the sow, diet changes, low immunity, exposure to new pathogens, litter mixing and 

temperature of the pen (6). Infection is initiated via the ingestion of F4 (formally K88) ETEC by 

the pig either as a suckling pig and therefore carrying it into the nursery or encountering the 
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ETEC in the nursery (4) via feces of carrier pigs or from the environment contaminated from 

previous cohorts of nursery pigs. The bacteria reach the small intestine where proliferation and 

attachment occurs ultimately leading to diarrhea and in some cases death (3, 7).  

To combat PWD and improve growth and performance many producers use 

antimicrobials and/or high amounts of zinc oxide (2500-3000 mg/kg). The use of mass 

medication of antimicrobials for livestock has become a public health concern because of the 

emergence of antimicrobial resistance (4). Similarly, the use of high levels of ZnO is an 

environmental concern because of the danger of heavy metal contamination of the soil when pig 

manure is applied as fertilizer (8). An effective alternative method to prevent PWD has yet to be 

identified (9). If antibiotics and zinc are removed with no alternative, there may be higher rates 

of morbidity, mortality and reduced feed efficiency in pigs (10).  

Vaccination of nursery pigs is one potential solution for the control of PWD infection 

(11). Different vaccination strategies include vaccination of the sow, encapsulated subunit 

vaccines, genetically altered vaccines, and inactivated or live oral vaccines. Vaccination of the 

sow is useful for the prevention of neonatal diarrhea in suckling pigs (12), but as weaned pigs no 

longer have access to the antibodies in the sow’s milk or colostrum, this strategy has no value in 

controlling post-weaning E. coli infections (13-15). Alternatively, the subunit vaccine 

encapsulates the vaccine strain acting as a shield to prevent possible damage as it passes through 

the gastro-intestinal tract (16). Genetically modified vaccines use vectors in live avirulent E. coli 

that carry antigenic proteins (17). Lastly, inactivated oral vaccines contain killed antigens to 

induce a protective response, while live oral vaccines contain live avirulent E. coli. 
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 In order for a vaccine to effectively protect weaned pigs against pathogenic infection it 

must induce mucosal immunity (18). Live oral vaccines are able to stimulate the mucosal 

immune system by activating fimbriae-specific antibodies (IgA, IgM), which inhibit the 

colonization of F4 ETEC in the small intestine (4, 7, 11, 19). Previous clinical studies have 

shown reduced severity and duration of diarrhea, less dehydration as well as, reduced 

colonization of ETEC in the small intestine of pigs vaccinated with monovalent (F4) and bivalent 

(F4/F18) live oral vaccines (20-23). Coliprotec F4/F18® (Elanco, Guelph, ON) is a bivalent live 

oral vaccine currently available in Canada, however, uptake on swine farms has been slow.  

To understand the reason for the poor uptake, we propose to re-examine the vaccine’s 

efficacy using an on-farm clinical trial with a natural E. coli challenge. The objective of this 

study was to investigate the effect of a live E.coli vaccine on preventing diarrhea and improving 

growth performance in post-weaned pigs. 

 

2.3 Materials and methods 
 

Two trials were performed at the Arkell Swine Research Station, University of Guelph.  

The trials were approved by the University of Guelph Animal Care Committee, in 

accordance with the Canadian Council of Animal Care guidelines. 

Experimental groups 

 The current study consisted of 2 trials with pigs assigned to 1 of 2 treatment groups. The 

first group of pigs (VAC) were individually vaccinated orally with 3 mL of the bivalent vaccine 
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(Coliprotec F4/F18® , Elanco, Guelph, ON) 6 days prior to the weaning date. While the second 

group of pigs (NV), were not vaccinated.  

 

Animal selection 

 

 In each trial, 3 castrated male or 3 female piglets were selected from 30 different litters (n 

= 90 per trial). The 3 pigs selected per litter were true litter-mates and had not been fostered. All 

pigs were ear tagged for identification purposes. One pig per litter was assigned to the VAC 

group and at weaning, 10 VAC pigs were placed in a pen with 3 VAC pens used in each trial (n 

= 30). This procedure was also followed for the NV group, however there were 6 pens of 10 pigs 

per trial (n = 60). Additionally, litter-mates were not placed together in the same pen. An equal 

number of male and female pigs were used in each trial.  

  

Animal housing and feeding 

 

All groups were housed in the same nursery room for both trials. The pens contained a 

nipple drinker and a feeder that accommodated 4 pigs at the same time. Feed was offered ad-

libitum to each pen. Pen flooring was composed of plastic coated perforated expanded metal with 

solid plastic siding to prevent nose-to-nose contact between pens. For the first week of the trial 

pigs were fed a diet in the form of a micro-pellet. After 7 days the feed was changed to a diet in 

the form of a crumble (a large pellet that has been partially crushed), which was fed for another 7 

days. At 14 days post-weaning a third diet was fed which also was in crumble form. It should be 

noted that no antibiotics were included in these diets, but after the trials were concluded it was 

discovered that zinc oxide at 3000 mg/kg was included in the first diet. 
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Clinical observations 

 

All pigs were weighed at weaning, 2 and 5 weeks post-weaning. Feed was weighed and 

intake calculations were done on a per pen basis. As well, pigs were examined daily for any 

signs of illness, in particular any evidence of diarrhea. Separate from the daily observations, 3 

times per week, pigs were individually restrained and their rectum was stimulated to induce 

defecation to assess feces. A scoring system from 0-3 was used to aid in fecal assessment where 

0 = normal feces, 1 = loose or pasty feces, 2 = watery with colour, 3 = watery without colour. A 

score of  ≥ 2 was considered to be consistent with post-weaning E. coli diarrhea.  

Bacteriology  

 

Rectal swabs were taken from all pigs at weaning, 2 and 5 weeks post-weaning, as well 

as, when a pig was first observed with watery diarrhea. Swabs were plated on Columbia blood 

agar (CBA) and incubated at 37C for 24 h. If hemolytic colonies were apparent, then a single 

colony was sub-cultured from the plate and put on another CBA plate at 37C for 24 h to 

confirm the presence of haemolytic colonies. A pig was considered positive if haemolytic E. coli 

colonies were present on both plates. 

 

Data analysis 

 

Data were entered and cleaned in Microsoft Excel 2019 (Version 16.16.15) and imported 

into STATA (Version 16.1) for statistical analysis. The average daily gain (ADG, kg/day) values 

were divided into 3 periods prior to analysis; period 1 (from weaning to 2 weeks post-weaning), 

2 (from 2 to 5 weeks post-weaning) and 3 (from weaning to 5 weeks post-weaning). Mean ADG 

values and mean (min, max) days with diarrhea were calculated. A mixed effects multilevel 
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linear regression method with pen as a random effect was used to compare the ADG in the VAC 

and NV groups. The independent variables included as fixed effects were treatment group (VAC 

vs. NV), trial (Trial 1 vs. Trial 2), weight at weaning and presence of diarrhea (yes/no). A chi-

square test was used to compare the proportion of pigs that had diarrhea (score ≥ 2) for more 

than 2 days in a row and pigs that had diarrhea for at least one day during the trial in two 

treatment groups. 

2.4 Results 
 

The median and means of growth performance per group in Trial 1 and 2 during period 1 

(from weaning to 2 weeks post-weaning), 2 (from 2 to 5 weeks post-weaning) and 3 (from 

weaning to 5 weeks post-weaning) are shown in Table 2.1. There were no statistical differences 

between the ADG of VAC and NV groups. 

At weaning, diarrhea (score ≥ 2) was present in 4 VAC pigs (13%) in Trial 1. All other 

pigs in the 2 trials had normal feces (score < 1) at the time of weaning.   

When examining the mean (min, max) number of days that pigs had diarrhea, it was 

observed that pigs in the NV group had a mean of 0.76 (0, 5) in Trial 1 and 0.66 (0, 5) in Trial 2, 

while pigs in the VAC group had a mean of 1.3 (0, 11) and 0.8 (0, 5) in Trial 1 and 2, 

respectively. 

No pigs in the VAC groups with diarrhea were determined to be positive for E. coli from 

rectal swabs. Two NV pigs swabbed on day 14 in Trial 1 and 3 NV pigs swabbed on days 6 (2) 

and 11 (1) of Trial 2 had diarrhea and were positive for E. coli from rectal swabs.  
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The proportion of pigs with diarrhea (score ≥ 2) at least once and for more than 2 days is 

summarized in Table 2.2. The proportion of pigs that tested positive for enterotoxigenic E. coli 

from rectal swabs with or without diarrhea is summarized in Table 2.3.  

In Trial 1, pigs in the VAC group presented with more diarrhea (70%) at least once 

compared to pigs in the NV group (43%) (P < 0.05), but not in the second trial. Likewise, in 

Trial 1, 37% of pigs in the VAC group had diarrhea for more than 2 days compared to 10% of 

NV pigs (P < 0.05). In Trial 2, there were more pigs found positive for E. coli from rectal swab 

with or without diarrhea in the VAC group (43%) compared to the NV group (22%) (P < 0.05).  

Linear regression analysis (Table 2.4) shows a tendency for pigs in Trial 2 to have faster 

growth (P < 0.05) than pigs in Trial 1 for both period 2 (2 to 5 weeks post-weaning) and 3 

(weaning to 5 weeks post-weaning). Similarly, weight at weaning significantly affected ADG in 

period 2 and 3, with each kg increase in weight at weaning leading to an increase of 0.047 kg/d 

and 0.034 kg/d for period 2 and 3, respectively. Vaccination status (NV vs. VAC) did not 

significantly affect ADG. 

 

2.5 Discussion 
 

The objectives of the present study were to compare pigs vaccinated against F4 and F18 

enterotoxigenic E. coli with pigs not vaccinated, with respect to the occurrence of diarrhea and 

growth performance during the first 5 weeks post-weaning. In the present study, the vaccine did 

not appear to protect pigs from diarrhea, contradicting previous findings that observed reduced 

severity of diarrhea (20, 21, 22) or only mild (diarrhea score ≤ 1) and moderate diarrhea 



 

 40 

(diarrhea score of 2) (23) in vaccinated pigs. Although, a lack of significance in preventing 

severe F4 E. coli diarrhea in vaccinated pigs has also been reported (20).  

When examining the presence of enterotoxigenic E. coli from rectal swabs between the 

two treatment groups, significantly more pigs were positive in the VAC group than NV group in 

Trial 2, although, no pigs in the VAC group with watery diarrhea were found positive for E. coli 

from rectal swab in both Trial 1 and 2, which may indicate that the diarrhea was caused by 

something other than ETEC. The vaccine is meant to reduce fecal shedding of F4 and F18 

ETEC, and this positive response has been previously reported (20-23), but in the current two 

trials hemolytic E. coli was recovered from pigs in both treatment groups with similar frequency.   

The relative low number of pigs with confirmed post-weaning E. coli diarrhea makes it difficult 

to assess the efficacy of the vaccine. It is possible that the post-weaning E. coli challenge was 

low because high levels of zinc oxide were included in the diet for the first week post-weaning. 

Good sanitation and the use of all-in/all-out management at the research station may have also 

contributed to the low E. coli prevalence. This may not have been a good site to test ETEC 

control measures or if a clinical trial was to be conducted a larger sample size should have been 

considered. 

It has been suggested that the vaccine may improve growth performance in nursery pigs 

(23), however in the present study, the ADG was not significantly different between VAC and 

NV pigs. Our findings are supported by several other studies that observed a lack of significance 

in growth performance between vaccinated and control pigs (20, 21). The presence of therapeutic 

levels of zinc oxide might have contributed to the growth performance observed, however both 

groups received the same amount (3000 mg/kg) and it was provided for the first week only.  
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Inefficacy of the vaccine in regards to prevention of diarrhea, E. coli and improved 

growth in the present study could be a result of a multitude of factors. For instance, the vaccine 

does not become effective until approximately 7 days post-vaccination (23) so the timing of 

inoculation may influence its success. In Trial 1, there were 4 pigs exhibiting clinical signs of 

diarrhea at weaning and by chance all 4 pigs had been assigned to the VAC group a week earlier. 

The presence of these 4 pigs with diarrhea entering the nursery in pens with the other VAC pig 

may have been the reason the VAC group had more diarrhea in this trial compared to the non-

vaccinated controls. However, ETEC was not isolated from those pigs indicating that the 

diarrhea might have not been caused by ETEC. In both trials diarrhea was noted in the first week 

post-weaning, and this may indicate an E. coli challenge before immunity could be established. 

In order to examine vaccine efficacy, antibiotics are typically removed from the pigs’ feed, 

which was done in the current study, although high levels of zinc (3000 mg/kg) were present in 

the VAC and NV diet during the first week post-weaning. The vaccine was given to the piglets 

prior to weaning so that it is not clear if the exposure to zinc in the first week after weaning 

would have affected the establishment of local gut immunity or not. Removal of antibiotics and 

zinc can increase susceptibility of the pigs to PWD and potentially increase severity of infection. 

Thus, it is possible that the low frequency of diarrhea seen in both groups in the current trials 

was in part attributable to the high zinc levels at the start of the trial period. As well, the presence 

of zinc in the feed may have reduced the magnitude of the vaccine’s protection against PWD. 

Another reason the vaccine might not have been effective in the current trial is that the strains 

included in the vaccine may have been unable to colonize the small intestine or the conditions in 

the small intestine were not favorable for fimbriae expression. In the current study vaccine was 

given while the piglets were still with the sow, which is recommended by the manufacturer, but 
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this does raise the possibility that antibodies from the sow’s milk might interfere with the live 

vaccine. 

Although, no pigs with diarrhea in the VAC groups were positive for hemolytic E. coli 

from rectal swabs, only 2 (Trial 1) and 3 (Trial 2) NV pigs with diarrhea were positive for E. 

coli. This suggests that at least some of the diarrhea seen in these trials was not a result of E. coli 

infection. Lastly, the results of this study may differ from previous studies examining the vaccine 

because of the distribution method used. Pigs were orally vaccinated via syringe into the mouth 

in the current study, however previous studies provided the vaccine in the drinking water. 

Individual oral administration is subject to spillage and possible under-dosing, however, this was 

not evident in this trial. Administering vaccines in drinking water can also lead to under-dosing 

of some pigs because of low water consumption. 

The present study had some limitations. Firstly, post-weaning diarrhea can be a result of 

numerous causes, since it is a multifactorial disease (24). While the presence of haemolytic E. 

coli was determined using bacterial culture, the type of E. coli was not further investigated. It is 

possible that in certain cases the vaccine did not prevent diarrhea because the pigs were affected 

by other E. coli (i.e. F5, F6, F17 or F41) (3, 6, 24) or other enteric pathogens (e.g. rotavirus). 

Secondly, the trial relied on natural exposure. This is a limitation because you cannot control 

which infectious agents are present and you cannot control the degree of exposure. Lastly, high 

levels of zinc (3000 mg/kg) were included in the diet during the first week post-weaning, which 

may have minimized the E. coli challenge. However, both the NV and VAC groups received the 

same diet and high zinc levels were only provided for the first week post-weaning, but at the 
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very least this may have helped to reduce the prevalence of diarrhea in the two groups and 

reduce the likelihood of finding a difference. 

These preliminary findings appear to show the vaccine is not advantageous in preventing 

diarrhea or positively influencing growth in nursery pigs. Due to the difficult nature of natural 

challenges future studies could examine vaccine efficacy using a controlled ETEC challenge. 
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Table 2.1: Growth rate of nursery pigs vaccinated with an oral live E. coli vaccinea prior to 

weaning (VAC) compared to a non-vaccinated control group (NV) 

 
Periodb Trial Group Median Mean ADGc (Min, 

Max), 

kg/day 

SDd Mean Weight at 

Weaninge 

(Min, Max), 

kg 

1 1 NVf (n = 60) 0.22 0.21 (0.041, 0.42) 0.068 6.61 (4.28, 8.96) 

  VACg (n = 30) 0.24 0.23(0.1, 0.33) 0.063 7.19 (4.18, 8.92) 

 2  0.22 0.22 (0.1, 0.43) 0.069 6.76 (4.32, 9.48) 

  NV (n = 60) 0.23 0.23 (0.13, 0.34) 0.056 7.2 (5.06, 10.2) 

2 1 VAC (n = 30) 0.60 0.59 (0.3, 0.81) 0.11 6.61 (4.28, 8.96) 

  NV (n = 60) 0.65 0.64 (0.44, 0.8) 0.09 7.19 (4.18, 8.92) 

 2 VAC (n = 30) 0.65 0.65 (0.43, 0.9) 0.08 6.76 (4.32, 9.48) 

   0.67 0.68 (0.51, 0.9) 0.096 7.2 (5.06, 10.22) 

3 1 NV (n = 60) 0.46 0.45 (0.26, 0.59) 0.073 6.61 (4.28, 8.96) 

  VAC (n = 30) 0.499 0.48 (0.37, 0.58) 0.06 7.19 (4.18, 8.92) 

 2 NV (n = 60) 0.49 0.49 (0.32, 0.72) 0.069 6.76 (4.32, 9.48) 

  VAC (n = 30) 0.496 0.51 (0.38, 0.67) 0.063 7.2 (5.06, 10.22) 

aColiprotec F4/F18 (Elanco, Guelph, ON) was the live oral vaccine provided 
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bPeriod: 1 = from weaning to 2 weeks post-weaning, 2 = from 2 to 5 weeks post-weaning, 3 = from weaning to 5 

weeks post-weaning 
cADG: average daily gain (kg/day) mean values with minimum and maximum ADG in brackets 
dSD: standard deviation  
eMean weight at weaning (kg) with minimum and maximum weight in brackets 
fNV: non-vaccinated pigs  
gVAC: pigs vaccinated 6 weeks prior to weaning (3 weeks of age)  

 

 

Table 2.2: The proportion of pigs with severe diarrhea (fecal score ≥ 2a) in the non-

vaccinated (NV) and vaccinated (VAC) groups in Trial 1 and 2 

aFecal score: 0 = normal, 1 = pasty/loose, 2 = watery with colour, 3 = watery without colour  
bFrequency of pigs with diarrhea for > 2 days during the 2 week trial period with percentage of diarrhea positive 

pigs in the brackets (%) 
cFrequency of pigs with diarrhea at least once during the 2 week trial period with percentage of diarrhea positive 

pigs in the brackets (%) 
dChi-square P-value < 0.05 (significant)  

 

 

 

 

 

 

 

 

 

 

 

 

Trial Group Diarrhea 

days (%)b 

P-value Diarrhea ever 

(%)c 

P-value 

1   0.002d  0.017d 

 NV (n = 60) 6 (10)  26 (43)  

 VAC (n = 30) 11 (37)  21 (70)  

2   0.236  0.077 

 NV (n = 60) 5 (8)  15 (25)  

 VAC (n = 30) 5 (17)  13 (43)  
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Table 2.3: Proportion of pigs positive for enterotoxigenic E. coli (ETEC) from rectal swabs 

in the non-vaccinated (NV) or vaccinated (VAC) groups in Trial 1 and 2  

Trial Group Number of pigs (%)a P-value 

1   0.742 

 NV (n = 60) 18 (30)  

 VAC (n = 30) 8 (27)  

2   0.033b 

 NV (n = 60) 13 (22)  

 VAC (n = 30) 13 (43)  

aNumber of pigs positive for E. coli from rectal swab with or without diarrhea during the full trial period (5 weeks) 

with percent of positive pigs in brackets (%) 
dChi-square P-value < 0.05 (significant)  
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Table 2.4: Linear regression model results for three models of average daily gain (kg/day) 

of nursery pigs comparing non-vaccinated (NV) and vaccinated (VAC) pigs  

 

Perioda            Variable Coefficient Standard 

Error 

Confidence 

Interval 

P-value 

1 Group      

  NV Reference    

  VAC 0.007 0.011 (-0.015, 0.03) 0.548 

 Diarrhea      

  No Reference    

  Yes 0.013 0.014 (-0.015, 0.04) 0.353 

 Weight at 

Weaning 

 0.005 0.004 (-0.003, 0.014) 0.215 

 Pen Random 

Effect 

    

2 Group      

  NV Reference    

  VAC 0.024 0.017 (-0.009, 0.057) 0.159 

 Trial      

  1 Reference    

  2 0.047 0.013 (0.021, 0.072) <0.001c 

 Weight at 

Weaning 

 0.036 0.005 (0.026, 0.047) <0.001c 

 Pen Random 

Effect 

    

3 Group      

  NV Reference    

  VAC 0.018 0.013 (-0.01, 0.045) 0.182 

 Trial      

  1 Reference    

  2 0.034 0.0098 (0.015, 0.053) <0.001c 

 Weight at 

Weaning 

 0.024 0.004 (0.016, 0.031) <0.001c 
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 Pen Random 

Effect 

    

aPeriod: 1 = from weaning to 2 weeks post-weaning, 2 = from 2 to 5 weeks post-weaning, 3 = from weaning to 5 

weeks post-weaning, each period represents one mixed effects multilevel linear regression model  
bn: number of animals  
cLinear regression P-value < 0.05 (significant)  
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CHAPTER 3: Examining the effect of nursery diet composition on growth 

performance and presence of diarrhea in nursery pigs during the first 2 weeks 

after weaning 

3.1 Abstract 

The objective of this study was to determine the effect of feeding newly weaned pigs 

transition diets containing whey, fish meal and low levels of plant-based protein compared to 

feeding diets with a higher proportion of soybean meal with respect to pig growth performance 

and occurrence of post-weaning diarrhea under field conditions. Four clinical trials were 

performed. At weaning, pigs were assigned to either; a control group (CON, n=180) fed the 

transition diets routinely used on farms, including therapeutic levels of zinc oxide for the first 

week and no antimicrobials, or a treatment group receiving less complex diets with a higher 

proportion of soybean meal and no antimicrobials (LC, n=120). Pigs in the CON group received 

the same diet in all trials. However, the LC diet in the first 2 trials was different than the diet for 

the third and fourth trials. Growth, occurrence of diarrhea and presence of haemolytic E. coli 

from rectal swabs were monitored for the first 2 weeks post-weaning. Overall, growth was faster 

for CON group pigs compared to pigs in the LC groups (P < 0.05), while occurrence of diarrhea 

was greater in the LC group compared to the CON group in Trial 1 (P < 0.05). These findings 

suggest that feeding the more expensive transition diets can result in pigs initially experiencing 

faster growth rate and sometimes less diarrhea. Possibly the inclusion of high levels of zinc in 

the first week post-weaning also contributed to the reduced diarrhea and better performance of 

the pigs in the CON group. 
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3.2 Introduction 

In general, pigs have difficulty adjusting to the changes that occur at weaning. During the 

first few weeks in the nursery, growth is slowed (1) and clinical signs of disease are often 

present, particularly those related to gastro-intestinal problems (2). It is often assumed that the 

setback that occurs at weaning is, at least in part, due to the sudden transition in feed source from 

milk to a grain-based diet (3). Inclusion of ingredients with anti-nutrient characteristics,  

particularly soybean meal in weaner diets further contribute to reduced growth and gastro-

intestinal health concerns. However, due to financial reasons, it is imperative that piglets adjust 

to diets based on plant-protein as quickly as possible, so a certain level of soybean meal is 

generally used even in early transition diets (4, 5). In an effort to lessen the damage caused by 

this change, early starter diets have been formulated to include more digestible and palatable 

ingredients including whey and fish meal in order to minimize the proportion of plant proteins 

such as canola and soybean meal (6-10). In addition, it is common practice to medicate the early 

transition diets with antibiotics and/or therapeutic high levels of zinc oxide in order to prevent 

post-weaning E. coli diarrhea (PWD). These more complex and expensive transition diets are 

widely accepted by the industry and are thought to contribute to overall better growth rate in the 

nursery and help reduce the likelihood of enteric disease in the first few weeks after weaning (3, 

11). However, advances in housing, management, and hygiene may make complex diet 

composition and medication less needed for the prevention of diarrhea (3, 12-15). In addition, 

the demonstration of compensatory growth challenges the overall benefit of fast growth in the 

early stages of the nursery (16).  

The objectives of this study were: firstly, to compare the occurrence of diarrhea and the 

prevalence of enterotoxigenic E. coli (ETEC) shedding between pigs fed transition diets 
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containing highly digestible protein sources and pigs fed less expensive and less complex diets 

containing higher proportions of soybean meal, during the first 2 weeks post-weaning; secondly, 

to compare growth performance in the first 2 weeks post-weaning between pigs fed transition 

diets containing highly digestible protein sources with pigs fed less complex diets containing 

higher levels of soybean meal. In the present trials, complexity refers to the digestibility and 

palatability of ingredients included in the diet (10), with less complex diets containing fewer 

highly digestible and palatable ingredients. 

 

3.3 Materials and methods 
 

 

The current trials were approved by University of Guelph’s Animal Care Committee, in 

accordance with the Canadian Council of Animal Care guidelines.  

Four trials were conducted at the Arkell Swine Research Station, University of Guelph.  

Experimental groups 

The study consisted of 4 trials in which pigs were assigned at weaning to 1 of 2 treatment 

groups. Pigs in the control (CON) group in each trial were fed the diets routinely used at the 

Arkell Swine Research Station. For the first week, pigs were fed the CON1 diet and for the next 

week pigs were fed CON2 diet. Pigs in the second treatment group in Trial 1 and 2 were fed a 

less complex (LCa) diet that is typically the feed provided to pigs starting in the third week after 

weaning at the Arkell facility. In Trial 3 and 4 pigs in the treatment group receiving less complex 

diets (LCb) were given 2 diets, LCb1 for the first week and LCb2 for the second week post-

weaning. The composition of all diets are presented in Table 3.1. The first diet in the control 
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treatment (CON1) was in micro pellet form and contained no antibiotics and 3000 mg/kg of zinc 

oxide, all other diets were in the form of a crumble (a large pellet that has been partially crushed) 

and contained no antibiotics or therapeutic levels of zinc.  

The animals 

In Trial 1 and 4, 90 pigs were chosen from 30 litters (3 pigs from each litter), ensuring all 

pigs from a litter were all male or all female and that none of the pigs chosen had been fostered 

on to the sow from another litter. Pigs were ear tagged for identification. One pig per litter was 

assigned to the LC treatment group and 10 LC pigs were placed in each pen with 3 pens used per 

trial. The same procedure was followed for the CON group except 2 pigs per litter were assigned 

to 6 pens of 10 pigs and litter-mates were not placed together in the same pen. In Trial 2 and 3, 

60 pigs were chosen from 30 sows (either 2 male or 2 female pigs per litter) with 1 pig per litter 

assigned to CON and 1 to LC treatment groups. Each treatment group consisted of equal 

numbers of males and females in each trial. 

Housing  

Each trial was conducted in the same nursery room. Pens accommodating 10 pigs were 

equipped with a water nipple and a feeder that allowed 4 pigs to eat at the same time. Feed was 

provided ad-libitum. The flooring was a plastic coated perforated expanded metal and the sides 

of the pens were solid plastic, preventing nose-to-nose contact between pens. 
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Monitoring 

 

 

 Pigs were weighed at weaning and 14 days post-weaning. Feed was weighed and intake 

calculated on a pen basis. Pigs were monitored daily for signs of illness and in particular 

evidence of diarrhea. If watery diarrhea was noted, the pig was identified and a rectal swab 

taken. In addition to daily observations, 3 times per week each pig was restrained and the rectum 

was stimulated to induce defecation for assessment of feces. The fecal scoring system was based 

on a scale ranging from 0-3; 0 = normal, 1 = loose stool, 2 = watery with colour, 3 = watery and 

colourless. Pigs with a score of ≥ 2 were considered to have clinical signs consistent with post-

weaning E. coli diarrhea.  

Bacteriology 

 In Trial 1 and 4, rectal swabs were taken from all pigs at weaning and 2 weeks post-

weaning and if a pig experienced noticeably watery diarrhea (score ≥ 2). However in Trial 2 and 

3, swabs were taken only at the first time a pig was observed to have watery diarrhea. The swabs 

were plated onto Columbia blood agar (CBA) and incubated for 24 h at 37C. For each positive 

plate, a single colony was sub-cultured and placed on another CBA plate for 24 h at 37C. This 

was done to confirm whether haemolytic colonies were truly present. Pigs were regarded as 

positive if both plates contained haemolytic E. coli colonies.  

Data analysis 

The data were compiled and cleaned in a Microsoft Excel 2019 (Version 16.16.15) 

spreadsheet and imported into STATA (Version 16.1) for statistical analysis. Mean values for 

average daily gain (ADG) were calculated and a mixed effects multilevel linear regression 
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method with pen as a random effect was used to compare the ADG of pigs in the CON and LC 

diet groups. The independent variables trial (Trial 1-4), diarrhea (yes/no), diet (CON vs. LC) and 

weight at weaning were included as fixed effects. The mean, minimum, and maximum number 

of days with diarrhea and percent of pigs with severe diarrhea (fecal score ≥ 2) were generated 

per diet for each trial. Additionally, a Chi-square test or Fisher’s exact test was used to compare 

the proportion of pigs that experienced watery diarrhea at least once during the trial and for pigs 

that experienced watery diarrhea for more than 2 days between the diet groups. Total cost of 

CON1, CON2 and LCa diets were calculated per pig and averaged to determine differences in 

feed cost between CON and LCa in Trial 1 and 2. 

 

3.4 Results 
 

Mean ADG values, mean weight at weaning, and pigs positive for E. coli from rectal 

swab per diet and trial are shown in Table 3.2.  

 On the weaning day, there were no pigs with abnormal feces (score > 1) except 1 LCa pig 

in Trial 1 and 1 CON pig in Trial 2.  

  At the end of the 2 week period, 4 CON pigs had diarrhea (Trial 1 = 3 pigs, Trial 2 = 1 

pig), however, no CON pigs were observed to have diarrhea at the end of Trial 3 and 4. At the 

same time, 5 LCa pigs (Trial 1 = 2 pigs, Trial 2 = 3 pigs) and 2 LCb pigs (Trial 3 = 2, Trial 4 = 

0) had clinical signs of diarrhea after 2 weeks. Pigs with watery diarrhea at the end of the trial 

period were pigs that had had diarrhea lasting ≥ 4 days before the end of the trial.  

The mean number of days (min, max) pigs in the CON group had diarrhea was 0.76 d (0, 

5 d), 0.58 d (0, 7 d), 1.3 d (0, 7 d), 0.66 d (0, 5 d) for Trials 1-4, respectively. In LCa pigs, there 
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was an average of 2.13 d (0, 11 d) with diarrhea in Trial 1 and 0.73 (0, 5 d) in Trial 2, whereas 

pigs in the LCb group had an average of 1.67 d in both Trial 3 (0, 7 d) and Trial 4 (0, 11 d).  

In Trial 1, 73% of pigs in the LCa group had diarrhea at least once compared to 43% of 

CON pigs (P < 0.05). No significant association was observed between presence of diarrhea at 

least once and diet group for the other 3 trials. 

Similarly, more severe diarrhea (diarrhea score > 1) was observed in the LCa group for 

more than 2 days in Trial 1 compared to the CON group, with 30% of pigs in the LCa group 

experiencing diarrhea (diarrhea score > 1) versus 10% of the CON group (P < 0.05). Similarly, 

in Trial 2 watery diarrhea occurring for more than 2 days affected 23.3% of pigs in the LCa 

group experiencing diarrhea and only 3.3% in the CON group (P = 0.05). The proportion of 

diarrhea in each group is further summarized by trial in Table 3.3.  

 Linear regression analysis showed a trend for significantly faster growth in pigs in the 

CON group compared to pigs in LCa and LCb (P < 0.05) (Table 3.4). Growth performance of 

pigs was not significantly influenced by the type of low-complexity diet provided (LCa vs. LCb1 

and LCb2); however, it was associated with the occurrence of watery diarrhea at least once 

during the trial period (P < 0.05), with diarrheic pigs experiencing slower growth (-0.019 kg/d) 

than pigs with normal feces for the entire trial period.  

The costs of the commercially available diets used for the CON group and LCa group 

were $1.30, $0.74, and $0.74 for CON1, CON2, and LCa diets, respectively. Providing the LCa 

diet for 2 weeks immediately after weaning can save producers $0.88 per pig compared to pigs 

given the CON1 and CON2 diets.  
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3.5 Discussion 

One objective of the current study was to compare growth performance between pigs fed 

transition diets containing highly digestible protein sources, with pigs fed less complex diets 

containing higher levels of soybean meal. In the current study, pigs that received the diets with a 

higher proportion of alternative proteins and less soybean meal grew faster than the pigs 

receiving the less complex diets. This is in agreement with several other studies that report 

slower growth performance (4, 5, 8, 10, 17-20, 21) in pigs fed diets based on a high proportion of 

soybean meal and low levels of more easily digestible and more palatable protein sources 

including whey and fish meal during the first few weeks post-weaning.  

High zinc oxide levels (3000 mg/kg) are often used to control post-weaning E. coli 

diarrhea, and in addition, these high levels of zinc found in the CON1 diet are used to promote 

growth in young pigs and may have contributed to the differences in growth performance 

observed between the CON and LC groups, because the LC diets contained less than 500 mg/kg 

of zinc. Nevertheless, the growth rate advantage that pigs gain in the first few weeks in the 

nursery from high zinc and more complex diets containing alternative proteins have been shown 

to dissipate by the end of the nursery period (5, 7, 16, 18). Pigs, that grow slower in the first few 

weeks either due to reduced feed intake from feed palatability issues or because they experience 

transitory gut inflammation caused by exposure to high soybean meal content of the early diets, 

tend to experience compensatory growth and become similar in weight to pigs that experienced 

rapid growth in the first few weeks post-weaning by the end of the nursery period (5, 7, 11, 16, 

18, 20). Therefore, it is possible, the slower initial growth observed in LC pigs may not be of 

economic significance if the difference with the CON group is only temporary. 
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 In the current study, two different feeding programs were implemented in the LC 

treatment group. In the first protocol (Trial 1 and 2) a diet termed LCa was used. This diet is 

typically used at the research farm for pigs in the third week post-weaning, when it is assumed 

the pigs have had time to adjust to a diet with soybean meal as the main protein source. This diet 

was chosen to essentially examine whether the first two diets were necessary and whether pigs 

would perform just as well if started on the LCa diet. This approach was taken to mimic how a 

producer might apply this work to their own farm. In contrast, the diets (LCb1 and LCb2) in 

Trials 3 and 4 were based on previous experimental feeding trials examining the effects of using 

a high complex and low complex diet for newly weaned pigs so that these trials could be 

compared to previous studies (2,16). The LCb1 and LCb2 diets overall are more extreme than 

the LCa diet as the pigs are exposed to higher levels of soybean meal and less alternative protein. 

Both the LCa and the LCb groups resulted in significantly slower weight gain (P < 0.05) than the 

CON groups, but performance of the pigs in the LC groups in all 4 trials was similar.  

The other objective of the study was to examine the effect of diet on the presence of 

diarrhea. High inclusion rates of soybean meal in nursery diets have been linked to more E. coli 

diarrhea and intestinal inflammation (12) due to malabsorption of nutrients (22) and 

hypersensitivity to the ingredient, respectively (12). The presence of pigs with watery diarrhea 

was not significantly different between CON and LC groups, except for Trial 1 and to some 

extent Trial 2, where a higher incidence of diarrhea were seen in the LCa groups compared to the 

CON groups. For the first week the pigs in the CON groups were fed a diet that contained 

therapeutic levels of zinc oxide (3000 mg/kg) and this may have contributed to the lower 

prevalence of pigs with diarrhea in the CON groups, in addition to the inclusion of alternative 

protein sources and less soybean meal. The prevalence of diarrhea was relatively low in all 
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groups in all 4 trials suggesting that the E. coli challenge in this nursery was relatively low 

compared to outbreaks described in the literature. It is possible that all-in/all-out management, 

good sanitation and other husbandry factors contributed to the relatively low E. coli challenge 

and that this suppressed the effect of feed in these trials. On a farm with greater problems of 

post-weaning E. coli diarrhea the impact of using a lower complexity diet in the first 2 weeks 

post-weaning might be much greater than recorded in these trials. 

Examining the cost of feed, $0.88 can be saved per pig, if pigs are fed LCa, instead of the 

alternative protein diets (CON1, CON2) in the first 2 weeks post-weaning. The margins in the 

pork industry are generally narrow, with producers making between $5 to $10 per market hog in 

good years, the savings of close to a $1 per pig is important, but as this study demonstrates, the 

cheaper feed is associated with a poorer initial growth rate and a potential for a higher prevalence 

of diarrhea. Many producers are likely to not want to take the risk. 

 Findings of the present study suggest that in general a more complex diet did result in 

pigs growing faster during the first 2 weeks post-weaning, although this advantage may 

disappear by the end of the nursery phase due to compensatory growth. Likewise, less diarrhea 

was observed in pigs receiving a more complex diet post-weaning than pigs fed a low complex 

diet, at least in one of four trials, but this might be a result of high zinc levels added to the CON1 

diet in the first week post-weaning, so this needs to be explored further to determine if the 

difference in diarrhea prevalence is associated with soybean levels in the diets or the absence of 

therapeutic levels of zinc in the feed.  
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Table 3.1: Ingredient composition of the major elements in the experimental nursery diets 

used in Trial 1-4 

 

Ingredient CON1a CON2b LCac LCb1d LCb2e 

Soybean meal 

(%) 

22.7 27.9 28.9 24 34 

Corn (%) 35 33 31 47.4 48.9 

Wheat (%) - - - 10 10 

Whey (%) 22.5 10 8 8 0 

Fish meal (%)  4.4 3.0 2.5 5 0 

Crude Protein (%) 21.5 20 19.5 19.8 20 

Crude Fat (%) 4 3 3 - - 

Crude Fibre (%) 2.5 2.5 3.5   

Fat (animal 

vegetable blend, 

%) 

- - - 2.5 2.5 

Copper (mg/kg) 40 125 125 18 18 

Zinc (mg/kg) 3,000 150 150 126 126 

Vitamins  (IU/kg) 12,590 11,550 11,570 - - 

Minerals (%) 1.62 0.97 1.46 0.87 0.87 

Sodium  0.5 0.3 0.25 0.61 0.59 
aCON1: control diet 1 fed to CON group for 7 d post-weaning in trials 1-4 
bCON2: control diet 2 fed to CON group from day 8-14 post-weaning in trials 1-4 
cLCa: low-complexity diet fed to LCa group for entire 2 week period in Trial 1 and 2 
dLCb1: low-complexity diet 1 fed to LCb group for 7 d post-weaning in Trial 3 and 4 
eLCb2: low-complexity diet 2 fed to LCb group from day 8-14 post-weaning in Trial 3 and 4 
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Table 3.2.  Average daily gain (ADG), and E. coli shedding pigs during the first 2 weeks 

post-weaning in control (CON) or low-complexity (LCa or LCb) treatment groups in 4 

trials 

 
Trial Group Mean (SDa) 

ADG (kg/day) 

Mean Weight at 

Weaning (kg) 

E. coli positive (d)b   

1 CONc (n = 60) 0.21 (0.07) 6.6 2 (10) 

2 (14) 

 LCad (n = 30) 0.17 (0.08) 6.5 1 (0) 

 

2 CON (n = 30) 0.22 (0.09) 7.5 0 

 LCa (n = 30) 0.18 (0.07) 7.2 2 (3) 

1 (11) 

3 CON (n = 30) 0.23 (0.06) 7.3 1 (4) 

1 (8) 

 LCbe (n = 30) 0.196 (0.05) 7.2 3 (7) 

2 (11) 

4 CON (n = 60) 0.22 (0.07) 6.8 1 (3) 

2 (11) 

 LCb (n = 30) 0.19 (0.08) 6.9 1 (11)  

aSD: standard deviation  
bFrequency (n) of pigs positive for E. coli from rectal swab with diarrhea and the trial day (d) that the swab was 

taken in brackets  
cCON: control group (CON1 diet fed 7 d post-weaning, CON2 diet fed day 8-14 post-weaning, used in all 4 trials) 
dLCa: low-complexity group fed one high soybean meal diet for entire 2 week period (used in Trial 1 and 2)  
eLCb: low-complexity group fed 2 high soybean meal diets (LCb1 diet fed 7 d post-weaning, LCb2 diet fed day 8-14 

post-weaning, used in Trial 3 and 4)  
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Table 3.3:  Proportion of pigs with severe diarrhea (fecal score ≥ 2a) in the control (CON) or low-complexity (LCa or LCb) 

treatment group in 4 trials during the first 2 weeks post-weaning 

aFecal scores: 0 = normal, 1 = pasty or loose, 2 = watery with colour, 3 = watery without colour  
bFrequency of pigs with diarrhea for > 2 days during the 2 week trial period with percentage of diarrhea positive pigs in the brackets (%) 
cFrequency of pigs with diarrhea at least once during the 2 week trial period with percentage of diarrhea positive pigs in the brackets (%) 
dP < 0.05 (significant)  
eCON: control group (CON1 diet fed 7 d post-weaning, CON2 diet fed day 8-14 post-weaning, used in all 4 trials) 
fLCa: low-complexity group fed one high soybean meal diet for entire 2 week period (used in Trial 1 and 2) 
gLCb: low-complexity group fed 2 high soybean meal diets (LCb1 diet fed 7 d post-weaning, LCb2 diet fed day 8-14 post-weaning, used in Trial 3 and 4)  

Trial Group Diarrhea days (%)b P-value Diarrhea ever (%)c P-value 

1   0.016d  0.007d 

 CONe (n = 60) 6 (10)  26 (43)  

 LCaf (n = 30) 9 (30)  22 (73)  

2   0.052  0.602 

 CON (n = 30) 1 (3.3)  16 (53)  

 LCa (n = 30) 7 (23.3)  18 (60)  

3   0.774  1 

 CON (n = 60) 8 (26.7)  15 (50)  

 LCbg (n = 30) 9 (30)  15 (50)  

4   0.474  0.597 

 CON (n = 30) 5 (8.3)  15 (25)  

 LCb (n = 30) 4 (13.3)  6 (20)  
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Table 3.4: Final linear regression model of the association between average daily gain 

(ADG, kg/day) and diet, diarrhea, and trial in nursery pigs for the first two weeks post-

weaning  

Variable 
Coefficient 

Standard 

Error 

95% CIa 
P-value 

Dietb      

 
CON (n = 180) Reference  

 
 

 
LCa (n = 60) -0.04 0.012 (-0.06, -0.014) 0.002d 

 
LCb (n = 60) -0.037 0.012 (-0.06, -0.014) 0.001d 

Diarrheac n = 300     

 No  Reference    

 Yes -0.019 0.01 (-0.03, -0.002) 0.028d 

Trial      

 1 (n = 90) Reference    

 
2 (n = 60) 0.015 0.012 (-0.008, 0.04) 0.197 

 
3 (n = 60) 0.026 0.013 (-0.001, 0.05) 0.059 

 
4 (n = 90) 0.011 0.012 (-0.012, 0.035) 0.356 

aCI: Confidence interval  
bDiet: CON = Control (CON1 fed 7 d post-weaning, CON2 fed day 8-14 post-weaning), LCa = low-complexity high 

soybean meal diet fed for entire 2 week period, LCb = low-complexity group fed 2 high soybean meal diets (LCb1 

diet fed 7 d post-weaning, LCb2 diet fed day 8-14 post-weaning, used in Trial 3 and 4)  
cDiarrhea at least once during the entire trial period  
dP < 0.05 (significant) 
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CHAPTER 4: Examining enterotoxigenic Escherichia coli (ETEC) challenge 

trial methodology for the induction of diarrhea in weaned pigs: a scoping 

review 

4.1 Abstract 

Challenge trials using enterotoxigenic E. coli (ETEC) have become a widely established 

research tool to induce post-weaning diarrhea in pigs for the purpose of examining different 

interventions and preventative measures. Challenge trial methodologies differ and have resulted 

in varying degrees of success, stressing the need for a better understanding of the methods which 

have been consistently able to induce clinical signs of disease. The objectives of this scoping 

review were; 1) to search for and describe available literature regarding ETEC challenge trials in 

weaned pigs and 2) to determine if the protocols used in an ETEC challenge trial were able to 

produce; consistent diarrheal responses, shedding of ETEC in feces and histological evidence of 

E. coli colonization and enteritis. The current scoping review was done with the Arksey and 

O’Malley and PRISMA-ScR framework. The literature search was conducted in 4 databases to 

identify relevant works. As a result of the search, 2616 articles published between 1986 and 2020 

were identified. Two stages of screening were done to assess relevance, and descriptive analysis 

was run on data extracted from the full text. Studies reported that receptiveness to infection is 

enhanced if pig genotype is selected for susceptibility and highly adherent ETEC strains with 

dosages of   109 CFU/mL are used. Other factors to consider for model design include pig age, 

management factors and administration of the challenge strain.  
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4.2 Introduction 
 

Post-weaning diarrhea (PWD) caused by enterotoxigenic E. coli (ETEC) is a disease that 

commonly leads to high morbidity and moderate levels of mortality during the first few weeks 

after weaning (1-4). Clinical signs of post-weaning E. coli diarrhea include watery feces, 

depression, anorexia, dehydration and possibly sudden death (5, 6). Disease occurs when ETEC 

attach to specific receptors present on the villous enterocytes and colonize the small intestine in 

large numbers (3, 7). Following colonization, enterotoxins are released, causing fluids and 

electrolytes to be pumped from the enterocytes into the gut lumen triggering secretory diarrhea 

(3, 7). There are multiple factors that contribute to the prevalence and severity of PWD (11). 

These factors include; stress, change in diet (7, 8), litter mixing (9, 10), fluctuating temperature 

and poor pen hygiene (2).  

Post-weaning E. coli diarrhea is an important disease to study due to the substantial 

economic loss associated with the disease (6, 11) from high rates of morbidity and mortality, 

weight loss and treatment cost (12-17). Common treatment methods for PWD include high levels 

of zinc oxide (2500-3000 mg/kg) in feed and antibiotics. However, both of these approaches face 

increased public pressure (11, 15, 18), thus alternative treatments are being explored (19, 20).  

In order to test whether new therapeutics are effective, it is important to have a reliable 

and consistent ETEC model to examine different treatment strategies in an unbiased and 

reproducible manner (9). Although, making a reproducible experimental challenge model for 

PWD can be difficult (7, 21, 22), especially if the pigs used in the study have been previously 

exposed to ETEC infection (21). Hence, it is necessary to examine aspects of existing 

experimental challenge models to gain a better understanding of what was previously successful 
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and why other approaches failed. The objectives of this scoping review were to identify and 

describe literature on ETEC challenge trial protocols and examine if the protocols were able to 

consistently produce diarrhea, fecal shedding of ETEC and histological evidence of E. coli 

colonization and enteritis in response to an ETEC challenge.  

4.3 Materials and methods 
 

The methodology of the current scoping review was based on the Arksey and O’Malley 

(23) and PRISMA-ScR framework. This review included the research question, study selection, 

charting the data and reporting and summarizing the results. The full protocol can be found in 

Appendix I.  

Review questions 

1) What were the procedures used in ETEC challenge trials investigating preventative 

strategies for post-weaning diarrhea in nursery pigs, since 1980? 

2) Could the methods used in the identified ETEC challenge studies induce a consistent 

diarrheal response? 

Search strategy 

The initial literature search occurred on September 17, 2020, using 4 electronic 

databases: AGRICOLA, CAB direct, Web of Science (core collection) and PubMed. A restricted 

date range from 1980-present was used in the search to fit the review question. The search terms 

were divided into population terms (e.g. piglet*, weaner pig*), intervention terms (e.g. F4*, 

enterotoxigenic E. coli) and outcome terms (e.g. post-weaning diarrh*, colibacillosis). The full 

list of terms can be found in the protocol. An additional article was manually added due to its 
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significant relevance to the review. The same search was applied to all databases but further 

restrictions had to be included to limit the unforeseen volume of articles. This included limiting 

the intervention terms to (“E. coli” or “Escherichia coli” OR “F4 fimbriae” OR “F18 fimbriae” 

F4* OR F18* OR “enterotoxigenic E. coli” OR ETEC OR K88* OR “Escherichia coli 

O149:F4*” OR “ETEC O149:F4*” OR “fimbrial adhesins” OR “enterotoxins”).  

 

Literature management  

Literature generated from the search were imported into Zotero (Corporation for Digital 

Scholarship) bibliographic software. The citations and abstracts were then transferred onto the 

online program DistillerSR (Evidence Partners, Ottawa, ON, Canada) where duplicate removal, 

screening and data extraction occurred.  

 

Relevance screening  

Relevance screening of the title and abstract was the first of two screening stages used in 

this scoping review. Two reviewers were assigned to inspect included relevant literature. This 

stage examined three questions 1) is the title and abstract in or available in English?, 2) Based on 

the title and/or abstract is the study on an ETEC challenge in nursery pigs?, and 3) Based on the 

title and/or abstract is PWD an outcome that was assessed? If “no” was selected for any of the 

three questions, then the literature was excluded. If the text was rejected by only one reviewer 

during this stage, then it was still included in the next screening stage for further inspection. The 

overall kappa was 0.79, indicating substantial agreement between the reviewers.  
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Full-text eligibility  

Studies that were deemed eligible after relevance screening were carried over to the 

second stage, which examined the full-text for applicability to the scoping review. During this 

stage the following was assessed: availability of the full-text, if pigs were  14 d of age on the 

challenge date, if the full-text examined an ETEC challenge, if an outcome was PWD in the full-

text and if it was a primary research study. The articles were initially inspected by two reviewers. 

If disagreement among these reviewers occurred a third reviewer was consulted to resolve any 

conflict. 

Data extraction and synthesis  

During this stage information such as general study characteristics (e.g. publication year, 

country), protocol details (e.g. dose, strain, control group) and outcome results (e.g. diarrhea, 

histological evidence of E. coli colonization) were gathered. Following data collection the results 

were compiled into a single Microsoft Excel 2019 (Microsoft Corporation, Redmond, WA) 

spreadsheet. The data were then imported into STATA version 16 (StataCorp, College Station, 

TX) for further analyses. Descriptive statistics were calculated for summarization of the data. 

Other information was described using frequencies and percentages.  

 

4.4 Results 
 

A flow chart depicting the number of papers identified at each stage of the screening 

process can be found in Figure 4.1.  
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General study characteristics  

Publications reviewed, dated from 1986 to 2020 with 55% (66/120) of the studies 

published after 2010 (Table 4.1). Fifteen of the 120 studies were determined to successfully 

induce a clinical diarrheal response in challenged piglets (Table 4.2).  

The experiments were often conducted in Europe (48.3%, 58/120), although a large 

number of studies were also performed in North America (20.8%, 25/120) and Australia/New 

Zealand (13.3%, 16/120). Similarly, studies that led to a successful challenge of pigs originated 

from Europe (60%, 9/15), North America (20%, 3/15), Asia (13.3%, 2/15), and Australia (6.7%, 

1/15).  

The age of pigs used in E. coli challenge studies were most commonly 3-weeks-old 

(40%, 48/120) or 4-weeks-old (32.5%, 39/120) at the start of the study and their response to 

infection was often observed for less than one week (38%, 46/120). Commonly, the source of 

pigs was not revealed, and details regarding the source herd history was not included. 

Methodological study characteristics  

Methodological characteristics of the studies in this review are present in Table 4.3. 

Generally, the fimbrial adhesins used in the ETEC challenge inoculum were either F4 (78%, 

94/120) or F18 (12.5%, 15/120) (6, 13, 20, 34), which was strongly correlated with the ETEC 

present in the feces. Likewise in most successful studies 86.6% (13/15) of diarrheic pigs were 

discovered to have F4 ETEC in their challenge inoculum and feces. None of the included studies 

examined F41 and few looked at F5 or F6, which were sometimes included in a pathogenic 

cocktail with F4 and/or F18. 
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The enterotoxins involved in an ETEC infection included LT, STa, STb and EAST1 (6), 

with LT, STa and STb being the most frequent combination in successful trials (40%, 6/15) and 

overall (27.5%, 33/120). The combination of LT and STb was the second most common 

combination used for all trials (18%, 22/120), while LT alone was the second most common 

enterotoxin involved in successful trials (20%, 2/15) 

Several different strains and variations of components were used to challenge the weaned 

pigs in the included studies. In the current study, strain referred to an identifiable numbered 

and/or lettered sequence which acted as a name or ID, whereas the works that referred to one or 

more factors (serogroup, fimbriae, enterotoxin(s)) were termed components in this review. In 

majority of the studies (60%, 72/120), one or more components were used to describe the 

challenge inoculum. Of these studies, some (26%, 19/72) of the strain components were 

considered unclear ( 1 component) and O149:K91:K88:LT:STa:STb was the most common 

combination of components (18%, 13/72), while this combination was only present in 13.3% 

(2/15) of successful studies. F4:LT:STa:STb was the most common group of components (27%, 

4/15) in successful studies followed by F4 alone (20%, 3/15). The most common strains were 

GIS25 + 156P83 (13.3%, 2/15), which were administered to the same group of pigs in a single 

study.  

The colony forming unit (CFU/mL) of the inoculation ranged from 105-1012 CFU/mL, 

with more being 109 (39%, 47/120), 1010 (19%, 23/120) or 108 CFU/mL (15.8%, 19/120). 

Inoculations with higher concentrations were more efficacious at inducing post-weaning diarrhea 

especially at 109 (20%, 3/15), 1010 (13.3%, 2/15) or ≥ 1011 CFU/mL (40%, 6/15).  
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Examining the administration method, inoculation was often distributed to pigs orally 

(80%, 96/120). This was also true of 66.7% (10/15) of successful trials. Other methods utilized 

in successful trials included oro-gastric intubation, oral gavage, intragastric and distribution of 

challenge strain on the pen floor per square meter. Additionally, capsules containing 1.64 × 109 

CFU/capsule were recently investigated to deliver the ETEC strains and showed an increase in 

the number of pigs with diarrhea (35).  

Pre-treatment of pigs with colistin to prevent neonatal enterotoxigenic E. coli infection 

prior to the challenge date occurred in a few of the successful studies (13.3%, 2/15). 

Alternatively, 26.7% (4/15) of successful studies provided challenged pigs with bicarbonate (e.g. 

calcium, sodium) before infection to reduce gastric acidity and ease passage of E. coli into the 

small intestine.  

Techniques for evaluating challenge effectiveness  

In this review, the studies were scanned to determine if they looked at several parameters 

that may indicate challenge success including; diarrhea, fecal shedding of enterotoxigenic E. coli 

bacteria, immune response and histological evidence of E. coli colonization and enteritis.  

The majority of the studies included in this review evaluated diarrhea in pigs (87.5%, 

105/120). Some authors discussed diarrhea in terms of diarrhea incidence, which refers to the 

number of pigs experiencing diarrhea following infection or fecal dry matter (%), while others 

examined diarrhea score signified by fecal consistency using a pre-determined scale as a means 

of identifying the occurrence and severity of diarrhea. In all fifteen successful studies, more 

diarrhea was seen in challenged controls than non-challenged controls or pigs provided with a 
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preventative treatment (P < 0.05). In this study, challenged controls refer to pigs inoculated with 

ETEC and used as a comparator group to other treatments or non-challenged controls. Eight of 

the successful studies used a challenged and non-challenged control. The pigs included were 

typically 3-4 weeks old (62.5%, 5/8), and challenged once (75%, 6/8), with 109 CFU/mL (37.5%, 

3/8) of F4 (87.5%, 7/8) LT, STa and STb (37.5%, 3/8). Generally, diarrhea ranged from 1-21 d in 

successful studies, with 66.7% (10/15) lasting for ≤ 7 d.  

Another common means of evaluating diarrhea in pigs in the included studies was fecal 

scoring (61.7%, 74/120). Numerous different scoring methods have been used, the most common 

being a scale from 1-5 (36-38). Other studies have used 3 levels (17, 39, 40). Some studies have 

had as high as 6 (34) or 7 (41). All scoring scales tended to begin with normal feces and the final 

level was some form of severe liquid diarrhea.  

Shedding of ETEC bacteria to indicate bacterial colonization was examined in almost 

half of the studies (48.3%, 58/120). In these studies shedding of ETEC bacteria was more evident 

in challenged controls compared to non-challenged control groups in multiple studies (7, 26, 27, 

30, 42, 43, 44-47). Likewise, 6 successful studies noted higher bacterial shedding in challenged 

controls and used pigs 3-4 weeks old (100%, 6/6), challenged once (83.3%, 5/6) with ≥ 1010 

CFU/mL (66.7%, 4/6) of F4 (83.3%, 5/6), LT, STa and STb (50%, 3/6). In these studies 

shedding occurred in 25-100% of pigs challenged compared to ≤ 25% of control piglets.  

Success of bacterial colonization can also be confirmed by examining the presence of 

ETEC in intestinal segments of the infected pig. One day following E. coli challenge, the strain 

can make up more than 80% of the coliform bacteria, with greater isolation rates occurring if 

challenged within the first week post-weaning (48). As well, challenged pigs have been reported 
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to shed ≥ 108 CFU/g of feces (49-52). In successful studies that observed ETEC shedding, 106-9 

CFU/g of feces was noted in challenged pigs compared to 104 CFU/g of feces (4) in resistant 

pigs and 106 CFU/g in treated pigs (29). Moreover, following successful colonization 

histological changes such as shortened villi, visible crypts (19, 26, 27) and bacteria were seen 

using light microscopy (28) in successful trials. Histological change was only observed in 4 of 

the successful studies, which included 3-4 week old pigs (75%, 3/4) challenged ≤ 2 times (100%, 

4/4) with ≥ 109 CFU/mL (75%, 3/4) of F4 (100%, 4/4), LT, STa, STb (75%, 3/4) (19, 26-28).   

Some studies (5.8%, 7/120) examined the presence of an immune response in infected 

pigs. As well, dehydration (3.3%, 4/120) (53, 54) and mortality (11.7%, 14/120)  (43, 55, 56) 

were not commonly examined as an indication of ETEC challenge success. 

Genetic susceptibility of piglets and influence of breed  

Few studies included in this review tested pig genotype (16.7%, 20/120) and some (5.8%, 

7/120) of these studies only included susceptible pigs in the analysis (6, 7, 10, 41, 50, 51). In 2 of 

the successful studies genetically susceptible pigs were discovered to have a greater incidence of 

diarrhea (64-100%) than resistant pigs (25-47%) using pigs 3-4 weeks of age (100%, 2/2) 

challenged 1-3 times (100%, 2/2) with ≥ 107 CFU/mL (100%, 2/2) of F4 (100%, 2/2), LT, STa, 

STb (50%, 1/2) (4, 22).  

In the included works, the most common breed was a cross between Large White and 

Landrace (22.5%, 27/120), followed by a Duroc x Landrace x Yorkshire crossbreed (12.5%, 

15/120). Only one study examined the effects of an enterotoxigenic E. coli challenge in different 

breeds, with the strongest negative effects seen in Landrace (4). 
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Consistency of diarrheal response  

In this review, consistency of diarrheal response was examined within trials that 

contained multiple studies using the same protocol and between studies that used similar 

inoculation procedures. Spitzer et al. (7), conducted their study with 3 trials using the same 

protocol. Each infected pig displayed several health impairments including reduction in general 

condition and poor fecal scores. In the study, a lower fecal score corresponded to diarrhea 

indicating that the infection induced negative effects numerous times (7). Frydendahl et al. (52), 

also evaluated their challenge protocols in 3 experiments. Two were pilot trials and one was the 

main experiment. Of the two pilot trials, only one used the same protocol as the main 

experiment, which showed clear signs of infection. Almost all susceptible piglets developed 

diarrhea and shed high levels of ETEC in feces (up to 108 CFU/g), and some resistant pigs also 

developed diarrhea (52). Histological evidence of bacterial colonization on the villi of the small 

intestine also occurred in some infected pigs. Jensen et al. (58), used the same inoculation 

procedure as Frydendahl et al. (52), but were unable to induce diarrhea and were only able to 

isolate ETEC once from each of the pigs.  

Four other studies examined their own infection protocol in two experiments (2, 12, 46, 

59). In experiment 1, Montagne et al. (46), noted that pigs had normal or moist feces and only 2 

had wet feces and in experiment 2, pigs were essentially all normal (no or mild diarrhea) 

indicating a lack of success in producing a diarrheal response. Hampson et al. (2), Girard et al. 

(12) and Zúñiga et al. (59), noted a higher impact of the inoculation on the occurrence of 

diarrhea in the first trial compared to the second. In one of the studies this occurred due to the 

lowered dose (25 vs. 50 mL, 109 CFU/mL) of inoculum given to the pigs (2). Only one of the 
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four studies tested genetic susceptibility and found 1-3 resistant pigs in each treatment group 

(12), however results comparing clinical outcomes between susceptible and resistant pigs were 

not reported. Girard et al. (12), determined that the model was repeatable since the diarrheal 

observations (fecal score, diarrhea days, percent of pigs with diarrhea) were in close range for 

the two completed trials. Roubos-van den Hil et al. (22) also conducted a successful study that 

resulted in a repeatable model with a similar range of diarrhea in two different trials. The main 

difference between the trials was the absence of the homozygous susceptible group (SS) as the 

impact of challenge in that group led to 100% mortality.  

 Several studies used the same inoculation procedure as Heo et al. (60), (11, 61-63). In 

this study, the ETEC fecal score was lower for non-infected pigs compared to infected pigs (60). 

Unfortunately, the model was unable to induce clinical or sub-clinical infection in pigs in most of 

the subsequent studies (11, 61, 64). In Wang et al. (61), there was only a slight immune response, 

which was likely due to the lack of severity and inflammation caused by the infection. 

Capozzallo et al. (64), found marginal fecal shedding was detected from fecal swabs by day 3 

post-infection. As well, Stensland et al. (11), found that few control pigs developed diarrhea 

(25%). Patterson et al. (62), discovered similar results. In contrast, Heo et al. (65), was able to 

successfully stimulate a sub-clinical infection indicated by histological change and higher fecal 

scores using the Heo et al. (60) protocol. Additionally, the villous height was higher and crypt 

depth lower in the duodenum, jejunum and ileum in non-challenged compared to challenged pigs 

(65).  
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4.5 Discussion 

The objectives of this scoping review were to identify and describe experimental ETEC 

challenge trials and examine if the protocols were able to consistently produce disease in pigs. 

Creating the challenge protocol  

Animal selection 

Pig genotype is an influential factor that needs to be considered when developing a 

challenge model. Pig genotype can help determine receptiveness to infection, susceptibility to 

prolonged ETEC diarrhea and lead to higher fecal counts of ETEC (66). Greater success in 

producing illness was observed in protocols that excluded pigs without receptors to F4 fimbriae, 

compared to studies that did not test pigs for this genetic trait. Susceptibility of pigs to 

colonization by F4 E. coli can be determined using DNA marker-based tests that target the mucin 

4 gene (MUC4) (51, 66) on chromosome 13 (4). Without sacrificing the pig, this test can 

determine if the pig is homozygous susceptible (SS), heterozygous susceptible (SR) or 

homozygous resistant (RR) and lack the receptor gene for F4 E. coli (4, 22, 66). This is also true 

of the more recently discovered mucin 13 gene (MUC13) (67). Genotyping pigs for their 

susceptibility to infection with ETEC reduces the potential variability of challenge results and 

therefore reduces the number of animals needed in an experimental challenge study (22).  

Breed of the included pigs can potentially influence their susceptibility to an infection. 

However, only one study included in this review investigated and compared the effect of an 

ETEC challenge in different breeds (4). The lack of trials examining breed may reflect that 

commercial farms often use crossbreeding to take advantage of hybrid vigor. Further 
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investigation using challenge studies to gain a better understanding of the clinical outcome in 

different breeds compared to crossbreeds might be useful. 

Pre-treatment of animals  

To improve the likelihood of infection, bicarbonate has been used in an attempt to 

increase pH of the stomach for better survivability and passage of E. coli into the small intestine. 

Nevertheless, the effectiveness of bicarbonate has been shown to produce variable results. 

Successful infection causing diarrhea was established with and without bicarbonate, making its 

value questionable (58).   

Inoculation timing 

Age of the pig and the time from weaning influences the success of a challenge to cause 

diarrhea. In general, the younger the pig, the more likely that a challenge with F4 ETEC will 

cause diarrhea. However, if pigs are challenged too soon after weaning, there may be 

interference from colostral and lactogenic immunity (37). In addition, piglets with poorer passive 

protection from their dam, may encounter ETEC prior to weaning and develop immunity, 

particularly if the weaning age is later than 3-weeks of age. Certain authors suggest that 

challenging previously infected pigs might increase the chance of model success (19), however, 

others have stated previous infection increases the difficulty of establishing a working model 

(21).  

In the case of F18 ETEC, age influences the presence of receptors (55). Pigs do not 

develop F18 receptors until they are approximately 2-3 weeks of age or older (55), therefore a 

challenge of younger pigs with F18 ETEC will likely be unsuccessful.  
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Method of administration, fimbria, toxins and dose of inoculum   

Although, oral administration of the challenge inoculum was most common, additional 

research related to inoculation administration could provide greater insight into whether different 

techniques can improve the number of infected piglets and how this might be achieved. 

The choice of fimbrial adhesin does not appear to influence model success as most 

studies used F4 ETEC and obtained variable results. It is more difficult to determine which 

enterotoxin or combination of toxins in an inoculation leads to greater success as many of the 

successful studies did not mention the included toxin(s). It is likely that the inclusion of more 

toxins will increase the chance of diarrhea, due to excess fluid and electrolyte secretion into the 

small intestine.  

A range of 5-10 mL of 105-12 CFU/mL was generally provided to pigs across all 

experiments. A single dose of high CFU/mL (≥ 109) was observed to be more efficient at 

producing an infection (21, 24, 28, 31) than multiple exposures at a lower CFU/mL (5, 42, 64). 

Higher doses (> CFU/mL) tend to be more adherent, meaning that they have a better chance of 

attaching to the receptor, and thus improving the likelihood of infection and subsequent disease.  

Indicators of model success  

In order to evaluate the success of a challenge, studies relied on measuring several 

clinical parameters (e.g. diarrhea, fecal shedding, histological change and development of 

immunoglobulins) (36). Diarrhea was most commonly described using frequency and severity. 
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Diarrhea was also described using incidence, days with diarrhea and the percent of fecal dry 

matter (DM) in order to judge the success of a challenge model.  

Consistency of diarrheal response  

Consistency of diarrheal response was rarely established even though it is one of the most 

important factors to consider when conducting a challenge trial. Without consistency, the 

challenge model is more or less unusable due to the potential variability in results. Consistency 

within a study was more often observed than between studies (7, 52). Repetitions within a study 

were able to use similar housing conditions, rely on the same observers for fecal scoring, use the 

same diet, and repeat challenges with similar dosages. And yet, in many situations results were 

not always repeatable. Because so many variables differed between studies, it is not surprising 

that the results of experimental challenges varied from severe clinical signs to mild diarrhea or 

even no signs of illness. Most commonly, minimal shedding was noted and the challenge caused 

low levels of diarrhea and inflammation (61, 64). 

Shedding of bacteria in feces 

Shedding status is often determined by the culturing of rectal swabs on agar and 

incubated to allow the growth of hemolytic colonies. As well, other methodology exists for 

plating of feces derived from fecal samples. High colonization was often noted in the jejunal (2) 

and ileal (51) segments of the small intestine (2), villi (28) of the small intestine or feces (9) of 

successfully challenged pigs. 
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Histological evidence of ETEC colonization  

Bacterial colonization is a good indicator of successful infection since it shows 

attachment of fimbria occurred and is necessary prior to release of toxins that trigger fluid loss 

and diarrhea (19). Additional histological evidence of successful colonization includes the 

damage of intestinal villi, normally resulting in reduced villous height (15, 26, 38, 47, 63) and 

increased crypt depth (36, 62, 65) in the small intestine. However, villous damage can also result 

from infection of multiple pathogens or simply the change from milk based to solid feed (42). If 

the feed is not well absorbed in the gastro-intestinal tract, then it can serve as a substrate for 

proliferation of bacteria leading to diarrheal disease (42). Therefore, it is recommended when 

conducting a challenge trial to report both the level of bacterial colonization and possible 

structural changes of the small intestine to increase the strength of evidence regarding model 

success. 

Immunoglobulins  

Immunoglobulins (Ig)s are important for animals defense against pathogenic organisms 

(37). IgA, IgM and IgG are produced in response to an infectious challenge, with IgA being most 

relevant for mucosal defense (37). In this review, it was found that only 5.8% of the studies 

evaluated immunoglobulins as a means of judging the success of a challenge model. Although 

the presence of immunoglobulins are a good indication of previous exposure to a pathogen (41, 

36, 68, 69), the lag time between exposure and the development of immunoglobulins might be 

one of the reasons they are not more widely used, because many of the studies are of short 

duration. In addition, immunoglobulin levels may not be reflective of clinical signs. 
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Examination of models  

In order to increase the chance of a better model outcome, it is important to understand 

the possible ways successful and unsuccessful models differ. One such difference is the use of 

multiple strains in successful studies (25, 26, 28, 29), which can weaken the hosts immune 

system and increase the opportunity for infection. As well, it is beneficial to use multiple strains 

with different fimbrial types if susceptibility of the pigs are unknown (29). Combined infection 

with transmissible gastroenteritis virus (TGEV) was used in a few successful studies (26, 28), as 

TGEV can aid in impaired absorption increasing fluid in the small intestine and subsequent 

diarrhea. As aforementioned, genotyping pigs prior to infection can greatly improve the number 

of pigs infected in studies examining F4 ETEC, as pigs susceptible to the adhesin can be selected 

for inclusion (21, 22). Regarding dosage, a single high dose of ETEC is more likely to cause 

infection than lower exposure over a period of a few days. The higher doses can easily adhere to 

the receptors in the small intestine and increase the chance of colonization (4). Additionally, 

previous research has reported that 109-1010 CFU/mL is necessary to properly induce diarrhea 

experimentally (70). Pigs tended to be most affected by the challenge strain during 3-4 weeks of 

age, although pigs up to 40 d of age have still successfully developed disease. Age may be more 

important when challenging with F18 ETEC, since receptors are not present until at least 20 d of 

age (55). Management factors such as reducing the temperature or humidity of the pen (32), 

providing diets with high levels of crude protein (30), lack of pen sanitation prior to movement 

of new pigs, and other stressors that normally occur during the weaning period can contribute to 

success of infection. It is likely that success cannot be narrowed down to one optimal factor but 

instead a combination of factors including the use of a high dose, susceptible pigs, age, poor 

management practices and weaning stress.  
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Gaps  

After further investigation of the studies during the data extraction stage, a lack of 

information regarding; the type of farm pigs were selected from (commercial vs. experimental), 

previous history of disease on the farm, sow vaccination status and the enterotoxins, fimbriae and 

serotype used in the challenge inoculations, was discovered. Providing the type of farm pigs 

were selected from and previous history of disease can be helpful not only for replication 

purposes but so the reader can understand if the pigs had been previously exposed to E. coli, as 

some researchers believe that previous exposure can improve the chance of infection, but more 

likely the presence of immunity makes it more difficult to infect. Sow vaccination is important to 

prevent neonatal infection, which can alter the efficacy of preventative strategies being 

investigated. Providing sow vaccination information can aid in determining whether the sow 

antibodies developed from the vaccine impair challenge model protocols implemented in the 

earlier weaning period (first few days). Information regarding fimbrial adhesin(s), enterotoxin(s) 

and serotype is important especially if the strain resulted in successful infection, so that the strain 

can be re-used in future studies and potentially modified to optimize a good challenge model.  

Future challenge studies should include this information to aid in a better understanding of the 

trials for easy and accurate replication.  

 

4.6 Conclusion 
 

 

This review of experimental ETEC challenge studies involving weaned pigs, identified 

and described several different procedures used to create clinical disease. Reproducing PWD in 

experimental conditions can be difficult (7, 21, 22) and to date there is not a consistent method 

that has been widely adopted. Because the protocols used in challenge models are variable it was 
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important to compile several studies and examine the differences and similarities in their study 

designs. Indication of challenge success was usually demonstrated by the presence of diarrhea in 

the challenged pigs and bacterial culture of the E. coli challenge strain from the feces. Inoculated 

pigs should also have microscopically visible colonization of high numbers of E. coli bacteria 

lining the villi surface. This scoping review found that most challenge studies did not produce a 

consistent diarrheal response. Often the model was successful in only one or two trials out of 

multiple attempts. A consistent diarrheal response in multiple trials is needed to be considered 

truly successful. Important factors that need to be considered in the development of a challenge 

model include adhesion ability of the ETEC strain, genetic susceptibility, age of pigs at the time 

of challenge, the inoculation method including dosage and method of delivery and management 

factors. This review will hopefully aid in a better understanding of challenge trial methodology 

and lead to the eventual creation of an optimized challenge trial protocol. 
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Figure 4.1: PRISMA flowchart of the selection process for review studies 
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Table 4.1: General characteristics of E. coli challenge studies  

 

Characteristic  Frequency (n = 120) Percentage (%) 

Publication Year   

1986-2000 17 14 

2001-15 65 54 

2016-20 38 32 

Country where study took place   

Canada 15 12.5 

USA 10 8 

EU 58 48 

AU/NZ 16 13 

Other 21 17.5 

Age at start of study (weeks)   

1 7 6 

2 2 1.6 

3 48 40 

≥ 4 52 43.3 

3-4 2 1.6 

Unclear 3 2.5 

Multiple studies 6 5 

Pigs sourced from    

Research facility 23 19 

Commercial farm 43 36 

Unclear 54 45 

 

 

 

 

 

 



 

 95 

Table 4.2: List of clinically successful enterotoxigenic E. coli (ETEC) challenge trial characteristics  

Ref1 Age 

(d) 

at 

start 

ETEC 

and 

toxins 

Strain or 

challenge 

inoculation 

characteristics 

Dose 

Volume 

(mL) 

Dose 

(CFU2/mL) 

Shedding Histological 

evidence of E. 

coli 

colonization 

Diarrhea in 

challenge (CI) 

and control 

group (CO) 

Duration 

of 

diarrhea 

4 21 F4 

LT, 

STa, 

STb 

  1x1010 SS: avg shedding 

count 107 

CFU/pig 

RS: 106-107 

CFU/pig 

RR: 104 CFU/pig 

 

 

 

(SS/RS/CI): 

100% 

(RR/CO): 25% 

 

0-7 dpi 

12 24 

1 

d 

F4 

LT, 

STb 

CM0069 5 1x108 CI shed more F4 

ETEC than CO 

 Trial 1: 

(CI): 80% 

(CO): 25% 

(P < 0.05) 

 

Trial 2: 

(CI): 67% 

(CO): 56% 

1.6-3.6 

d 

19 21 F4  6 5x1010  CI had lower 

villi 

(CI + CO):  

score of 3-1.5 

from 1-4dpi 

0-4 d 

21 22 F4 O149:K91:K88 

(9910045-1) 

 3x1011   SS/SR: 74% 

RR: 0% 

(P < 0.05) 

 

Diarrhea 3.3 

times more 

likely in 

susceptible than 

resistant pigs  

(P = 0.04) 

1-4 dpi 
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22 21 F4 

LT, 

STa, 

STb 

O149:K91:K88ac 5 5x107-8 100% SS4, 70% 

SR, < 4% RR 

were positive for 

F4 ETEC on d3 

and 6pi 

 Study 1: 

(CI) SS: 90.8% 

(CI) SR: 34.2% 

(CO) RR: 

28.1% 

 

Study 2: 

(CI) SS: 48.2% 

(CI) SR: 23.6% 

(CO) RR:43.9% 

 

(p <0.001) 

Up to 21 

dpi 

25 23 F18 

LT, 

STb 

EAST-

1 

 6 3.5x109 Greater odds of 

shedding 

hemolytic E. coli 

in CI than CO (P 

< 0.01) 

 (CI): 40% 

(CO): 7.14% 

(P < 0.05) 

 

 

18 d 

26 23 F4 

1) STb 

2) STb 

3) LT, 

STa, 

STb 

 

1) O147:K89 

(spread 1hr 

before arrival) 

2 days later 

exposed to: 

2) O141:K85 

3) 

O149:K91:K88 

6 2x106 

CFU/m2 of 

floor space 

in pen 

 Pathogenic 

strains of 

E.coli isolated 

from 

challenged 

pigs only 

 

Challenge 

strains tended 

(CI): 100% 

(CO): 0% 

(P < 0.001) 

 

2-4 d 
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to make up 

more than 

25% of 

coliform 

bacteria 

27 21-

28d 

F4 

LT, 

STa, 

STb 

156KP83 (1) and 

GIS 25 (2) 

10 (1) 

10 (2) 

1x109 In challenged 

group between 

25-75% shedding 

compared to 25% 

in the control 

Short villi in 

infected pigs, 

visible crypts 

and bacteria 

 

14/15 pigs in 

CI had 50-

100% growth 

of E.coli on 

agar plates 

 

E.coli growth 

< 25% in CO 

pigs 

 

Adhesion to 

villi of ETEC 

bacteria seen 

in CI pigs 

(40%) 

(CI): 50-100% - 

severe 

(CO): 50% 

1-6 dpi3 

28 40 F4 C83903 5 1x1011  Lower villous 

height in CI, 

no differences 

in crypt depth 

(CI): 75% 

(CO): 0% 

36 h 

29 21-

28 

F4 156KP83 and 

GIS 25 

10 1x109  Bacteria seen 

on villi of 

(CI with 

TGEV5): 100% 

8-10 dpi 
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LT, 

STa, 

STb 

piglets using 

light 

microscopy 5 

and 7dpi 

(CI without 

TGEV): 88% 

(CO): 0% 

30 28 F4 and 

F18 

LT 

O147 and O149  1.5x1011 ETEC shedding 

occurred in all 

pigs for 8d 

 (CI): 100% 

(High Zinc/CO): 

15-30% 

0- 6 d 

31 33 

 2 

d 

F4 

LT 

O149 5 3.7 × 108 50% shed 

haemolytic 

bacteria in the CI 

and 0 in the CO 

 (CI): 96.67% 

(CO): 0-5% 

2-4 dpi 

 

32 22 F4 O149:K88ac 5 1x1011   (CI): 66.7% 

(CO): 0% 

1-36 

hpi6 

33 28 F4 

LT 

O149:K88  1.5x1011 1dpi 85-95% pigs 

shed the challenge 

strain 

2dpi <10% 

shedding in 80% 

of pigs 

 (CI): 84% 

(CO): 33% 

 

4.8-7.8 

d 

 

 

 

 

34 21 F4 K88 5 1012   (CI): 80% 

(CO): 0% 

 

1Reference number  
2CFU: colony forming unit 
3dpi: days post-infection  
4SS: homozygous susceptible to F4 ETEC infection, SR: heterozygous susceptible to F4 ETEC infection, RR: homozygous recessive to F4 ETEC infection  
5TGEV: Transmissible gastroenteritis virus 
6hpi: hours post-infection  
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Table 4.3: Methodological characteristics of E. coli challenge studies  

 
Characteristic  Frequency (n = 120) Percentage (%) 

Most common challenge strains used  (n = 32)  

CVI-1000 3 9.4 

3030-2 2 6.2 

8199 3 9.4 

9910297-2 3 9.4 

ECL8559 5 15.6 

12549 2 6.2 

12524 2 6.2 

9910045-1 3 9.4 

GIS 25 2 6.2 

156KP83 3 9.4 

GIS 26 2 6.2 

CM0069 2 6.2 

Fimbria type in challenge strain   

F4 94 78.3 

F18 15 12.5 

Other 11 9.2 

Enterotoxin(s) present in challenge strain   

LT 5 4.2 

LT, STa, STb 33 27.5 

Other (e.g. EAST1) 19 15.8 

LT + STb 22 18.3 

Unclear 41 34.2 

Number of doses of inoculum given to pigs   

1 72 60 
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2 20 16.7 

≥ 3 24 20 

Unclear 4 3.3 

Interval between doses (d)  (n = 47)  

≤ 1 43 92 

≤ 2 1 2 

≤ 3 1 2 

2-3 1 2 

Twice per day for 3 days 1 2 

Inoculum dose size (mL)   

4 1 0.8 

5 24 20 

6 9 7.5 

≥ 8 25 20.8 

Other 61 50.8 

CFU/mL (per dose)   

105 1 0.8 

106 4 3.3 

107 3 2.5 

108 19 15.8 

109 47 39.2 

1010 23 19.2 

1011 10 8.3 

Other 13 10.8 

Interventions examined   

Antibiotics 5 4.2 

Vaccine 4 3.3 

Probiotic 8 6.7 
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Diet type 13 10.8 

Zinc oxide 2 1.7 

Proteobiotic 1 0.8 

Egg yolk-antibodies 6 5.0 

Spray dried porcine plasma 2 1.7 

Maternal vaccination 1 0.8 

Other 58 48.3 

None 20 16.7 

Comparator group use   

Preventative measure 16 13.3 

Placebo/sham 10 8.3 

Challenge 36 30.0 

No exposure 12 10 

Antibiotics 1 0.8 

Zinc oxide 1 0.8 

Resistant 3 2.5 

Multiple 41 34.2 

Sows vaccinated   

Yes 11 9.2 

No 1 0.8 

Unclear 108 90 
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS 

Post-weaning diarrhea (PWD) caused by enterotoxigenic E. coli is endemic in Ontario 

nurseries, commonly affecting pigs during the first 2 weeks post-weaning. During this period of 

time, pigs also experience a growth check. The disease and poor growth performance can be 

attributed to several factors associated with weaning including; a relatively large challenge of 

pathogens from the nursery environment, litter mixing, loss of lactogenic immunity, relatively 

high gastric pH and temperature of the nursery room (1-4). Overtime, management factors have 

improved with farms adopting more stringent biosecurity and hygiene practices, increased use of 

all-in/all-out pig flow and enhanced ventilation and pen design to help reduce disease challenge 

faced at weaning. However, management alone cannot prevent diseases such as PWD, thus 

antibiotics are still commonly used prophylactically in nursery feeds. Public health concern 

regarding the spread of antibiotic resistance genes, has encouraged the investigation into 

alternative treatment and preventative techniques. One such technique is the use of a live oral 

vaccine to aid in the development of active immunity against enterotoxigenic E. coli (ETEC). 

Vaccination of sows to create lactogenic immunity to protect piglets against neonatal diarrhea 

caused by enterotoxigenic E. coli has proven successful, however protection is lost once pigs are 

weaned. Recent studies on live oral vaccines for nursery pigs have shown promising results, 

leading to reduced ETEC colonization of the small intestine and less diarrhea. Although the 

vaccine for weaned pigs has shown promise in research trials, it is not widely used in the Ontario 

swine industry. The lack of uptake could be a result of numerous reasons such as cost 

effectiveness compared to current approaches of control, as well as concerns about the efficacy 

of the vaccine when used under on-farm conditions.  
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 The second chapter of this thesis examined the ability of a live oral vaccine to prevent 

post-weaning E. coli diarrhea and its impact on growth performance over 5 weeks in two trials. 

In both trials 30 pigs were orally vaccinated 6 days prior to weaning and monitored post-weaning 

for the presence of diarrhea. Sixty non-vaccinated control pigs were included in each trial. In 

addition, individual pigs were weighed and average daily gain was calculated. In these trials, the 

vaccine was administered individually to each pig to ensure each pig received the correct dosage 

and was given several days before weaning in an attempt to allow the pigs time to develop some 

immunity before weaning, whereas in the field the vaccine is commonly administered in the 

drinking water following weaning (5-7). Both, mass administration in the drinking water and 

individual dosing into the mouth using a syringe have been approved as appropriate methods for 

the administration of the vaccine by the manufacturer. Administration via drinking water is the 

easier technique requiring less time and labour but there is the possibility that certain pigs may 

be under-dosed and there might be concern regarding the presence of chlorine and other water 

treatments. In all other studies in the literature that we are aware of, pigs were vaccinated in the 

water beginning at the time of weaning so that the present study used a slightly different protocol 

but a technique that is used in the field. The main motivation for individual oral dosing is to 

vaccinate pigs prior to weaning. Vaccine takes approximately 7 days to generate local gut 

immunity, and thus administration at or a few days after weaning could leave pigs vulnerable to 

infection at a time when piglets are most vulnerable. The disadvantage of vaccinating suckling 

pigs, besides the issue of labour, is that antibodies in the sow’s milk might interfere with E. coli 

in the vaccine.  

When comparing the two groups, more diarrhea was found in the vaccinated compared to 

non-vaccinated pigs during Trial 1 (P < 0.05). Additionally, no difference was observed in 
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average daily gain between the vaccinated and control groups. One interpretation of these 

findings is that the vaccine was ineffective in preventing post-weaning E. coli diarrhea, however 

hemolytic E. coli was not consistently isolated from the fecal swabs from pigs with diarrhea so at 

least some of the diarrhea cases may not have been due to ETEC. Previous research indicates 

reduced fecal shedding of ETEC and significantly less and milder diarrhea in vaccinated pigs (8, 

9). The number of pigs with watery diarrhea post-weaning in the two trials conducted in the 

present study was relatively low and this might have been a factor as well. A possible 

explanation for the low to moderate presence of diarrhea was the inadvertent inclusion of 

therapeutic levels of zinc oxide in the diet for the first week post-weaning. This may have also 

contributed to the absence of growth differences between the vaccinated and control groups. It is 

unknown if the inclusion of zinc oxide at 3000 mg/kg in the first week minimized the observed 

effects of the vaccination by controlling disease in the non-vaccinated group. Future studies 

could investigate whether providing therapeutic levels of zinc to pigs one week after vaccination 

reduces the effect of vaccination or perhaps provides an additive effect. A controlled ETEC 

experimental challenge might be a more appropriate method of evaluating this interaction.  

  In chapter 3, the influence of diet composition in nursery pigs as a means of improving 

gut health, reducing the likelihood of diarrhea and improving growth during the first few weeks 

post-weaning was examined. Traditionally, in Ontario diets fed to pigs are based on corn with a 

protein supplement. The most cost effective source of additional protein is generally soybean 

meal. However it has been well established that soybean meal has anti-nutritional factors and can 

lead to gut inflammation in young piglets. In order to provide a better transition to a grain-based 

feed at weaning, diets have been formulated to include highly digestible and palatable sources of 

protein in order to minimize the amount of soybean meal in the first feed given to weaned pigs.  
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These ingredients including; spray-dried plasma, whey, and fish meal are more expensive than 

soybean meal and are only intended to be included for the first few weeks after weaning until the 

pig becomes adjusted to eating solid food and develops the enzymes necessary to digest a plant-

based diet. As the industry has improved in housing, management and control of enteric diseases 

there may now be less need for the use of such expensive transition diets. Several studies have 

investigated the difference on growth performance between pigs provided with expensive 

transition diets compared to pigs fed a lower complexity diet containing higher levels of soybean 

meal (10-14). These studies generally have found that pigs grow slower initially but because of 

compensatory growth weights at the end of the nursery are similar. In general, these studies warn 

that the low complexity diets possibly leave the pigs at a greater risk to disease challenge. The 

purpose of the study in chapter 3 was to investigate whether there would be a greater risk of pigs 

developing diarrhea if they were not fed transition diets containing alternative protein sources 

(e.g. fish meal and whey) and lower levels of soybean meal. In this study, four trials were 

conducted. In each trial, the control pigs were fed two transition feeds (each for a week) 

containing alternative protein sources and relatively low levels of soybean meal. In two trials, a 

single low complexity diet (LCa) was fed for the two weeks post-weaning and in the other two 

trials the treatment group receiving feed with higher levels of soybean meal were given two 

different diets (LCb1, LCb2). Pigs in the group receiving the transition diets containing 

alternative protein and less soybean meal (CON) had faster growth during the first 2 weeks post-

weaning than both groups receiving the low complexity diets with higher soybean meal content 

(LCa, LCb). As well, CON pigs had less diarrhea than LCa pigs in Trial 1 (P < 0.05). High zinc 

oxide levels (3000 mg/kg) were present in the first diet given to the CON group, compared to 

less than 500 mg/kg in LCa and LCb1 and may have contributed to the faster growth and lower 
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incidence of diarrhea observed at weaning. The results clearly demonstrated a performance 

benefit in the first two weeks post-weaning for using the more expensive transition diets. It is 

possible (and in fact likely based on other studies) that if these pigs were followed to the end of 

the nursery, the pigs receiving the low complexity diet would experience compensatory growth. 

There could be close to a dollar per pig savings in feed cost if the producer was willing to accept 

the higher incidence of diarrhea and initial slow growth rate. 

 The final research chapter of this thesis was a scoping review of experimental E. coli  

challenge trials used to investigate post-weaning diarrhea in pigs. The development of a 

consistent and effective model to produce clinical signs in pigs infected with enterotoxigenic E. 

coli is a necessary tool to investigate the usefulness of different alternatives to antibiotics. A 

thorough search of the literature on challenge trials of nursery pigs was conducted and data were 

extracted from relevant texts based on pre-set criteria. To the best of our knowledge no scoping 

reviews on this topic have been previously performed. Although, an existing literature review  

was recently published investigating enterotoxigenic E. coli challenge trials, but it only described 

existing literature and did not identify which trials were successful, as well as, potential 

explanations for success or provide descriptive statistics (15). To improve the success of a 

model, factors such as; genetic susceptibility to infection, age of pig, method of administration of 

the inoculum, dose, and management/housing factors must be considered. Pre-screening of study 

subjects, will allow selection of pigs with receptors sites, improving the number of pigs infected 

since they will all be susceptible to the challenge. Age should be considered especially for F18 

enterotoxigenic E. coli challenges compared to F4 E.coli challenges, as receptor sites start to 

present at 20 d of age for F18, whereas F4 E. coli receptors are present in suckling pigs at birth. 

While oral administration is the most common method of providing the challenge, it can lead to 
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incorrect dosage as a result of spillage. Poor sanitation and management factors can increase 

exposure to the pathogen (e.g. excess fecal matter in the pen) and stress (e.g. fluctuating 

temperature) leading to more pronounced clinical signs. Greater reporting regarding challenge 

strain characteristics (e.g. fimbriae, enterotoxins, serogroup), sow vaccination status, previous 

history of disease in herd/farm and whether the pigs are from a commercial or experimental farm 

should be provided in challenge studies for replication purposes and to understand whether these 

factors influence model success.  

 In summary, currently no single enterotoxigenic E. coli challenge model for the study of 

PWD has been widely adopted. This is related to the complex nature of this multifactorial 

disease. Further investigation is required to determine efficacy of the live oral vaccine in 

commercial farm settings, and the interaction of the use of vaccine and zinc oxide needs to be 

further investigated. While the use of less expensive nursery diets containing higher levels of 

soybean meal appear to be a feasible option, acceptance in the industry is unlikely due to a 

higher incidence of diarrhea and poorer initial growth.   
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Appendix I 

 
Appendix I: Scoping review protocol for the investigation of enterotoxigenic Escherichia coli 

(ETEC) challenge trial procedures used to induce post-weaning diarrhea in nursery pigs 

Rationale  

 

Challenge trials are a widely accepted investigative method to determine the efficacy of 

interventions to prevent illness, reduce the need for antibiotic use and enhance the growth, 

productivity and health of humans and animals. With the continued progression of antibiotic 

resistance, pressure has been placed on researchers to find alternative methods to prevent 

illnesses such as post-weaning E. coli diarrhea (PWD) in pigs. PWD is an important disease due 

to the large economic loss associated with the cost of treatments or preventative measures, 

mortality, morbidity and reduced weight gain (Fairbrother et al., 2005). Many researchers have 

developed challenge protocols to examine treatments and interventions, with varying degrees of 

success. Therefore, it is important to identify different aspects of these challenge models to 

understand what methods have proven to be consistently successful and why other methods have 

failed.  

A scoping review allows for synthesis of existing literature on broad topics. Additionally, 

scoping reviews can aid in identifying gaps in available research and feasibility of further 

investigation into a research topic. 
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Objective(s)  

 

The primary objective of this study is to find and describe available literature on past and 

current protocols used in enterotoxigenic E. coli (ETEC) challenge trials to determine efficacy of  

interventions for post-weaning E. coli diarrhea in pigs. The second objective is to investigate 

whether these protocols were able to produce a consistent diarrheal response. A third objective is 

to detect any gaps in the literature on this topic. Specific questions addressed in the scoping 

review include:  

 

1. When comparing pigs that were challenged with ETEC to pigs that were not challenged 

was there a significantly greater diarrheal response in pigs challenged? 

 

2. When comparing pigs that were challenged with ETEC to pigs that were not challenged 

was there significantly more fecal shedding in challenged pigs? 

 
3. Was there a difference in gross and micro histological changes between challenged pigs 

and control pigs? 

 

4. For questions 1, 2 and 3, classify age of pigs, pig genotype (susceptible/resistant), pre-

challenge treatment, period of trial (number of days observed), quantity (i.e. mL, CFU) 

and frequency of dosages, (if available) and strain of ETEC used.  

 

Review Question  

What procedures were used in enterotoxigenic E. coli (ETEC) challenge trials evaluating 

prevention strategies for post-weaning diarrhea in nursery pigs, since 1980 and are the methods 

able to induce a consistent diarrheal response? 
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Methods  

 

Eligibility Criteria  

 

i. Population – Nursery pigs ≥ 14 days of age challenged with ETEC.  

ii. Intervention – ETEC strain given to pigs immediately before or during nursery stage.  

iii. Comparator – Nursery pigs ≥ 14 days of age not given any ETEC or nursery pigs given 

a different dose of ETEC and/or time of administration(s).  

iv. Outcome(s) – Post-weaning diarrhea (mild to severe diarrhea), ETEC fecal shedding, 

weight loss, dehydration, death. 

v. Timeline – Trial length ≥ 1 week 

Limitations  

 

i. Publication date: Must be published since January 1, 1980.  

ii. Document characteristics:  Works can be published or unpublished but must be in 

English or have an English translation available. Full text is required.  

iii. Document Type: The following document types will be accepted: peer-reviewed article, 

dissertation/thesis, conference paper, government and official document, working 

paper/unpublished, and industry or technical report.  

iv. Study Design: challenge trials will be included. 
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Search Strategy  

 

Databases and Other Information Sources  

 

Table 1: Databases used to find relevant literature  

 

Database Name Database Interface Query Box 

AGRICOLA  ProQuest i. Anywhere  

ii. Anywhere except full 

text  

CAB Direct CAB Interface (CABI) All fields  

Web of Science Core 

Collection  

Web of Knowledge  i. All fields  

ii. Topic (title, abstract, 

author keywords and 

Keyword Plus®) 

PubMed National Center for 

Biotechnology Information 

(NCBI), MEDLINE and 

PubMed Central 

All fields  

 

Additionally a manual search will be conducted in the American Association of Swine 

Veterinarian database (AASV) for relevant works.  

  

Search Terms and Strings  

 

The search terms will be connected using the Boolean operator ‘OR’ and categorized 

using the groups population, intervention and outcome. These groups will be combined using the 

Boolean operator ‘AND” to create a single string. Table 2 provides more detail on the terms 

included in the search and what classification they fall under.  
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Table 2: Search terms used to identify relevant literature 

 

Population Terms Intervention Terms Outcome Terms 

(piglet* OR pig* OR sow OR 

swine OR porcine OR 

“weaner pig*” OR “weanling 

pig*” OR “weaned pig*” OR 

“weaner stage” OR “weaner 

phase” OR “nursery pig*” 

OR “young pig*” OR “early-

weaned pig*” OR “late- 

weaned pig*” OR “nursery-

age*”) 

(“E. coli” or “Escherichia 

coli” OR bacteria OR “F4 

fimbriae” OR “F18 fimbriae” 

F4* OR F18* OR fimbriae 

OR fimbria OR f4* OR f18* 

OR “gram-negative bacteria” 

OR “gram negative bacteria” 

OR “enterotoxigenic E. coli” 

OR ETEC OR K88* OR 

“Escherichia coli O149:F4*” 

OR “ETEC O149:F4*” OR 

receptor OR “fimbrial 

adhesins” OR adhesins OR 

enterotoxins OR “O 

serogroups” OR PWECD) 

(“post-weaning diarrh*” OR 

“post weaning diarrh*” OR 

diarrh* OR “swine disease*” 

OR scour* OR enteritis OR 

colibacillosis OR “post 

weaning E. coli diarrh*” OR 

“post-weaning E. coli 

diarrh*” OR “post weaning 

Escherichia coli diarrh*” OR 

“post-weaning Escherichia 

coli diarrh*”) 

 

Data Management  

 

Articles resulting from the search will be imported into Zotero (Corporation for Digital 

Scholarship) or Mendeley Ltd. (Elsevier) bibliographic software programs. Next the generated 

citations will be transferred onto DistillerSR (Evidence Partners, Ottawa, ON, Canada) where 

duplicates will be removed and subsequent screening will occur.  

 

Data of Interest  

 

i. Study information – Publication year, year range of when study was conducted (exact 

year if available), duration of study, study design and country.  

ii. Population information – Age of pigs at weaning and at challenge, pig genotype 

(susceptible/resistant), source of pigs used in the challenge study (experimental or 

commercial), sow information (if E. coli vaccination or other vaccinations used)  
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iii. Intervention information – Strain of ETEC, number and quantity (i.e. mL) of dosages, 

type of preventative strategy used (e.g. diet, vaccine, probiotic, prebiotic, antibiotic), 

fimbriae (i.e. F4, F18 or both) and enterotoxins in the strain (LT, STa, STb, etc.). 

iv. Comparison information – pig genotype (susceptible/resistant) and whether they receive 

a challenge as well (e.g. different dose).  

v. Outcome information – Post-weaning diarrhea, diarrhea (mild – severe), fecal shedding 

of ETEC, weight loss, dehydration, death, resistance to antibiotics or other.  

 

Relevance Screening   

 

Relevance screening will represent the first of two screening stages in the review. It will 

include the screening of the title and abstract of available literature generated by the search 

string. It will be evaluated by two reviewers. References within the literature will be screened for 

relevance as well.   

 

1. Is the title and abstract in English or available in English? [select one] 

[ ] Yes 

[ ] Unclear 

[ ] No  

 

2. Based on the title and/or abstract is this a study about an enterotoxigenic E. coli challenge 

in nursery pigs?  [select one] 

[ ] Yes 

[ ] Unclear 

[ ] No  

 

3. Based on the title and/or abstract is one of the outcomes examined post-weaning 

diarrhea? [select one] 
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[ ] Yes 

[ ] Unclear 

[ ] No  

 

Literature will be excluded if NO is selected pertaining to questions 1-3. 

Literature deemed UNCLEAR will be kept and examined for the second screening 

process. As well, if the paper is considered relevant by one reviewer but rejected by the 

second reviewer, the paper will continue onto the next screening stage for further 

inspection. 

 

Full Text Eligibility 

 

The second screening process will involve two reviewers examining the full text. If questions 

remain unclear or there is disagreement among the reviewers, a third reviewer will examine the 

text. Literature will be excluded if NO is selected pertaining to questions 1-5.  

 

1. Is the full text in English or available in English? [select one] 

[ ] Yes 

[ ] No [indicate language] 

 

2. Does the study investigate an outcome in nursery piglets ≥ 14 days old? [select one] 

[ ] Yes 

[ ] Unclear 

[ ] No  
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3. Does the full text outline a study using enterotoxigenic E. coli to challenge nursery pigs?  

[select one] 

[ ] Yes 

[ ] Unclear 

[ ] No  

 

4. Does the full-text examine the outcome post-weaning diarrhea? [select one] 

[ ] Yes 

[ ] Unclear 

[ ] No  

 

5. Is this a primary research study that tests a hypothesis using live pigs? [select one] 

(study type accepted: challenge trial)  

[ ] Yes 

[ ] Unclear 

[ ] No  

 

Data Extraction  

 

All studies considered eligible after full-text screening will be further examined for data 

extraction. The two reviewers will use the set of questions below to collect data: 

  

1. Does the text mention the challenge strain used? [select one] 

[ ] Yes [indicate type] 

[ ] No 

 

2. What type of ETEC was used to challenge the nursery pigs? [select all applicable] 

[ ] F4 

[ ] F18 

[ ] Other [indicate type] 
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3. Which enterotoxins were included in the challenge inoculum? [select all applicable] 

[ ] LT  

[ ] STa  

[ ] STb  

[ ] Other [indicate type] 

 

4. Were the inoculated pigs challenged more than once? [select one] 

[ ] Yes [indicate amount] 

[ ] No 

 

5. How many doses were used to challenge a single group of nursery pigs? [select one] 

[ ] 1 

[ ] 2 

[ ] ≥ 3 

 

6. How large was a single dose of challenge inoculum? (mL) [select one] 

[ ] 1 

[ ] 2 

[ ] 3  

[ ] ≥ 4 

 

7. What was the number of CFU/mL included in a single dose of challenge inoculum? 

[select one] 

[ ] 108 

[ ] 109 

[ ] Other [indicate type] 

 

8. Were the pigs provided with a treatment method prior to the challenge? [select one] 

[ ] Yes [indicate type] 

[ ] No 
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9. What other intervention(s) are being examined in the study? [select all applicable] 

[ ] Antibiotics  

[ ] Nursery pig vaccination  

[ ] Probiotic 

[ ] Diet type  

[ ] Zinc oxide  

[ ] Feeding regimen (ex. ad libitum, restricted intake) 

[ ] Organic acids 

[ ] Prebiotic 

[ ] Proteobiotic  

[ ] Egg yolk anti-bodies  

[ ] Spray-dried plasma proteins  

[ ] Essential oils  

[ ] Maternal vaccination  

[ ] Other [indicate type] 

[ ] None 

 

10. Why were the intervention(s) being investigated? [select all applicable] 

[ ] Treat disease   

[ ] Prevent disease  

[ ] Improve performance (i.e. growth) 

[ ] Unclear  

 

11. What type of comparator group was used in the study? [select all applicable]  

[ ] Preventative measure (different than challenged pigs)  

[ ] Placebo/sham  

[ ] Challenge (different dose (higher or lower)) 

[ ] No exposure (not challenged or given preventative measures) 

[ ] Antibiotics  

[ ] Zinc oxide  

[ ] Resistant (do not have ETEC receptor) 



 

 120 

 

12. What health outcome(s) did the study measure? [select all applicable] 

[ ] Diarrhea/scouring 

[ ] Fecal score  

[ ] Fecal shedding 

[ ] Presence of ETEC  

[ ] Immunity  

[ ] Dehydration  

[ ] Mortality  

[ ] None  

 

13. What performance outcome(s) did the study measure? [select all applicable] 

[ ] Weight  

[ ] Average daily gain   

[ ] Feed-intake   

[ ] None 

 

14. How old were the pigs at the start of the study? _______ 

 

15. What was the sample size of the study at the level the outcome was examined? 

[combined total for all studies reported]   [select all applicable] 

[ ] Individual (n=___ ) 

[ ] Pen/group/litter (n=___ )  

 

16. How long were pigs observed post challenge? [select one] 

[ ] 2 weeks  

[ ] 4 weeks  

[ ] 6 weeks  

[ ] Other [indicate amount]  
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17. Were the pigs included in the study from an experimental or commercial population? 

[experimental = from pharmaceutical company or university experimental farm] [select 

one] 

[ ] Experimental  

[ ] Commercial 

[ ] Unclear  

 

18. Type of ETEC presence on the farm [select all applicable] 

[ ]  F4 

[ ] F18  

[ ] Other  

 

19. Were the sows vaccinated? 

[ ] Yes [indicate type] 

[ ] No 

[ ] Unclear  

 

20. What country was the study conducted in? [select one] 

[ ] Canada 

[ ] United States  

[ ] EU  

[ ] Australia or New Zealand  

[ ] Other [indicate country] 

 

21. Year of publication __________ 

[ ] Unpublished 
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22. What is the reference type? 

[ ] Full-text article  

[ ] Full-text thesis or dissertation  

[ ] Full-text unpublished article  

[ ] Full-text proceeding (ex. conference) product report, government report or research 

report  
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