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Abstract 
Microbial community in the gut of pigs provides a vast and complex microbial network of 

community diversity important for its health and development. Pathogenic Escherichia coli 

are responsible for acute profuse diarrhoea with resultant high morbidity and mortality. 

Antibiotics are used as growth promoters and for therapeutic purposes in pigs. Misuse, abuse 

and overuse of these antibiotics have led to development of resistant bacterial strains. This 

study reports the effect of antimicrobial usage on frequency in which growing pigs habour 

ETEC and VTEC virulence genes and compared phenotypic and genotypic antibiotic 

resistance pattern of E. coli and metagenomics analysis of fecal samples collected from; (i) 

pigs receiving normal farm treatment without antibiotics usage, over a 70 day period, and (ii) 

pigs allowed treatment with antibiotics and monitored over a 70 day period. Our hypothesis 

was that the use of antibiotics in commercial pig farms affect gut microbial population. A 

total of 241 E.coli strains were isolated and antibiotics resistance testing through disk 

diffusion and PCR was conducted. Sequencing was also done using the Miseq Illumina 

platform. Virulence genes were detected in [24.8% (Cl95%: 18.2-32.7)] of the antibiotic group 

isolates and [43.5% (Cl95%: 34.5-52.9)] of the non antibiotic group with a significant 

difference (P=0.002). Phenotypic resistance to oxytetracycline was most common and were 

significant (P = 0.03) in samples of days 10 (P = 0.02) and 21 (P = 0.01). Furthermore, 

[63.9% (Cl95%: 57.6, 69.7)] possesed one or more of the four tested tetracycline resistance 

genes. Significant statistical difference exists in bacterial structure and composition in the gut 

of growing pigs P<0.05. Firmicutes, Bacteriotedes and Proteobacteria were the three most 

abundant phyla and composition was statistically significant during the growing period. The 

study showed that antibiotics usage increases gut bacterial population in growing pigs. 

Disease causing virulence genes and antibiotics resistance genes may occur even without 

antibiotics usage in growing pigs and other factors may be involved.  
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1.1 Introduction 

1.1.1 Growth and gut development in pigs 

Pigs are omnivorous in nature consuming food of both plant and animal origin similar to 

humans (Kantharidis, 2014). The normal gastrointestinal tract (gut, alimentary canal) 

bacterial flora is established in the newborn animal soon after birth from the environment, 

and then later influenced by the intake of food (Sørum and Sunde, 2001). Other factors that 

influence the gut bacterial flora are supplementation of organic acids in the feed of fattening 

pigs (Swann, 1969); feeding prebiotics to piglets (Janczyk et al., 2010) and antibacterial 

compounds (Sørum and Sunde, 2001). 

The gut of pigs is a complex environment, particularly in the newborns and around the time 

of weaning (Pluske, Hampson and Williams, 1997). It is a tube like structure with regions 

performing different functions which provide optimal conditions for the digestion and 

absorption of ingestas as well as emptying of undigested material (Low, 1990). The size, 

volume and morphological structure of the gut adapt to the composition of the feeds provided 

at different ages of the pig life (van Beers-Schreurs et al., 1998; Vente-Spreeuwenberg and 

Beynen 2003) as a result of digestive, secretory and microbial processes, but in the large 

intestine, the normal flora is the main contributor to the hydrolytic capacity of the feed (Louis 

et al., 2007). 

Piglets are weaned at approximately 3 weeks of age and are exposed to psychological 

stressors such as separation from the sows, mixing with unfamiliar littermates and 

establishment of social hierarchy within the group (Moeser and Blikslager, 2007). Weaned 

pigs take about 7 days to learn how to eat and take up a level of dry matter (Pluske, Hampson 

and Williams, 1997). This is due to a significant remodelling of the entire gut, which includes 

changes in the biochemical, physiological and immunological functions of the gut that occurs 

during the transition from mother’s milk to solid feed after weaning (van Beers-Schreurs et 

al., 1998; Spreeuwenberg et al., 2001). 

Gut health is proposed to consist of three components namely; diet, the mucosa and the 

normal flora. The mucosa and commensal bacteria interact with each other to form a fragile 

and dynamic equilibrium resulting in the efficient function of the digestive system and 

ensuring adequate absorption capacity (Conway, 1994).  In this respect, valuable dietary 

component is necessary to ensure a good gut health with a capacity to stabilize the 

equilibrium (Knudsen, Hedemann and Lærke, 2012).  
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1.1.2 Pig Management systems 

Management systems in animal production are referred to as a set of different production 

techniques namely; feeding systems, housing, breeding, nutrition, genetics and general 

animal health (Whittemore and Kyriazakis, 2008). Some studies showed that a few decades 

ago, pig production in some parts of Europe was done on small mixed farms usually in 

combination with crops and dairy cows otherwise known as organic production system 

(Basset-Mens and VanderWerf 2005). Currently, the intensive production system is preferred 

with few farmers and consumers still preferring the organic production system (Petit and 

vanderWerf 2003). In the intensive production system, pigs are raised on slated-floor 

confined buildings with high animal density while in the organic system, pigs are born and 

raised outside until weaning and then moved to an open front straw litter building. Pigs are 

raised at low animal density and feed and housing materials sourced from the farm (Basset-

Mens and VanderWerf 2005). Another study on management of pigs in some African villages 

indicated that pigs are raised outdoors and sometimes confined at night. They scavenge for 

food during the day and sometimes fed by the farmers 2-3 times a day on local food stuff 

such as kitchen leftovers, ground maize, dry fish, cassava, sweet potatoes, fruits and 

vegetables (Mutua et al., 2012) 

1.1.3 Use of Antibiotics in pigs 

Antibacterials are substances used in the treatment and prevention of bacterial infection. They 

may either kill or inhibit the growth of bacteria (Darwish et al., 2013). They are used in 

livestock for bacterial infection and also to prevent transfer of food-borne diseases to the 

general public (Ungemach et al., 2006). A discovery in the 1950s showed that addition of 

small quantities of penicillin in the feed of young chickens resulted in noticeable increase in 

growth and this has led to the use of a variety of chemicals as feed additives (growth 

promoters) in food animals (Bates, 1997). Some other substances used for this purpose 

include anabolics, nonspecific chemicals (copper, arsenicals, cobalt), and rumen fermentation 

modifiers (Bates, 1997). 

Antibacterial growth promoters are usually mixed with livestock feed to improve feed 

conversion efficiency (Reti et al., 2013). They are usually administered in sub-therapeutic 

doses in the feed to increase animal weight gain per unit of feed consumed (Ørskov and 

Ørskov, 1992). It has been shown that animals receiving antibacterials as growth promoters 

in their feed had an estimated growth improvement of between 4 and 8%, whereas feed 

utilization improved by 2 to 5% (Witte, 1998). Hence, supplementing animal feed with low 
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doses of antimicrobial agents has become a common practice in modern agriculture 

worldwide. These products improve feed conversion, animal growth and reduce morbidity 

and mortality due to clinical and subclinical diseases (Ewing and Cole, 1994). 

In South Africa, antibacterials are used largely for the purpose of disease treatments, 

prophylaxis as well as growth promotion in food animals such as ruminants, poultry and pigs 

(Eagar, 2008). Generally in pig production, two-thirds (66.7%) of all antibiotics used are for 

growth promotion; while in poultry, it is about 90% (Aarestrup, 2012). However, adverse 

effects following the use of antibacterial compounds as feed additives has been a subject of 

argument for several decades and some studies suggested that antibacterial use as growth 

promoter should follow specific guidelines to prevent resistant bacteria development 

(Overland et al., 2000). 

Though, it was predicted that the use of antibacterials as growth promoters would have a 

devastating effect on productivity and economy (Emborg et al., 2001), however, there was no 

negative effect observed on either the total kilograms of chickens produced per square meter, 

or the amount of feed consumed following reduction in the use of antibacterials (Emborg et 

al., 2001). In pigs, reducing antibacterials showed no negative effects on productivity, 

number of pigs produced per sow, average daily weight gain or the amount of feed needed to 

produce a kilogram of meat (Aarestrup et al., 2010). Furthermore, study on meat (fresh and 

retail samples) obtained from cattle dosed with subtherapeutic level of antibacterials as feed 

additive found high incidence of resistant bacteria (Manie et al., 1999). 

1.1.4 Antibiotic resistant bacteria 

Antibiotics refer to natural, synthetic or semi-synthetic drugs which prevents the growth of 

sensitive microorganisms when used at low concentrations. They are commonly administered 

by the oral route in pigs (Callens et al., 2012; Merle et al., 2012) and oral administration of 

antibiotics has been shown to increases the risk of antibiotic resistance development in some 

studies (Taylor et al., 2009; Varga et al., 2009; Lutz et al., 2011; Burow et al., 2014). This 

could be due to oral administration of drugs frequently carried out in a large group of animals 

at the same time which may result in inadequate application leading to prolonged period of 

treatment, and under dosing of the drug favouring the selection of bacterial resistance 

(Ungemach, et al., 2006). 

However, resistance to the antibiotics used to treat bacterial infections usually results in 

adverse effects (Paul et al., 2010). The infections caused by resistant bacteria usually fail to 
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respond to treatment by the specific antibiotic, consequently resulting in increased economic 

cost, associated with increased morbidity and mortality (Rice, 2009). Moreso in humans, 

infections  caused by resistant bacteria results in financial burden to healthcare systems, and 

societies through the worsening or persistence of illness and ensuing in-hospital treatment, 

with potentially critical health consequences (Capita and Alonso-Calleja, 2013).The 

European Union (EU) in 1999 restricted antibiotics use as growth promoters and in 2006 

banned its use (Avguštin, 2012). 

1.1.5 Mechanism of antibiotic resistance 

Antibiotic resistance in bacteria develops mainly by the Darwinian process of the survival of 

the fittest (Rosenblatt-Farrell, 2009). Most antimicrobial-resistant organisms have emerged as 

a result of genetic changes, obtained through mutation (vertical transfer) or by horizontal 

transfer from other bacterial organisms (FVE, 2002). Resistance due to mutation occurs as a 

result of spontaneous changes at a locus on the bacterial chromosome that controls 

susceptibility to a specific antibiotic (Beinlich, et al., 2001). Horizontal transfer mechanisms 

occur through conjugation, transduction and transformation. Exchange of conjugative 

plasmids is the commonest and most effective genetic transfer (Alanis, 2005). However, 

bacterial resistance genes may also be acquired through spread of transposons or integrons 

(Capita and Alonso-Calleja, 2013). Horizontal gene transfer mechanism has an important role 

in enhancing the spread of antibiotic resistance. This spread can occur between strains of the 

same bacterial species or between different bacterial species (Capita and Alonso-Calleja, 

2013). Resistance to antibiotics can be innate; where the bacterial species are not susceptible 

to a particular antibiotic and the bacterial species are not affected by use or misuse of the 

antibiotics (Capita and Alonso-Calleja, 2013). When a specific bacterial population in 

humans, animals or food substance is acted on by a stress factor e.g antibacterial compound, 

all susceptible bacterium will die, but not those that are resistant by chance. These bacteria 

will survive and multiply, producing a resistant progeny (World Health Organization, 2002). 

Antibacterials fight bacteria through different mechanisms including; damaging or inhibiting 

the synthesis of bacterial cell walls e.g penicillins; effects on the synthesis of bacterial DNA 

or RNA e.g quinolones,  proteins  e.g tetracyclines, or metabolic pathways e.g sulphonamides 

(Rosenblatt-Farrell, 2009). Bacterial methods for resisting the effects of antibiotics include 

biofilm formation, changes in surface permeability, enzymatic inactivation of the compound 

before it reaches its target site, modification or overproduction of the target site, and 
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acquisition of alternative metabolic pathways to those inhibited by the drug (Institute of Food 

Technologists, IFT., 2006). 

1.1.6 Methods of transfer of antibiotic resistant bacteria from animals to humans 

Farmers started the use of antibiotics for livestock in the late 1940s and ever since infections 

with strains of bacteria resistant to those antibiotics have been noticed in people (Aarestrup, 

2000; Aarestrup, et al., 2008; World Health Organization, 2012). The most important 

reservoir of multidrug resistant enterobacteria is the gut of animals and humans, especially 

those that have received antibiotic treatments. The most common route of spread of resistant 

bacteria is through contamination of food, water and the environment (Wellington et al., 

2013). Resistant bacteria in animals linger on skin and feces which can easily be transferred 

into meat, then to the hands of people preparing it, including the kitchen environment 

(Aarestrup, 2012). Spread of Antibiotic resistance throughout the food chain is basically as a 

result of the selective pressure exerted by the use of antibiotics in animal production and use 

of biocides such as disinfectants and feed preservatives (Capita and Alonso-Calleja, 2013). 

1.2 Justification 

Currently, antibiotic resistance is a global public health challenge and it involves all major 

microbial pathogens and antimicrobial drugs, which is a problem to both current and future 

generations (Capita and Alonso-Calleja, 2013). If the rise in antibiotic resistance cannot be 

reversed, then, a significant rise in incurable infection and death in both developed and 

developing regions may be observed (Wellington et al., 2013). It has been estimated that the 

amount of antibiotics consumed by livestock worldwide is about double that used by humans 

(Aarestrup, 2000; World Health Organization, 2012). Furthermore reports in the United 

States of America also showed that about 300 milligrams of antibiotics are used to produce 

every kilogram of meat and eggs (Aarestrup, 2000; FAO, 2010). Also, avoparcin, a growth 

promoter used in poultry and pig production in Europe has been shown to result in the 

incidence of vancomycin-resistant enterococci in the normal gut bacteria of these animals 

(Klare et al., 1995). However, another study on vancomycin resistant enterococci in broilers 

and pigs showed a statistically significant decrease in resistance of normal flora in broilers 

but not in pigs after a two and a half year period of ban (Bager et al., 1999). These results 

underline the importance of having a low antibiotic exposure of animals before they are 

slaughtered to make sure that as few resistant bacteria as possible are exposed to the meat 

consumers (Sørum and Sunde, 2001). A study on the enteric bacterial population dynamics in 

growing pigs will provide clear information on the bacterial population of the pig at different 
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stages of their life with regards to antibiotics resistance. This will also provide information on 

whether gut bacterial resistance is transferred to meat during processing and enable informed 

methods of handling the gut during meat processing to avoid the transmission of the resistant 

bacteria to the human population. 

1.3 Hypothesis 

H0-The pigs gut bacterial flora differs at different growth stages and antibiotics 

administration influence antibacterial resistance development in growing pigs. 

1.4 Aim and Objectives 

The overall aim of the study was to monitor pigs from day old until day 70 in order to 

determine enteric bacteria development and to quantify its population dynamics with specific 

regards to bacterial resistance following treatments with commonly used antibiotics. 

The specific objectives of this study include: 

To determine distribution of antibiotics resistance of Escherichia coli in a commercial farm 

setting in growing pigs. 

To characterize the virulence profile of Escherichia coli in growing pigs. 

To monitor the development of enteric bacterial population in growing pigs through 

metagenomics analysis.  
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2.1  Abstract 

Pigs are ungulate animals of the genus Suis and family Suidae. They are globally spread but 

restricted in certain countries due to religious and cultural beliefs. Pork serves as an important 

source of protein (38% of meat consumed in the world). While pig production remains a 

profitable enterprise, commercial and particularly the small-scale farmers face huge 

constraint in this husbandry practice, one of the most important being bacterial infections and 

its associated morbidity and mortality. In this study, we reviewed the prevalence of bacterial 

infections in pigs with particular reference to Escherichia coli. Literatures were searched on 

selected veterinary and biological data bases in 2016 with focus on natural infections and 

isolates from natural infections with epidemiological details. Pathotypes, serotypes and 

serogroups of E. coli, the country of origin, source, growth stage, age of pigs infected, disease 

outbreak, the number of samples and type of samples, numbers and percentage of positive 

samples and isolates were used as filters. Pathotypes reported include enterotoxigenic E.coli 

(ETEC) 66.7%, enterotoxigenic E.coli and shiga toxigenic E.coli (ETEC & STEC) 14.3%, 

STEC only (7.9%), enterotoxigenic E.coli/enteropathogenic E.coli/enteroaggregative E.coli 

(ETEC/EPEC/EAE) 31.7%. Others were enterohaemorrhagic E.coli (EHEC), diffusely 

adherent E.coli (DAEC) (ETEC, EPEC, STEC) and extra-intestinal pathogenic E.coli 

(ExPEC). Twenty-nine countries with documented records of cases of E.coli were included 

with the USA reporting the highest number followed by China. About 74% of the samples 

were taken from farms and others were from samples submitted to research laboratories and 

veterinary faculties for necropsy. Serogroups O141, O149, O139, O138, O8 and O9 were 

most common. Piglets were most affected (52.3%) followed by weaners (39.6%) and porkers 

(7.9%) with age ranging from between 1-392 days old. A total of 24,854 isolates were 

considered and 10477 (42.2%) were positives and the following genes were haboured: STa, 

STb, LT, stx1, stx2, Stx-2e, F4, F5, F6, F18, F41, AIDA, EAST1, eae, paa and hlyA. The 

diseases produced by E. coli were neonatal diarrhoea, colibacillosis, post-weaning diarrhoea 

and edema disease. The associated risk factors were poor housing, management and feed 

changes, extensive use of antibiotics as prophylaxis, overcrowding, and high humidity and 

temperature changes. India, USA, Japan, Slovakia, Denmark Sweden and Poland were 

countries with significant reports and high detection of virulence factors (72-100%). 
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2.2 Introduction 

Pigs are ungulate animals of the genus Suis and family Suidae. Domesticated pigs originated 

from the European wild boar Sus scrofa and are indigenous to the Eurasian and African 

continents (Giuffra et al., 2000).The global pig population is estimated to be approximately 

one billion (Statista, 2016), and although this spread across the world, it may be restricted in 

certain countries due to religious and cultural beliefs. Pork serves as an important source of 

protein (38% of meat consumed in the world) and as a means of livelihood especially for 

women in developing countries (Madzimure et al., 2012). Pigs are also kept for leather, hair, 

as pets and for use in human research (Gosh, 2014).  

While pig production remains a profitable enterprise, commercial and particularly the small-

scale farmers face huge constraints in this husbandry practice, one of the most important 

being bacterial infections and its associated morbidity and mortality. We reviewed the 

prevalence of bacterial infections in pigs and paid particular attention to Escherichia coli, a 

bacterium that is regularly isolated and can lead to multiple infections in pigs. 

2.3 Methodology 

The keywords used to gather literature for review include; “ Escherichia coli or E. coli”, “pig, 

swine or porcine”, “outbreak”, “diarrhoea”, “Oedema disease”, “post weaning diarrhoea”, 

“colibacillosis” and “prevalence”. Literature searches were performed on selected veterinary 

and biological databases including the CAB Abstract, Medline, Pubmed, Science Direct and 

Google Scholar between January and November 2016. Particular consideration was given to 

natural infections and isolates from natural infections with epidemiological details. 

Pathotypes, serotypes and serogroups of E. coli, the country of origin, source, growth stage, 

age of pigs infected, disease outbreak, the number of samples and type of samples, numbers 

and percentage of positive samples and isolates were used as filters. All literature considered 

were in English or where available the English translations were used. 

Extracted and compiled published manuscripts from peer reviewed journals were quality-

checked and duplicate documents were removed. All remaining documents (n = 61) were 

filtered, harmonized and coded in a single Microsoft Excel® spreadsheet. The number of 

events, sample sizes and outcomes were calculated based on the available data. All data was 

analysed using the Fixed-effect model (precision-based estimates) in the Meta-analyses 

software on Excel (Neyellof et al., 2012). Comparison between individual studies was 

calculated in WinPepi v11.24 (Abramson, 2011) and presented in percentages with 95% 
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confidence intervals. Cumulative events with measures of central tendencies were also 

produced in forest plots. 

2.4 Bacterial pathogens of pigs 

Based on our evaluation, the bacteria that affect pigs are diverse and vast including but not 

limited to the following, grouped by areas of primary lesions: 

2.4.1 Cutaneous (skin) associated bacteria  

2.4.1.1 Staphylococcus species 

Infection in pigs is caused by Staphylococcus hyicus resulting in exudative epidermitis 

(Greasy pig disease) (Andresen, 1998). Staphylococcus hyicus is composed of both non-

virulent and virulent strains which produces an exfoliative toxin responsible for skin 

alteration in exudative epidermitis of pigs (Wegener et al., 1993; Andresen et al., 1997). It is 

characterized by sudden onset of excess sebaceous secretion and exudation from the skin 

without pruritus leading to dehydration, growth depression and possibly death (Taylor, 2013). 

Other Staphylococcus species that could be isolated are S. chromogenes and S. Sciuri (Chen 

et al., 2007). Staphylococcus aureus is another important and common pathogen isolated 

from swollen ears, umbilical abscesses, subcutaneous abscesses and foot lesions, (Taylor, 

2013; De Neeling et al., 2007).  

2.4.1.2 Treponema species 

Treponema species are associated with skin or mucous membrane diseases and regularly 

cause skin ulcers in pigs (Karlsson, 2014). Three major phylotypes involved in infections 

include: Treponema pedis (the most predominant), T.parvum and an undesignated phylotype 

(Karlsson, 2014). Treponema pedis infection can occur as cutaneous spirochaetosis, ear 

necrosis and spirochaetal granuloma. They have been indicated as secondary bacterial 

infection in severe and chronic skin lesions of pigs (Taylor, 2013; Karlsson, 2014), such as 

ulcerative porcine stomatitis (Jensen et al., 2014) and periodic outbreaks of ear necrosis 

among weaners and gingival infections (Pringle et al., 2009; Karlsson et al., 2013).  

2.4.2 Reproductive system associated bacteria 

2.4.2.1  Leptospira species 

Leptospirosis, caused by Leptospira species is a disease that occurs worldwide in pigs and 

infection is more common in animals kept outdoors (Ryley and Simmons, 1954). Route of 

infection is by ingestion, direct contact and through abrasions, trans-placental transmission or 

the veneral route (Taylor, 2013). Leptospira species are fine, spiral, aerobic, motile, gram-ve 
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bacteria (spirochete) about 10µm in length and 0.2µm in diameter (Faine, 1994).  

Approximately 13 serovars of Leptospira are involved in infections in pigs and associated 

primarily with reproductive losses in breeding herds. The organisms persist in the kidneys 

and genital tracts of carrier pigs and are excreted in urine and genital fluids (Taylor, 2013). 

Routine vaccination may reduce the effect of the bacteria in a herd (Whyte et al., 1982), but 

elimination may be a difficult target because pig is a reservoir host for leptospirosis. 

2.4.2.2 Brucella species 

Brucella suis infection in pigs, occurs mainly through the venereal or oral route (Xavier et al., 

2010). Infection develops as bacteremia that may persist for as long as 90 days which may 

lead to localisation in various tissues with resultant stillbirths, abortions, orchitis, lameness, 

posterior paralysis, spondylitis, occasional metritis and abscess formation. Infertility may 

occur in both sexes (Xavier et al., 2010; Deyoe, 1967). Other pathogenic species in pigs are 

B. abortus and B. mellitensis (Godfroid, 2002). Diagnosis is mainly through the brucellosis 

card (Rose Bengal) test; but serum agglutination tests or complement fixation tests have also 

been used (Nicoletti, 2010). Brucellosis in pigs has a global distribution however its 

prevalence in domestic pigs is low in some countries and is known to have been eradicated in 

USA (Godfroid, 2002). 

2.4.2.3 Listeria species 

Infection of pigs with Listeria species is common and previous studies in Japan, Denmark 

and Yugoslavia suggested that approximately 10% of pigs at slaughter are infected (Taylor, 

2013; Lungu et al., 2010). Listeria monocytogenes infection rarely causes disease, but sudden 

death in piglets, septicaemia and nervous signs have been recorded. Most authors concurred 

that porcine listeriosis occurs mainly as a septicaemia in piglets less than ten days old (Ladds 

et al., 1974; Long and Dukes, 1972; Busch et al.,1971) and multifocal hepatic necrosis is 

often the most notable necropsy finding in piglets (Lopez and Bildfell, 1989).Abortions, 

stillbirths and birth of weak piglets may also occur in sows (Taylor, 2013; Vannier, 1999). 

Listeria infection and carriage in domestic pigs or wild boar is a potential source of infection 

for man (Taylor, 2013; Borch et al., 1996). 

2.4.2.4 Erysipelothrix species 

Erysipelothrix rhusiopathiae is a small, facultative anaerobic, Gram positive (G+ve) rod that 

causes a condition known as swine erysipelas (Opriessnig et al., 2010; Wood and Steele, 

1994). The disease outbreak may present as acute, sub-acute or chronic. It is characterized by 

sudden death or fever associated with characteristic diamond skin lesions (Opriessnig et al., 
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2010). Arthritis, vegetative endocarditis and abortion in pregnant sows may be observed 

(Schrauwen et al., 1993). Necropsy lesions include enlarged and congested lymph nodes, 

oedematous and congested lungs, splenomegaly, hepatomegaly, petechial haemorrhages on 

the kidneys and heart. Erysipelothrix rhusiopathiae causes considerable economic losses and 

remains an animal hygiene problem in swine production areas of the world (Takeshi et al., 

1999), and up to 50% of pigs in the world are estimated to harbour the organism in their 

tonsils and lymphoid organs (Opriessnig et al., 2010).This status results in shedding of the 

organism in urine, faeces, saliva and nasal secretions (Opriessnig et al., 2004). 

2.4.3 Respiratory System associated bacteria 

2.4.3.1 Actinobacillus species 

Actinobacillus suis and A. equuli are two important species that may cause fatal septicaemia, 

endocarditis and arthritis in pigs of 1-6 weeks of age. In older animals, skin lesions and focal 

necrotising pneumonia, valvular endocarditis, abortion, metritis and polyarthritis may be seen 

(Radostits et al., 2000; Ramos-Vara et al., 2008). Clinical signs and post-mortem lesions are 

not specific but suggestive of the disease (Taylor, 2013). Additionally, Actinobacillus 

pleuropneumonia may cause a respiratory infection of weaned, growing and finishing pigs in 

which there is fibrinous pleurisy and pneumonia with characteristic infarcts in the lungs. This 

infection is highly contagious, often fatal and progressive weight loss in chronically affected 

pigs may be observed (Taylor, 2013; Frank et al., 1992). 

2.4.3.2 Mycoplasma species 

Mycoplasma organisms have been isolated from pigs but only four species have repeatedly 

been associated with clinical disease namely (1) M. hyorhinis which cause polyserositis and 

arthritis in young pigs of about 3-10 weeks; (2) M. hyosynoviae causes arthritis in growing 

pigs weighing between 35kg and 110kg live weight (Taylor, 2013); (3) M. hyopneumoniae 

which is a primary pathogen of enzootic pneumonia, a chronic respiratory disease in pigs, 

highly prevalent in almost all pig producing areas. It is also considered to be one of the 

primary agents involved in the porcine respiratory disease complex (PRDC) (Thacker, 2006). 

The organism is primarily found on the mucosal surface of the trachea, bronchi and 

bronchioles (Blanchard et al., 1992); and (4) M.suis (formerly Eperythrozoon suis) infection 

which affects piglets 0-5 days of age, but weaners, growers and sows may also be infected. 

Route of infection is by parenteral, transplacental or oral transmission and the clinical disease 

may manifests in 5-6 days. The acute phase involves fever, anaemia, icterus, unthriftiness, 

jaundice and poor growth in weaned pigs, and is associated with low morbidity but high 
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mortality rates (Messick, 2004). The chronic phase results in low reproductive efficiency, 

growth retardation, abortions, stillbirths and agalactia in sows (Messick, 2004; Heinritzi, 

1989). In addition, a study revealed that M. arthritidis, a rodent Mycoplasma has also been 

isolated from joints in an outbreak of conjunctivitis, severe polyarthritis and infertility in a 

boar stud (Binder et al., 1990). 

2.4.3.3 Bordetella species 

Bordetella bronchiseptica is regarded as the aetiologic agent of atrophic rhinitis, colonises 

the ciliated epithelium of the upper and lower respiratory tract at about one week of age in 

piglets. It causes rhinitis characterised by sneezing, shortening or twisting of the snout, 

hypoplasia, mild nasal turbinate atrophy, persistent purulent bronchitis, haemorrhage, 

pneumonia and impaired growth (Giles, 1992; Duncan et al., 1966; Mazumder et al., 2012). 

Bordetella bronchiseptica importantly predisposes pigs to colonization and disease with other 

bacteria such as Pasteurella multocida and Haemophilus parasuis (Brockmeier, 2004; 

Brockmeier et al., 2001). 

2.4.3.4 Pasteurella species 

Pasteurella multocida is associated with pneumonia and atrophic rhinitis in pigs and can 

result in important economic losses on large pig farms worldwide (Davies et al., 2003; Dziva 

et al., 2008). Its strains are grouped into five capsular serogroups; A, B, D, E and F , however 

only serogroup A,B and D have been recovered from pigs (Davies et al., 2003; Townsend et 

al., 1998; Tang et al., 2009). Toxigenic P. multocida serogroups A and D together with 

Bordetella bronchiseptica, coexist to cause atrophic rhinitis (Davies et al., 2003; Backstrom 

et al.,1988). Toxigenic P.multocida infection results in severe sneezing in non-immune 

piglets. This is later followed by atrophy of the turbinate bones and a distortion of the nasal 

septum, shortening and twisting of the upper jaw which may be accompanied by reduction in 

the rate of weight gain (Taylor, 2013). Similarly, pneumonic pasteurellosis is also a condition 

that results from the colonisation of existing lung lesions with P. multocida which may give 

rise to fever, respiratory distress and death in some cases and it is typically associated with 

sub-acute or chronic pleuritis. Common route of transmission is by nose-to-nose contact; 

however, both vertical and horizontal transfer may occur (Taylor, 2013; Davies et al., 2004). 

Mannheimia (Pasteurella) haemolytica has been isolated in piglets from localised areas of 

fibrinous pleurisy or pleuropneumonia and from outbreaks of diarrhoea in pigs (Taylor, 

2013). 
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2.4.3.5 Haemophilus species 

Haemophilus parasuis is found in the upper respiratory tract of pigs as a commensal 

bacterium, but invades and cause severe systemic disease under favourable conditions 

(Oliveira et al., 2003).It causes Glassers disease and acute septicaemia (Peet et al., 1983; 

Riley et al., 1977). Glassers disease is an infectious, sometimes fatal polyserositis, 

polyarthritis and meningitis of young pigs (Amano et al., 1994). Bronchitis and other 

syndromes may occur in older animals in non-immune herds (Taylor, 2013).Transmission is 

by direct contact and all age categories of pigs are susceptible to the infection(Oliveira and 

Pijoan, 2002).Post mortem lesions include serofibrinous or fibrino-purulent exudate on 

mucosal surfaces, usually in peritoneum, pericardium, pleura or joint surface. In the 

septicaemic form, petechial and ecchymotic haemorrhages are detected in liver, kidneys and 

brain (Amano et al., 1994). 

2.4.3.6 Mycobacterium species 

Several species of Mycobacterium such as M. porcinum, M. avium subsp. hominisuis, M. 

bovis, M. intracellulare, M. fortuitum and M. tuberculosis have been associated with 

tuberculosis in pigs. Mycobacterium avium subsp. hominisuis is an opportunistic pathogen, 

infecting mainly pigs and humans (Mijs et al., 2002; Inderlied et al., 1993; Thorel et al., 

2001). A recent study demonstrated cross-reactions between avian and bovine tuberculin in 

pigs (Agdestein et al., 2011). Mycobacteria bovis is the main agent causing tuberculosis in 

cattle, while M. tuberculosis primarily causes tuberculosis in humans. However, they both 

belong to the M. tuberculosis complex (MTC) and can lead to infections in pigs (Komijn et 

al., 1999; Biet et al., 2005). Tuberculosis is mostly observed in pigs at slaughter when gross 

lesions are detected primarily through the examination of the lymph nodes of the head and 

the visceral regions and partial or full carcasses condemnation usually follow, because it is a 

potential risk to human health. 

2.4.3.7 Streptococcus species 

Streptococcus suis is an encapsulated gram +v ecoccus and occurs singly, in pairs, or 

occasionally in short chains. It is a normal flora in the upper respiratory tract of pigs, the 

genital and digestive tracts (Higgins and Gottschalk, 1999). S. suis causes septicaemia, 

arthritis and meningitis in suckling piglets and post-weaning pigs but less commonly in 

finishing pigs (Taylor, 2013; Gottschalk et al., 2007). The organism is an emerging zoonotic 

agent responsible for septicaemia which may sometimes be accompanied by septic shock and 

meningitis in humans (Goyette-Desjardins et al., 2014).  
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S. porcinus infection also occurs in pigs and is sometimes referred to as streptococcal 

lymphadenitis or streptococcal abcess. It causes abscess particularly in the cervical lymph 

nodes (Taylor, 2013). The Lancefield group C and β-haemolytic streptococci are other 

streptococci infections in pigs that are commonly isolated from the upper respiratory tract, 

pharynx, retropharyngeal lymph nodes and genital tract of carrier pigs. They are associated 

with vaginitis in sows and neonatal septicaemia in newborn piglets and may be isolated from 

arthritis and vegetative endocarditis in older animals and froms epticaemic and pneumonic 

lesions in older finishing pigs (Taylor, 2013). A presumptive diagnosis of infection in pigs is 

usually based on clinical signs and macroscopic lesions (Staats et al., 1997). 

2.4.4 Digestive system associated bacteria 

2.4.4.1 Clostridium species 

Clostridial pathogens involved in pig infections include Clostridium perfringens (type A, C), 

Clostridium defficile typhocolitis, Clostridium tetani, Clostridium novyi, Clostridium 

botulinum, Clostridium septicum and Clostridium chauvoei (Taylor, 2013; Baker et al., 

2010). Clostridium perfringens type C is a large gram +ve rod, which occasionally forms 

spores, bears attachment site and produces very potent toxins. The major toxin produced is 

protease/trypsin-sensitive β toxin which causes fatal necrotic and haemorrhagic enteritis in 

piglets less than seven days old and may cause chronic infection in older piglets. Clinical 

signs include profuse, bloody diarrhoea, loss of weight, palour and death within 12-24 hours 

(Taylor, 2013; Songer and Meer, 1996).  

C. perfringens Type A causes a similar syndrome but less severe with the major toxin 

produced being the α-toxin (Taylor, 2013; Songer and Uzal, 2005).Clostridium difficile is 

toxigenic and produce two major toxins, A and B (Taylor, 2013; Diab et al., 2016). It is a 

recognized cause of antibiotic-associated diarrhoea and pseudomembranous colitis in 

humans, domestic and laboratory animals (Songer et al., 2000). Infection in pigs (neonatal 

enteritis) can be asymptomatic or result in diarrhoea and weight loss which may be chronic in 

suckling pigs (Taylor, 2013). Other clinical signs such as dyspnoea, mild abdominal 

distension, and scrotal oedema may be observed with characteristic ulcerative lesions present 

in the colon at post-mortem (Taylor, 2013). 

C. tetani causes tetanus which presents as stiffness and abnormal gait leading to spasm and 

death. The condition occurs sporadically in young pigs and may be associated with umbilical 

infections, castration, or ovario hysterectomy (Taylor, 2013; Meseko and Oluwayelu, 2012). 
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Additionally, C. novyi type B causes sudden death in large fattening pigs and sows. Incidence 

is worldwide and sporadic particularly in swill-fed pigs and older sows (Duran and Walton, 

1997).Food-borne botulism is caused by C.botulinum through a preformed toxin of this 

organism in food resulting in a rare, sometimes fatal flaccid paralysis in pigs. The incidence 

is worldwide but rarely described (Taylor, 2013; Beiers and Simmons, 1967). 

2.4.4.2 Salmonella species    

Salmonellosis in pigs is caused by Salmonella enterica serovar Choleraesuis var kunzendorf 

(Salmon and Smith, 1886; Stevens and Gray, 2013; Pedersen et al., 2015).It is a host specific, 

facultative, intracellular pathogen that causes paratyphoid (Gray et al., 1996). The infection 

may result in enteric and fatal systemic disease, however, infected pigs may carry the 

organism in the tonsils, intestines and the gut-associated lymphoid tissue asymptomatically 

(Fedorka-Cray et al., 2000; Alban et al., 2012).Whereas transmission is primarily through the 

faeco-oral route (Stevens and Gray, 2013), some studies have shown that the upper and lower 

respiratory tract may also serve as routes of infection (Fedorka-Cray et al., 1995).The 

infections may present in different forms including (1) septicaemic form which is commonest 

in piglets with up to 100% mortality, (2) the acute enteric form in younger and weaned 

pigs,(3) the chronic enteric form and (4) the diarrhoeic form, which is usually due to the less 

invasive serotypes such as S. typhimurium (Taylor, 2013). 

2.4.4.3 Brachyspira species 

Brachyspira hyodysenteriae is a large anaerobic spirochaete that causes dysentery-infectious 

mucohaemorrhagic colitis of pigs (Wills, 2000). It affects pigs during the growth and 

finishing periods, and is characterised clinically by loss of condition with diarrhoea 

containing varying amounts of mucus, blood and necrotic material (Burrough, 2016). 

The bacterium multiplies in the large intestine resulting in superficial mucosa degeneration, 

inflammation and multifocal points of bleeding along the mucosa. The organism does not 

infiltrate beyond the intestinal mucosa and results in decreased reabsorption of endogenous 

secretions from the unaffected small intestine leading to diarrhoea (Kennedy et al., 1988). In 

instances, a proportion of untreated pigs may die while others may remain stunted (Taylor, 

2013). Other Brachyspira spirochaetes that may also be involved in diarrhoea are B.innocens, 

B. murdochii, B. intermedia and B. pilosicoli (Taylor, 2013). 

2.4.4.4 Campylobacter species 

Campylobacter is a gram -ve, spiral, non-spore forming rod (Penner, 1988; Epps et al., 

2013)and pigs are natural reservoirs with a prevalence rate of approximately 50- 100% and 
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excretion level of about 102 to 107 CFU/g (Jensen et al., 2006; Alter et al., 2005; Nielsen et 

al., 1997).Campylobacter infection causes a mucoid, creamy diarrhoea, which may contain 

blood in piglets 3 days-3weeks of age (Taylor, 2013). The species associated with disease in 

pigs include C.coli (the most common), C. jejuni, C. hyointestinalis and C. sputorum (Taylor, 

2013; Alter et al., 2005). Other Campylobacter species present in the porcine intestine, which 

may multiply and become associated with enteritis, are C. hyointestinalis subsp. 

hyointestinalis, C. hyointestinalis subsp. lawsonii, C. mucosalis, C. hyoilei, C. lari and C. 

lanienae (Taylor, 2013). 

2.4.4.5 Helicobacter species 

This infection in pigs is caused by Helicobacter suis, a gram -ve, spiral-shaped bacterium that 

is commonly found in the gastric mucosa (Hellemans et al., 2007; Grasso et al., 1996; Park et 

al., 2004).Piglets and porkers have highest colonisation, found in the pyloric region, however, 

boars and sows, also have high colonization rates in the fundic region of the gastric mucosa 

(Hellemans et al., 2007).The clinical infection by this organism is rare, and the main evidence 

for the pathogenicity of H. suis was from experimental studies that showed clear association 

between H. suis infection and the development of gastritis as well as a decrease in daily 

weight gain (De Bruyne et al., 2012).  

2.4.4.6 Lawsonia species 

This organism, Lawsonia intracellularis is an obligate, intracellular, gram -ve, small, rod-

shaped, intestinal, bacterium;it is the cause of proliferative enteropathy in pigs (Guedes and 

Gebhart, 2003), a frequent diarrhoeal disease of piglets and weaners characterised by 

hyperplasia and inflammation of the ileum and colon (Smith and McOrist, 1997). Study has 

suggested that it infect mitotically the active epithelial cells of the intestinal crypts, which 

later multiply and spread in the cells as they divide (Boutrup et al., 2010). The condition is 

often mild and self-limiting but sometimes may result in necrotic enteritis, regional ileitis and 

proliferative haemorrhagic enteropathy. Affected pigs appear pale, may be stunted and may 

die suddenly with clotted blood in the lumen of the small intestine (Taylor, 2013; Guedes and 

Gebhart, 2003). 

2.4.4.7 Yersinia species 

Yersinia species are gram -ve bacilli and the species associated with pig infection include (1) 

Yersinia enterocolitica, which easily colonise the gut of neonate piglets and subsequently 

become healthy carriers (Skjerve et al., 1998), it is capable of causing enteritis and 

typhilocolitis in weaned pigs and abortion in sows (Bhaduri et al., 2005); (2) Yersinia 
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pseudotuberculosis which is also carried  normally as gut resident (Taylor, 2013; Laukkanen, 

2010). Acute cases are characterised by enteritis, lymphadenitis and splenomegaly while 

chronic cases result in granulomatous nodules and localised abscesses affecting various 

organs, usually the liver and lungs (Brugmann et al., 2001). About 35 to 70% of herds and 

4.5 to 100% of individual pigs carry Yersinia species asymptomatically (Bhaduri et al., 

2005). 

2.4.4.8 Enterococcus species 

Enterococcus durans (Lancefield Group D) is a motile gram +ve cocci that has been isolated 

from the intestines and faeces of 3-5 day old piglets, usually as commensals but may 

sometimes be associated with diarrhoea (Taylor, 2013; Cheon and Chae, 1996). Enterotoxins 

and mucosal damage have been identified with the diarrhoea caused by E. durans, however 

decreased activity of digestive enzymes at the mucosal brush borders have suggested that the 

entire pathogenesis of diarrhoea due to E. durans has not been completely understood (Cheon 

and Chae, 1996; Tzipori et al., 1984). 

2.4.4.9 Bacillus species 

Bacillus anthracis causes anthrax but this is rare in pigs. Affected animals may die suddenly, 

pass bloody faeces or die after swelling of the neck. Route of entry is mainly by ingestion of 

contaminated feed (Taylor, 2013). 

2.4.5 Other non-specific bacteria pathogens   

2.4.5.1 Actinobaculum species 

Actinomyces suis reclassified as Actinobaculum suis is associated with urinary tract infections 

in pigs (Lawson et al., 1997; Woldemeskel et al., 2002). It is linked with cystitis-

pyelonephritis complex, a syndrome in which a small group of sows or gilts pass bloody 

purulent urine, often soon after service. They rapidly lose condition and sudden death may 

supervene (Taylor, 2013). 

2.4.5.2 Chlamydophila species 

Chlamydophila pathogens in pigs are Chlamydia suis, Chlamydophila pecorum, 

Chlamydophila psittaci and Chlamydophila abortus. The infections from this organism may 

results in multiple lesions including conjunctivitis, enteritis, pneumonia, pleurisy, 

pericarditis, polyarthritis, orchitis, infertility, abortion and birth of weak piglets (Taylor, 

2013; Szeredi et al., 1996; Jiang et al., 2013). 
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2.4.6 Miscellaneous bacteria pathogens isolated from pigs 

 Since 1978, Arcobacter species have been associated with reproductive disorders, but 

excretion by clinically healthy pigs has been frequently reported as well. Information 

on Arcobacter colonization of the porcine gastrointestinal tract is lacking to date (De 

Smet et al., 2012).  

 Aeromonas hydrophila has been isolated from enteritis, urine infections and 

lymphnodes (Igbinosa et al., 2016; Gray and Stickler, 1989). 

 Acinetobacter calcoaceticans, Trueperella (Arcanobacterium) pyogenes, Bacteroides 

fragilis are found in the large intestine and have been isolated from diarrhoea in 

piglets both before and after weaning (Taylor, 2013; Hijazin et al., 2012; Myers and 

Shoop, 1987). 

 Flavo bacterium, a ciliated bacillus has been identified in the trachea of pigs. It has 

been recorded in cases of pneumonia and has been associated with lesions of active 

tracheitis (Nietfeld et al., 1995). 

 Corynebacterium pseudotuberculosis has been recovered from the vagina and prepuce 

of healthy swine and from mandibular abscess of black Alentejano pigs (Kudo and 

Yanagawa, 1987; Oliveira et al., 2014) while Corynebacterium ulcerance was 

recovered from a case of caseous lymphadenitis in Germany(Contzen et al., 2011). 

 Coxiella burneti antibodies have been demonstrated in pigs (Taylor, 2013). 

 Klebsiella species sometimes seen in chronic respiratory tract diseases, enteritis and 

mastitis (Došen et al., 2007; Ross et al., 1975; Wilcock, 1979). 

 Legionella pneumophila has been demonstrated in the sera of pneumonic pigs in the 

UK (Taylor, 2013). 

 Burkholderia pseudomallei is the cause of meliodosis in pigs in tropical and 

subtropical regions (Omar et al., 1962; Rampling, 1964). 

 Rhodococcus equi usually present in granulomatous lesions in submandibular 

lymphnodes (Witkowski et al., 2016; Rzewuska et al., 2014). 

2.5 Enteric bacteria in pigs 

The pig gastrointestinal tract has a complex and dynamic microbial ecosystem, the 

composition of which differs between individuals, region of the gastrointestinal tract, as well 

as age of the animal (Konstantinov et al., 2004). This microbial flora has an important role as 

one of the major defense mechanisms of the animal, mainly through competition for nutrients 

and attachment sites and stimulation of cross-reactive antibodies, which prepares the immune 
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system in defense against pathogenic microbes (Tancrede, 1992). The large intestine contains 

most of the microbial flora (over 400 species) (Sørum and Sunde, 2001) and consist of (a) 

strict G+ve anaerobes such as Bacteroides species, Fusobacterium species, Clostridium 

species and Peptostreptococcus species; and (b) facultative anaerobes such as Escherichia 

coli, Klebsiella species, Enterobacter species, Streptococci species, Lactobacilli species, and 

Enterococcus species (Sørum and Sunde, 2001; Jensen, 2001). Factors which can cause 

microbial flora changes in the pig gastrointestinal tract include psychological and behavioural 

stressors, environment, weaning, age, feeding systems and the pigs genotype (Burrin and 

Stoll, 2003). 

Global pig production is most frequently and economically affected by enteric bacterial 

infections (Moxley and Duhamel, 1999). Common clinical signs found include diarrhoea, 

reduced growth rate, weight loss and death (Moxley and Duhamel, 1999). Some changes 

found in the intestines of pigs with enteric bacterial infections include: attaching and effacing 

lesions, in enteropathogenic E. coli and Brachyspira pilosicoli infection, inflammation 

with Salmonella enterica and necrotizing and haemorrhagic lesions with certain Clostridium 

perfringens (Moxley and Duhamel, 1999). 

The lactobacillus species dominates the normal bacterial flora in pigs and produces lactic 

acid as an essential metabolic end-product. The concentration of lactic acid increases several-

fold within the first few days post-weaning and results in decreased pH of the gut which 

eliminates other pathogenic enterobacteria (Janczyk et al., 2007; Pieper et al., 2008). This 

group of microorganisms is generally considered beneficial as their attachment to the mucosa 

may protect the animals from gut infection (Houdijk et al., 2002). Furthermore, cultivation-

based studies have shown that lactic acid bacteria, Enterobacteria and Streptococci were the 

most important first colonisers of the pig intestine (Stewart, 1997). Similarly, 16S rRNA gene 

clone analysis indicated that ileal samples of two-day old piglets harboured a group of E. coli, 

Shigella flexneri, Lactobacillus sobrius, L. reuteri and L. acidophilus related sequences 

(Konstantinov et al., 2006). 

2.6  Escherichia coli  

Escherichia coli strains in pigs forms part of the normal faecal flora. However, when they 

acquire virulent genes they are able to cause disease (Taylor, 2013).These coliform bacteria 

are commonly used as representatives of the enterobacteria from faecal samples in culture 

based studies of the intestinal bacterial flora, as they are the major facultative anaerobic 
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bacteria in the intestinal tract of most animal species (Dubreuil, 2012). Escherichia coli are 

gram -ve rods, flagellated with variable length and diameter of about 1µm.On culture, 

colonies grow on solid media within 24 hours after incubation and may be smooth, rough or 

mucoid (Fairbrother and Gyles, 2012). Major characteristics associated with pathogenic 

E.coli infections are proteins such as fimbriae and production of enterotoxins usually by the 

enterotoxigenic E. coli (ETEC) and Shiga toxin by Shigatoxigenic E. coli (STEC). Other 

toxins previously described are EAST1, cytotoxins, cytolethal distending toxin, hemolysin; 

outer membrane proteins (intimin) and adhesin involved in diffuse adherence (Taylor, 2013). 

In addition,a study has shown that F18 was the main colonisation factor for STEC and ETEC 

with F18ab and F18ac as subgroups (Cheng et al., 2005). 

Escherichia coli strains have been identified as important causes of several diseases in pigs 

worldwide including neonatal septicaemia, neonatal diarrhoea, post-weaning diarrhoea, 

oedema disease (bowel oedema or gut oedema), cystitis, septicaemia, polyserositis, coliform 

mastitis and urinary tract infections. They can also colonise existing lesions elsewhere in the 

body (Taylor, 2013; Fairbrother and Gyles, 2012). Post-weaning diarrhoea (post-weaning 

enteric colibacillosis) and oedema disease have a more significant impact in the porcine 

industry because they result in high economic losses due to high morbidity and mortality, 

decrease weight gain, the cost of treatments, vaccination and feed supplementation 

(Fairbrother and Gyles, 2012).The E. coli infections occur at different ages in the pigs. 

Colisepticaemia occurs in 0-4 days old piglets and may be associated with diarrhoea.Enteritis 

(enteric colibacillosis) which is also associated with diarrhoea, occurs at three main periods 

in the pigs life; neonatal diarrhoea occurs at 0-4 days of age, neonatal-weaning diarrhoea at 4 

days to 3-4 weeks and post weaning diarrhoea is usually associated with weaning, oedema 

disease occurs in recently weaned pigs while mastitis and cystitis occur in adult sows 

(Taylor, 2013). 

Outbreaks of E.coli diarrhoea have increased worldwide with post-weaning diarrhoea being 

the most common where F4 and F18 are usually the associated adhesion factors (Fairbrother 

and Gyles, 2006). This could be due to the emergence of more virulent E. coli clones, a 

benign commensal of the gut microflora which multiply rapidly and cause disease through 

colonisation of the intestinal mucosa or changes in the management of pigs (Fasina et al., 

2015). Furthermore, a potentially beneficial method of feeding behaviour and maintaining 

gastrointestinal health in pigs is through feeding weaners with liquid feed or fermented liquid 

feed, in contrast to dry feed, as it is considered a possible feeding strategy to maintain a high 
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and regular feed and water intake of weaners (Canibe and Jensen, 2012). Avoiding a drastic 

decrease in feed and water intake after weaning is believed to ameliorate the post-weaning 

lag period in piglets which may predispose them to E. coli infections (Canibe and Jensen, 

2012).  

2.6.1 Classification of Escherichia coli  

The best approach to classify E. coli is by serotyping in association with virulent strains. 

However, only a small percentage of the organisms are typeable based on the O, K, H and F 

antigens, and only about 175O, 80K, 56H and over 20F antigens have been officially 

recognised to date based on proven or suspected pathogenicity of E. coli isolates (Fairbrother 

and Gyles, 2012). Pathotype is the term used to classify E. coli by their virulence 

mechanisms. The broad classes identified include, Shiga toxin producing E. coli (STEC), 

enterohaemorrhagic E.coli (EHEC), enteropathogenic E.coli (EPEC) and extraintestinal 

pathogenic E.coli (ExPEC) (Fairbrother and Gyles, 2012) (Table 2.1).  

Table 0.1: Important pathotypes of pathogenic E. coli in pigs and associated virulent traits 

Pathotype Adhesins Toxins 
ETEC F5(K99), F6 (987P), F41 STa 

F4(K88) STa, STb, LT, EAST-1, α-hemolysin 
F4(K88), AIDA,  STa, STb, LT, EAST-1, α-hemolysin 
F18, AIDA STa, STb, LT, Stx(VT), EAST-1, α-hemolysin 

EPEC Eae (intimin)  
STEC (VTEC) F18, AIDA Stx2e,(VT2e), EAST-1, α-hemolysin 

Eae (intimin) Stx1 and/or Stx2
ExPEC P,S CNF

P,S CNF 

 

2.6.1.1 Enteropathogenic E. coli (EPEC) 

Enteropathogenic E. coli is a pathotype found in post weaning diarrhoea of pigs. This 

bacterium possesses a complex secretion system that injects over 20 effector proteins into the 

host enterocyte. This allows intimate adherence of the bacteria into the pigs intestinal 

epithelium to develop a characteristic “attaching and effacing” (AE) lesion. The EPEC 

together with other E. coli pathotypes that result in AE are collectively known as attaching 

and effacing E. coli (AEEC) (Zhu et al., 1994). 

2.6.1.2 Shiga toxin producing E. coli (STEC)  

Shiga toxin producing E. coli produce a family of cytotoxins known as Shiga toxin (Stx) or 

verotoxin (VT). Many STEC are not pathogenic in the intestinal flora but when they possess 

additional virulence traits, they become highly pathogenic (Fairbrother and Gyles, 2012). In 

pigs, the most pathogenic STEC are those that cause oedema disease known as oedema 
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desease E. coli (EDEC). EDEC produces stx2e and F18ab or F18 ac (DebRoy et al., 2009). 

Another subgroup of STEC is the enterohaemorrhagic E. coli (EHEC) which also possess the 

eae and the same secretion system as EPEC (Fairbrother and Gyles, 2012). However, 

production of Shiga toxins alone may not be sufficient for E. coli O157:H7 pathogenicity 

(Mead and Griffin, 1998). Other virulence factors such as the intimin protein (involved in the 

attachment of the E. coli O157 to enterocytes), the presence of a plasmid encoded hemolysin, 

or both, are important in the pathophysiology of haemorrhagic disease (Mead and Griffin, 

1998). 

2.6.1.3 Extra intestinal pathogenic E. coli (ExPEC) 

Extra intestinal pathogenic E. coli are a group of heterogeneous E.coli in the intestinal tract of 

pigs that can invade other systems to cause bacteraemia resulting in septicaemia or localised 

infections such as meningitis and arthritis (Fairbrother and Ngeleka, 1994). The ExPEC 

possess lipopolysaccharides which protect the bacteria from being killed by serum 

complement and phagocytes (Fairbrother and Gyles, 2012). 

2.6.1.4 Enterotoxigenic E. coli (ETEC) 

The ETEC pathotype is the most important among the pathogenic E. coli producing one or 

more enterotoxins that induce secretory diarrhoea in pigs (Fairbrother and Gyles, 2006). This 

pathotype produces two major enterotoxins; heat stable toxin (ST) and heat labile toxin (LT) 

which are both further subdivided into STa, STb, LTI and LTII respectively (Evans et al., 

1972; Czirók et al., 1992).The ETEC that causes neonatal diarrhoea produces only STa and 

possess one or more fimbriae F4 (K88), F5 (K99), F6 (987P) and F41 (Fairbrother and Gyles, 

2012). Similarly, ETEC that causes post-weaning diarrhoea produces STa, STb, LT, and 

enteroaggregative heat stable enterotoxin (EAST-1) (Zhang et al., 2007) while ETEC isolates 

that produces STb or STb: EAST-1 from weaned pigs may also produce an adhesion involved 

in diffuse adherence (AIDA-I) (Mainil et al., 2002; Ngeleka et al., 2003; Niewerth et al., 

2001). 

Enterotoxigenic E. coli causes an estimated 840 million gastrointestinal infections and about 

380,000 deaths worldwide each year in pigs (Gupta et al., 2008), leading to substantial 

economic losses for swine producers worldwide (Nagy and Fekete, 2005). The bacteria 

adhere to and colonize the intestinal mucosa of the small intestine (jejunum, ileum and to a 

lesser extent, the duodenum) (Arbuckle, 1970; Cox and Houvenaghel, 1993). They also 

adhere to enterocytes using surface fimbriae (pili) that adhere to specific receptors on 

enterocytes, without inducing morphological lesions but elaborate enterotoxins that act 
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locally on enterocytes, leading to fluid secretion resulting in the exacerbation of the 

diarrhoeal illness in pigs (Verbrugghe et al., 2015). A very important illness induced by 

ETEC toxins is post-weaning diarrhoea in piglets (Verbrugghe et al., 2015). 

2.6.2 E. coli post-weaning diarrhoea (PWD) 

Post-weaning diarrhoea, also known as post-weaning enteric colibacillosis, is an important 

cause of death in weaned pigs worldwide. Infection usually occurs during the first weekpost 

weaning and often results in decreased weight gain (Taylor, 2013). Several factors, such as 

the stress of weaning, lack of antibodies originating from the sow’s milk and dietary changes, 

contribute to the severity of the disease, manifesting as sudden death or severe diarrhea 

(Fairbrother, 1999; Amezcua et al., 2002; Maynard et al., 2003). Most outbreaks have 

occurred in early-weaned piglets although traditional herds are being increasingly affected 

(Fairbrother, 1999; Amezcua et al., 2002; Maynard et al., 2003). 

2.6.3 Virulence factors of E. coli associated with post-weaning diarrhoea 

Post-weaning diarrhea is caused primarily by ETEC, a pathotype that is characterized by the 

production of adhesins and alpha-hemolysin which produce colonies with clear zones of 

haemolysis on blood agar. Several studies have shown that E. coli isolated from weaned pigs 

with diarrhoea were haemolytic (Frydendahl et al., 2003; Chen et al., 2004). Alpha-

hemolysin, an approximately 110 kDa pore-forming cytolysin, belongs to the RTX family of 

toxins. The hlyA gene that encodes the hemolysin is part of an operon that is found on 

plasmids in ETEC. It is a potent cytotoxin that can damage a variety of cells (Frydendahl, 

2002). Serological typing has been expanded to include fimbrial antigens, which are 

virulence factors, as well as O and H antigens which are virulence markers (Chen et al., 

2004). Some strains of ETEC that cause PWD possess additional genes that encode Shiga 

toxin 2e (Stx2e), allowing them to cause edema disease (ED). The ETEC strains that produce 

Stx (VT) are appropriately called ETEC/STEC or ETEC/VTEC (Nagy and Fekete, 1999). 

Enteropathogenic E. coli have also been implicated in PWD (Zhu et al., 1994; Zhu et al., 

2010; Janke et al., 1989; An et al., 2000). Identification of porcine EPEC (PEPEC) is 

challenging and veterinary diagnostic laboratories do not routinely seek to identify this 

pathotype of E. coli (Fairbrother, 1999). The eae (E. coli AE) gene is a marker for PEPEC, 

but some eae-positive porcine E. coli isolates may be non-pathogenic. O45 serogroup has 

been shown to possess genes of the locus of enterocyte effacement (LEE), a locus well 

established to confer ability for AE lesions (Zhu et al., 1994; An et al., 2000; Helie et al., 
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1991). Immunity to one strain of pathogenic E. coli does not essentially protect from others, 

and successive strains can pass through herds (Bertschinger, 1999).  

2.6.4 Pathogenesis of Post-weaning diarrhoea 

Post-weaning diarrhoea is an enteric disease in pigs localised in the small intestine, where 

digesta  flows quickly. The EPEC that causes this condition attaches to the enterocytes lining 

of the villi or to the mucus covering the villi with the fimbriae or pili, which prevents the 

bacteria from being flushed to the large intestine. Thereafter, the enterotoxigenic E.coli which 

have colonised the small intestine incites hypersecretory diarrhoea through the release of 

distinct enterotoxins such as the LT and ST. The LT induces secretion of chloride ions, 

sodium ions, bicarbonate ions and water into the lumen by binding irreversibly to the 

mucosal cells and activating the adenylcyclase cyclic AMP system (Thiagarajah and 

Verkman, 2003; de Haan and Hirst, 2004, Fairbrother et al., 2005) while the ST (STa and 

STb) inhibits the absorption of sodium and chloride ions from the lumen into the epithelial 

cell via the guanylcyclase–cyclic GMP system, both resulting in fluid retention. Intestinal 

colonisation and diarrhoea typically last for about 4 to 14 days, with the organism being 

spread between animals by the faeco-oral route and aerosols (Bertschinger, 1999). Pigs 

displaying PWD harbour massive numbers of haemolytic E. coli in the jejunum, whilst there 

is minimal change in numbers of other bacteria (Smith and Jones, 1963). It is common for 

EHEC to appear in the faeces of pigs in increased numbers in the first week after weaning in 

both healthy and diarrhoeic pigs, although the numbers are higher in diarrhoeic pigs 

(Kenworthy and Crabb, 1963; Hampson et al., 1985).  

The act of weaning is an essential precipitating factor for PWD, regardless of the age at 

weaning. All of the factors involved with weaning create an environment suitable for the 

proliferation of E. coli in the small intestine. Slower gut transit time and gut stasis 

immediately after weaning allow bacteria the opportunity to attach and time to multiply 

(Pluske et al., 2002). An inability of piglets to adequately thermoregulate, combined with 

sub-standard weaning accommodation, may result in cold stress. This alters intestinal motility 

and is thought to be a major factor in the pathogenesis of PWD (Wathes et al., 1989). Other 

factors include social stresses from mixing, fighting and crowding which trigger cortisol 

release, most likely increasing transit time and depressing the immune response to enhance 

bacterial infection; moving to a new pen increases the chance of exposure to microbes 

residing in fresh or dry matter in the environment; the presence of other pathogens such as 

rotavirus in the environment thereby increasing the likelihood and severity of disease (Lecce 
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et al., 1983).Poor hygiene will also increase the pathogenic E.coli load delivered to the small 

intestine because of faeco-oral cycling (Madec et al., 1998). 

2.7 Vaccination against pathogenic bacteria 

Vaccination against pathogenic bacteria has become necessary as an alternative control 

measure due to the development of different serotypes of bacteria and bacterial resistance to a 

wide range of commonly used antibiotics (Fairbrother et al., 2005). Frequently used vaccines 

against bacterial diseases in swine contain whole-cell killed micro-organisms, purified 

microbial components, or recombinant proteins (Haesebrouck et al., 2004).Vaccination 

against bacteria pathogens in pigs is directed towards either the extracellular bacteria or the 

exotoxin produced by the bacteria (Haesebrouck et al., 2004). 

Exotoxins are produced within the bacterial cytoplasm. Some are excreted through the living 

cell wall, while others are released only by lysis of bacteria. In diseases caused by 

exotoxigenic bacteria, antibodies neutralizing that toxin play an important role in protection 

of the host against disease provided they are able to prevent binding of the exotoxin to its 

receptor on the host cell. Vaccines containing the inactivated toxin (toxoid) or a non-toxic but 

antigenic recombinant protein derived from the exotoxin can be expected to provide 

protection against disease. Antibodies generally mediate protection against the surface 

antigens and certain secreted antigens of extracellular bacteria. Cellular immunity may also 

play a role (Haesebrouck et al., 2004).  

Oral immunization of piglets with live avirulent strains of bacteria is a new vaccination 

strategy for bacterial diseases. An example is the administration of avirulent E. coli carrying 

the fimbrial adhesins or oral administration of purified F4 (K88) fimbriae. Other approaches 

to control bacterial diseases include supplementation of the feed with egg yolk, antibodies 

from chickens immunized with F4 or F18 adhesins, breeding of F18 and F4 resistant animals, 

supplementation with zinc and/or spray-dried plasma, dietary acidification, phage therapy, or 

the use of probiotics.  However, to date, no single strategy has proven to be totally effective 

(Fairbrother 2005).  

2.8 Results of meta-analysis 

In the present review, 29 countries with documented records of cases of E.coli were included 

with the USA having the highest number of references followed by China. About 74% of the 

samples were taken from farms and others were from samples submitted to research 

laboratories and veterinary faculties for necropsy. In general seven pathotypes were reported 
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and 66.7% of the pathotypes identified were ETEC, 14.3% were ETEC and STEC, 7.9% 

were STEC, 31.7% were classified as ETEC/EPEC/EAEC, others were EHEC and DAEC 

(Table 2.2).Several serogroups were identified and the commonest were O141, O149, O139, 

O138, O8 and O9. 33.3% of samples collected were faecal swabs or faeces, 14.2% were 

intestinal segments, 17.4% were intestinal segments, feaces or rectal swabs and other organs, 

6.3% were intestinal segments and other organs, 7.9% were lab isolates (Table 2.2). Piglets 

were 52.3%, 7.9% were porkers, 39.6% were weaners and all pigs were between 1-392 days 

old. A total of 24,854 isolates were considered and 10477 were recorded as positives, the 

gene looked out for were STa, STb, LT, stx1, stx2, stx-2e F4, F5, F6, F18, F41, AIDA, 

EAST1, eae, paa, hlyA (Table 2.2). The diseases examined were diarrhoea in form of 

neonatal diarrhoea, colibacillosis, PWD and oedema disease. Some of the associated risk 

factors identified were poor housing, management and feed changes, extensive use of 

antibiotics as prophylaxis, overcrowding, high humidity and temperature changes (Table 2.2) 

This study showed that India, USA, Japan, Slovakia and Denmark were the countries with the 

highest detection of virulence factors in piglets (100%; n = 3, 55, 42, 92 and 191 

respectively), followed by Sweden (74%; n = 856) and Poland (72%; n =1125) (Table 2.4). 

For all the cases of virulence in piglets an overall prevalence of 57.93% (CI95: 57.0-58.8) was 

estimated (n = 12970) (Table 2.3, figure 2.1) 

Similarly, South Africa, Cuba, Poland, Denmark, had the highest cases of virulence factor 

detection in E.coli in weaners (100%; n =2, 36, 46,  and 240 respectively), followed by  

Canada (74.1% n = 135), The least detection was in found in China (6.5% n=324) (Table 2.6) 

The overall prevalence of virulence factor detection in weaners was 57.9% (CI95: 56.99-

58.83; n = 8058) (Table 2.5, Figure 2.2)   

Furthermore, in porkers the overall prevalence of E.coli virulence factor detection was 

36.45% (CI95: 35.73- 37.57) (Table 2.7). The highest prevalence was found in the USA 

(70.5%; n = 687) and the lowest was in Norway (0.15% n= 1976) (Table 2.8, figure 2.3)
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Table 0.2: Escherichia coli and its virulence profiles in pigs 

Country Source Sample Pathotype Serotype Age(days
) 

Virulence 
factor 

Summary of result Reference 

South 
Africa 

Farm Faeces and 
intestinal 
tissues 

ETEC   35 EAST 1 E.coli associated endotoxaemia. (Fasinaet 
al.,2015) 

China lab 
samples 

Bacterial 
isolates 

ETEC 
and 
VTEC 

  F18+ F18+ is the main colonization 
factor for VTEC and ETEC. 

(Cheng et al., 
2005) 

Norway Abbatior intestinal 
content 

STEC O157: H7  stx2, eae, fliC-
H7 

Prevalence of E.coli O157:H7 in 
pigs is low in Norway 

(Johnsen et 
al., 2001) 

US Herd Isolates ETEC  14 K88, K99, 
987P, ST, LT 

ETEC produces k88,K99, 987P, 
LT and ST. 

(Moon et al., 
1980) 

US Slaughter 
facility 

Colon(faeces) STEC O157: H7  stx1, stx2, eae, 
hly 

Pigs in the US can habourE.coli 
O157:H7. 

(Feder et al., 
2003) 

Denmark Lab 
samples 

intestinal 
content 

PEC O8, O45, O138, O139, 
O141, O147, O149, O157 

22 F4, F18, STa, 
STb, 
LT,ESAT1, 
VT2e 

VTEC and ETEC in PWD and 
ED belong to limited serogroups 
and are haemolytic. 

(Frydendahl, 
2002) 

US Farm faeces STEC  140 stx1,stx2 The incidence of STEC in swine 
varies. 

(Fratamico et 
al., 2004) 

Canada Farm rectal swab ETEC O149 35 Sta, STb, LT, 
Vtx, F18 F4 

PWECD is an economically 
important disease in pigs. 

(Amezcua et 
al., 2002) 

US Farm Faecal swabs, 
faeces or 
intestinal 
content 

ETEC  35 K88, K99, STa, 
STb, LT, F18, 
F41, stx2e, 
EAST1, AIDA-
1, paa, eae 

Broad arrays of virulence genes 
are associated with PWD in pigs. 

(Zhang et al., 
2007) 

China Field 
isolates 

Faecal swabs  O8, O9, O11, O20, O32, 
O91, O93, O101, O107, 
O115, O116 and O131 

49 F4, F5, F6, 
F18, F41 STI, 
STII, stx2e 

Pigs with PWD haveE.coli 
enterotoxins and shiga toxin 2 
variant. 

(Chen et al., 
2004) 

Mexico Farm faeces swabs   11& 28 LT, STa, STb, 
Stx1, Stx2 and 
EAST 1, F4, 
F5, F6, F17, 
F18 and F41 

There are a there wide variety of 
virulence genes associated with 
diarrhoea in piglets. 

(Toledo et al., 
2012) 

Switzerland Farm intestinal 
content 

ETEC 
and 

O139, O141 and O149 56 F107 SLT-IIv, 
LTI, STIa, STII 

F107 are a major colonisation 
factor in O139: K12 and O141: 

(Imberechts et 
al., 1994) 
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VTEC K85ab E.coli serogroups. 

Japan Necropsy 
specimen 

intestinal 
content and 
rectal swab 

ETEC O149, O157, O141, O8 26 Sta, LT, K88, 
K99, 987P, 
F41, 4F 

There are clear differences in 
strains of ND and PWD in terms 
of ETEC strain, enterotoxin type 
and adhesins. 

(Nakazawa et 
al., 1987) 

Belgium Farm Serum ETEC  392 F4 F4+ ETEC is highly prevalent 
and widely spread in non-
vaccinated pig breeding farms in 
Belgium. 

(Van den 
Broecket 
al.,1999) 

India  Faeces STEC 
and 
EPEC 

O9, O20, O24, O59, O60, 
O85, O100, O103, O112, 
O113, O116, O118, O119, 
O123, O137 and O152  

40 stx1, stx2, 
eaeA, hlyA 

STEC and EPEC are associated 
with diarrhoea in piglets and 
infants. 

(Begum et al., 
2014) 

Cuba Farm Fecal Isolates EPEC O141 and O157 30 STb, STa, 
VT2e,  LT, 
F18, F6 

ETEC and VTEC isolates from 
diarrhoic pigs belong to restricted 
number of serogroups and 
serotypes. 

(Blanco et al., 
2006) 

India Farm Liver, Lung, 
Intestine 
(necropsy) 

STEC    stx2, eae eae and stx genes are the prime 
causes of oedema disease in pigs. 

(Barman et 
al., 2008) 

Germany Field 
strains 

Isolates STEC 
and 
ETEC 

  F18ac, F18ab The F18 fimbrial subtypes are 
significantly associated with 
pathovars of E. coli strains. 

(Barth et al., 
2011) 

Denmark Institute Faeces ETEC O149, O138, 21  Diarrhoea occurrence is 
associated with faecal shedding 
of haemolytic E. coli. 

(Carstensen et 
al., 2005) 

Vietnam Farm Faeces, 
intestinal 
content 

ETEC O149 and O8 16 F4, F5, 
Sta,STb,LT 

A large number of ETEC isolates 
belong to O8 serogroup, 
producing Sta, STb and LT but 
lacked fimbriae genes. 

(Do et al., 
2006) 

Canada Farm Lab isolates EPEC O8, O116, O147, O138 and 
O45, O4 and O98 

29  82% of E. coli isolates were 
enteropathogenic by the ligated 
intestine test in pigs. 

(Gyles et al., 
1971) 

Uganda Farm Faeces ETEC 
and 
VTEC 

  F18+, F4, LT, 
STa, STb and 
Stx2e 

ETEC and VTEC infections are 
common in central uganda but 
clinical cases are masked by 
management practices. 

(Okello et al., 
2015) 

China Farm Liver, spleen,  O107, O101, O9, O60, O26.   O107, O101, O9, O26, and O60 (Chen et al., 
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kidney, heart, 
mesenteric 
lymph node 

are the dominant serotypes in 
southern china. 

2013) 

Korea Farm ileal contents EAEC, 
ETEC 

 14 EAST 1, F4, 
F5, F6, F41, 
STa, STb, LT. 

EAST1 is prevalent in E. coli and 
it is a virulence determinant in 
the pathogenesis of enteric 
colibacillosis of pre-weaned pigs. 

(Choi et al., 
2001b) 

US Research 
and 
diagnostic 
lab 

Lab 
specimens 

ETEC O8, O9, O20, O101, O141, 
O149, O157, O138, O139.  

 K88, LT, 
Stx2e; F18, 
STa, and STb 

Loss of virulence genes is not 
uncommon in ETEC. 

(Francis, 
2002) 

Spain Farm Isolates ETEC 08, 09, 020, 0101, 0141, 
0149 

15 F6 (987P), F5 
(K99), F4 
(K88) and F41 

F6 fimbriae were found in higher 
rates than F5, F4, and F41 in 
younger and older piglets with 
ETEC strains. 

(Garabal et 
al., 1997) 

US Farm Isolates STEC 
and 
ETEC 

O138, O139, O141 and 
O147 

 f18, sta, stb, 
and stx2 

Serogroup O147 may be a 
common serotype of oedema 
disease-causing E. coli in the 
United States. 

(Helgerson et 
al., 2006) 

England Farm Intestinal 
content 

ETEC O149 28 LT Weaning at three weeks of age 
did not precipitate a profound 
change in the E. coli intestinal 
flora in the post-weaning period. 

(Hinton et al., 
1985) 

Bulgeria Farm faeces and 
intestinal 
content 

ЕНЕС; 
VTEC 

 52 F18, F4 In the 2–3 post-weaning weeks, 
toxin producing E. coli that 
possesses the adhesion factor F4 
is responsible for diarrhoea. 

(Lyutskanov, 
2011) 

Zimbabwe Farm Faecal swabs ETEC , 
VTEC 

 13 STa, STb, LT, 
Stx-2e F4, F18, 
F5 and F41, 
and F6 

Vaccination or 
vaccinedevelopement based on 
F4, F5, F6, F18, and F41 antigens 
continues to be appropriate for 
ETECinfections. 

(Madoroba et 
al., 2009) 

Canada Farm Fecal swabs, 
faeces or 
intestinal 
content 

ETEC 
and 
EPEC 

O7, O157, O149, O26, O69, 
O139, O141, O103, O108, 
O109,O119, O20, O21, O22 

29 EAST1,  
AIDA-I, F4, 
F5, F6, F18,  
LT,STb,STa, 
EAE, Paa 

 AIDA-I/STbwasdominant and 
EAST-I may not be an important 
marker for diarrhoea in pigs. 

(Ngeleka et 
al., 2003) 

Hungary Farm Intestine  O8, O138, 0139, 0141, 
0147, O149,  and 0157 

49 K88, STa, STb, 
LT and VT 

73% of K88 isolates had the 
capability to produce 

(Nagy et al., 
1990) 
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enterotoxins or VT which could 
contribute to post-weaning 
diarrhoea in pigs. 

Japan Farm Faece, 
cerebrum, 
liver, lung, 
heart blood, 
kidney, 
intestinal 
content, 
mesenteric 
lymph node 

ETEC O149: H-, O149: H10, 
O15:H9, O111:H-, OR: H6 

19 STa, LT, K88,  Growth of ETEC was not active 
in healthy weaning pigs but 
infection with PRRS virus results 
in ETEC systemically with per 
acute death. 

(Nakamine et 
al., 1998) 

Germany Farm   O138, O139, O139, O141, 
O141, O147 andO149  

 stx2e, fedA, 
orfA,orfB, 
AIDA 

Porcine E.coli strains are a major 
reservoir for AIDA genes. 

(Niewerth et 
al., 2001) 

Canada Animal 
health 
laboratory 

Isolates ETEC O149  estA(STa), 
STb, LT, 
astA(EAST1), 
K88ac 

Recent O149 ETEC associated 
with PWD in pigs in Ontario are 
different from the old O149 
ETEC, and the newisolates has 
estAgene. 

(Noamani et 
al., 2003) 

Vietnam Farm small 
intestine, 
mesenteric 
lymph node, 
liver, lung, 
and spleen 

 O139, O141, O138, and 
O149 

28 VT2e+, 
fedA(F18), 
AIDA, Sta, 
STb 

0139:K82+/VT2e+/F18+/AIDA+ 
seropathotype was predominant 
and antibiotic resistances is 
widely distributed in E. coli 
causing ED in northern Vietnam. 

(Oanh et al., 
2010) 

Poland Farm Faeces or 
rectal swabs 

 O139, O141 and O138 35 Stx2e, F18, 
STI, STII. 

Molecular characterization of E. 
coli using the RAPD 
polymorphism analysis is a quick 
and convenient method to 
differentiate E. coli bacteria of 
the same and different 
serogroups. 

(Osek, 2000) 

China Farm rectal swab ETEC O80, O141, O139, O6, O9, 
O20, O101, O93, O138, 
O147, O157, O38 and O45. 

26 K88, K99, F41, 
F18, 987P, 
STa, STb, LT, 
Stx2e 

Novel serogroups O80, O6 and 
O38 of E.coli in pigs were 
identified in western China. 

(Qi et al., 
2012) 

south 
Africa 

Research 
council 

rectal swab ETEC,  
STEC,  

 73 STa, STb, LT, 
Stx2e,  EAST-

PAA and AIDA-1 are important 
in South African pigs. 

(Mohlatlole et 
al., 2013) 
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EAEC 1, PAA, AIDA-
I, EAE 

Korea Farm caecal and 
ileal contents 

ETEC,  
STEC,  
DAEC

  AIDA1, F18ab, 
Stx2e, Sta, 
STb, EAST1

AIDA gene is not restricted to 
DAEC strains. 

(Ha  et 
al.,2003) 

Brazil Farm  swabs    F4, F5, F6, 
F18, F41, STa, 
STb, LT and 
STx2e 

E. coli strains isolated from pigs 
with diarrhoea possessed the 
genes for LT or/and ST 
enterotoxins. 

(Vidotto et al., 
2009) 

Slovakia Farm Rectal swab 
and intestinal 
content 

ETEC O8, O54, O84, O101, O141, 
O141, O147, O149, O163, 
O2, O15, O84 andO157. 

14 LT, Sta, STb, 
Stx1, Stx2, F4, 
F18, F6, F5, 
F41, F17, eae, 
EAST1 

There is high prevalence of 
ETEC that possess LT and STb 
genes and the F4 colonization 
factor in piglets with diarrhoea in 
Slovakia. 

(Vu-Khac et 
al., 2007) 

China Farm Faeces ETEC   EAST1, irp2, 
paa, STb, 
AIDA-I, LT-I, 
ler, hlyA, K88, 
eae, STa, sepA, 
F18, afaD, 
afaE, K99 and 
Stx2e 

Relatively few isolates from the 
study express K88, K99, LT-I or 
STa, but  EAST1, irp2, AIDA-I, 
paa and STb were frequent in E. 
coli strains in suckling pigs with 
diarrhoea in China. 

(Liu et al., 
2014) 

Slovakia Farm Intestinal 
content 

ETEC  21 F4, F5, F6, 
F18, F41, STa, 
STb, LT, 
STx2e, EAST1 

There is a wide distribution of the 
astA gene among E. coli strains 
isolated from diarrhoeic piglets in 
Slovakia and a strong association 
of the astA gene with F4-positive 
strains. 

(Vu-Khac et 
al., 2004) 

Czech 
Republic 

Farm Rectal swab 
and intestinal 
content 

ETEC 
and 
STEC 

O149  LT+, STa+, 
K88, F18, 
EAST-1, paa. 

There is a significantly higher 
prevalence of astA positive E. 
coli isolates among apparently 
healthy piglets in comparison 
with diarrheic piglets. 

(Zajacova et 
al., 2012) 

China Farm Rectal swab ETEC 
and 
STEC 

O141, O9, O32, O2, O116, 
O107, O147, O139, O91, 
O45, O98. 

49 AIDA-I, Sta,  
Stb, Lt, Stx2e, 
EAST1, F5, F6, 
F18, F41 

AIDA-I represents an occasional 
virulence factor for PWD and ED 
in pigs and has the potential to 
transfer between porcine and 
human E. coli. 

(Zhao et al., 
2009) 
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Spain Farm Reactal swab ETEC 
andVTEC 

 15 STa, LT, VT, 
CNF1, CNF2, 
α-hemolysin. 

Majority of piglets in this study 
that produced verotoxin also 
produced STa enterotoxin but 
CNF1 was produced from only 
1.5% of sick piglets.

(Garabal et 
al., 1995) 

Korea Pathology 
department 

Ileal and 
cecal contents 

ETEC, 
STEC 

  EAST1, STa, 
STb, LT, Stx2e, 
F4, F5, F6, 
F18, F41.           

E.coli carries east1 gene in high 
prevalence in weaned pigs with 
diarrhoea and/or edema disease. 

(Choi et al., 
2001a) 

Korea Farm Jejunal, ileal 
and caecal 
contents 

ETEC, 
STEC 

   STa, STb, LT, 
Stx2e, F4, F5, 
F6, F18, F41 

Genes for F18 and Stx2e are 
prevalent among E coli isolated 
from post-weaning pigs with 
diarrhoea or oedema disease. 

(Kwon et al., 
2002) 

Denmark national 
vet 
laboratory 

Intestinal 
content and 
faeces 

 O149, O139, O138,O101 
O8, O64, O147, O141 and 
O157 

4,15,36 & 
56 

STa, STb, LT, 
VT, K88, 987P 
, F107, K99 
and F41  

Results correlation between 
genotypic and phenotypic 
methods was 97.7-100%. VT and 
F107 genes were more frequent 
in post-weaning than in neonatal 
E.coli strains. 

(Ojeniyi et al., 
1994) 

Canada vet 
medicine 
faculty 

intestinal 
content 

ETEC O8,O9, O101, O9, 
O20,O64,O10, O157, 
O147,O149, O115, 
O138,O139,O141,O45,O26, 
O119,O15 and O108 

31 F4, F5, F6, 
F41, STa, STb, 
LT and VT 

The most important pathotypes 
among enterotoxigenic isolates in 
this study were F4:LT:STb, 
F5:STa, STb, F5:F41:STa, 
F4:STb, F6, STa, and LT. 

(Harel et al., 
1991) 

Brazil Farm Faeces ETEC, 
STEC 

 11 LT-I, STa, 
SLT-I, SLT-II, 
SLTIIv, F18ac. 

eaeA gene and intimin 
production and/or Shiga-like 
toxins may be an important cause 
of diarrhoea among piglets. 

(Martins et 
al., 2000) 

Poland Farm Faeces or 
rectal swabs 

  35 LTI, STI, 
Stx2e, F4 F5 
F6 F17 F18 and 
F41 

Low prevalence of fimbria-
positive E. coli strains isolated 
from pigs with PWD was found 
in this study. 

(Osek, 1999) 

Poland Farm Rectal swabs ETEC O1, O8, O9, O66, O138, 
O141, O147 and O149 

35 EAST1-1, F4, 
LTI STI and 
STII 

EAST1 gene is widely distributed 
among E. coli strains isolated 
from piglets with post-weaning 
diarrhoea. 

(Osek, 2003) 

Poland Farm Faecal swabs ETEC  5& 42 Sta, LT, STb, 
K88, K99, 
987P, F1 

Enterotoxigenic (LT and STb) 
E.coli from suckling and weaned 
piglets with diarrhoea were 

(Osek and 
Truszczyński, 
1992) 
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90.5% and 69.1% respectively 
and 18.5%  of strains from 
healthy piglets were STa. 

Poland Farm Feaces  O157, O149, O66, O138, 
O139 and O141 

 F4, fedA, eltI, 
estI, estII, stx1, 
stx2e 

E. coli from pigs with post-
weaningdiarrhoea (13 out of 21 
isolates) or from oedema disease 
(16 out of 19 strains) are able to 
produce F18 fimbriae.

(Osek et al., 
1999) 

Argentina Farm Rectal swabs 
spleen, 
kidney and 
liver 

ETEC 
and 
VTEC 

O8, O9, O64, O101, O138, 
O139, O149 and O162 

 STIa, STb, LTI, 
VT2e, VT1, 
VT2all 

ETEC strains predominate in the 
group of animals with diarrhoea, 
STIa prevails in ETEC from pigs 
with diarrhoea, O64 prevails 
among ETEC and O138 prevails 
for ETEC/VTEC strains. 

(Parma et al., 
2000) 

Sweden Farm faeces and 
intestinal 
content 

ETEC O149, O101, O9, O20, and 
O8, 

25 LT, ST, K88, 
K99, 987P, F41 

Frequency of O149 has been 
reduced, while that of O101 has 
increased to the same level as 
that of O149 in sweden. 

(Soderlind et 
al., 1988) 

Indonesia Farm Rectal swab  O20, O9 and O141 14 987P, ST, K88, 
K99. 

Mixed infections with E. coli 
bearing different fimbrial 
antigens occur both within a 
group of piglets and in a single 
piglet. 

(Hirst and 
Patten, 1991) 

Slovakia Farm intestinal 
content and 
rectal swab 

ETEC  15 F4, F5, F6 and 
F41 

The frequency of occurrence of 
individual types of adherence 
antigens is related to 
geographical location. 

(Vu-Khac et 
al., 2004) 

Brazil       O139, O8, O9, O15, O20, 
O82, O101, O110 and O153 

  Stx2e, F18ab, 
STI, STII, LTI 

Enterotoxin genes detected in 
high frequency are responsible 
for diarrhoea seen in pigs with 
oedema disease,

(da Silva et 
al., 2001) 
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Table 0.3: Prevalence of Escherichia coli virulence factors in piglets 

Serial number Study Events Sample 
Size 

Outcome SE CI lower CI upper  Forest Plot ID Rate 

1 US (herd) 108 111 0.972973  
0.093624368 

0.789469 1.156477 32 97.2973 

2 Denmark (Diagnostic samples) 219 563 0.388988 0.026285344 0.337468 0.440507 31 38.89876 

3 Mexico (Farm) 116 503 0.230616 0.021412186 0.188648 0.272584 30 23.06163 

4 Japan (Necropsy samples) 214 567 0.377425 0.025800245 0.326857 0.427994 29 37.7425 

5 India (Farm) 3 3 1 0.577350269 0.131607 2.131607 28 100 

6 Denmark (Research institute) 45 90 0.5 0.074535599 0.35391 0.64609 27 50 

7 Vietnam (Farm) 126 200 0.63 0.056124861 0.519995 0.740005 26 63 

8 Canada (Farm) 164 200 0.82 0.064031242 0.694499 0.945501 25 82 

9 Korea (Farm) 164 720 0.227778 0.017786456 0.192916 0.262639 24 22.77778 

10 US (Research institute) 330 660 0.5 0.027524094 0.446053 0.553947 23 50 

11 Spain (Farm) 36 69 0.521739 0.086956522 0.351304 0.692174 22 52.17391 

12 US (Farm) 55 55 1 0.134839972 0.735714 1.264286 21 100 

13 England (Farm) 14 51 0.27451 0.073365831 0.130713 0.418307 20 27.45098 

14 Zimbabwe (Farm) 63 1984 0.031754 0.004000632 0.023913 0.039595 19 3.175403 

15 Japan (Farm) 42 42 1 0.15430335 0.697565 1.302435 18 100 

16 Germany (Farm) 27 104 0.259615 0.049963004 0.161688 0.357543 17 25.96154 

17 Vietnam (Farm) 69 92 0.75 0.09028939 0.573033 0.926967 16 75 

18 China (Farm) 112 208 0.538462 0.050879833 0.438737 0.638186 15 53.84615 

19 Brazil (Farm) 92 100 0.92 0.09591663 0.732003 1.107997 14 92 

20 Slovakia (Farm) 174 220 0.790909 0.059958663 0.67339 0.908428 13 79.09091 

21 China (Farm) 206 381 0.540682 0.037671129 0.466847 0.614518 12 54.06824 

22 Slovakia (Farm) 92 92 1 0.104257207 0.795656 1.204344 11 100 

23 Czech Republic (Farm) 277 800 0.34625 0.020804146 0.305474 0.387026 10 34.625 

24 Spain (Farm) 280 1334 0.209895 0.012543629 0.18531 0.234481 9 20.98951 

25 Denmark (Research Laboratory) 191 191 1 0.072357461 0.858179 1.141821 7 100 

26 Denmark (Research Laboratory) 28 194 0.14433 0.027275787 0.090869 0.19779 6 14.43299 
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27 Brazil (Farm) 45 70 0.642857 0.095831485 0.455027 0.830687 5 64.28571 

28 Poland (Farm) 819 1125 0.728 0.025438379 0.678141 0.777859 4 72.8 

29 Argentina (Farm) 70 223 0.313901 0.037518387 0.240365 0.387437 3 31.39013 

30 Sweden (Farm) 634 856 0.740654 0.029415136 0.683001 0.798308 2 74.06542 

31 Indonesia (Farm) 484 858 0.564103 0.025641026 0.513846 0.614359 3 56.41026 

32 Slovakia (Farm) 74 160 0.4625 0.053764533 0.357122 0.567878 4 46.25 

33 Brazil (Farm) 99 144 0.6875 0.06909635 0.552071 0.822929 1 68.75 

        0.579256 0.0047 0.570044 0.588468 Central 
Tendency 

57.92558 
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Figure 0.1: Forest plot of Escherichia coli prevalence factors in piglets 
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Table 0.4: Escherichia coli virulence factors in piglets based on published information from different countries 

Location of study Events Sample Size Outcome 
(es) 

SE Var w w*es w*(es2) w2 wv wv*es wv*(es2) wv
2 

US (herd) 108 111 0.973 0.0936 0.0088 114.08333 111 108 13015.007 114.08333 111 108 13015.007 

Denmark 
(Diagnostic 
samples) 

219 563 0.389 0.0263 0.0007 1447.347 563 219 2094813.4 1447.347 563 219 2094813.4 

Mexico (Farm) 116 503 0.2306 0.0214 0.0005 2181.1121 503 116 4757249.9 2181.1121 503 116 4757249.9 

Japan (Necropsy 
samples) 

214 567 0.3774 0.0258 0.0007 1502.2851 567 214 2256860.4 1502.2851 567 214 2256860.4 

India (Farm) 3 3 1 0.5774 0.3333 3 3 3 9 3 3 3 9 

Denmark 
(Research 
institute) 

45 90 0.5 0.0745 0.0056 180 90 45 32400 180 90 45 32400 

Vietnam (Farm) 126 200 0.63 0.0561 0.0032 317.46032 200 126 100781.05 317.46032 200 126 100781.05 

Canada (Farm) 164 200 0.82 0.064 0.0041 243.90244 200 164 59488.4 243.90244 200 164 59488.4 

Korea (Farm) 164 720 0.2278 0.0178 0.0003 3160.9756 720 164 9991766.8 3160.9756 720 164 9991766.8 

US (Research 
institute) 

330 660 0.5 0.0275 0.0008 1320 660 330 1742400 1320 660 330 1742400 

Spain (Farm) 36 69 0.5217 0.087 0.0076 132.25 69 36 17490.063 132.25 69 36 17490.063 

US (Farm) 55 55 1 0.1348 0.0182 55 55 55 3025 55 55 55 3025 

England (Farm) 14 51 0.2745 0.0734 0.0054 185.78571 51 14 34516.332 185.78571 51 14 34516.332 

Zimbabwe (Farm) 63 1984 0.0318 0.004 0 62480.254 1984 63 3.904E+09 62480.254 1984 63 3.904E+09 

Japan (Farm) 42 42 1 0.1543 0.0238 42 42 42 1764 42 42 42 1764 

Germany (Farm) 27 104 0.2596 0.05 0.0025 400.59259 104 27 160474.43 400.59259 104 27 160474.43 

Vietnam (Farm) 69 92 0.75 0.0903 0.0082 122.66667 92 69 15047.111 122.66667 92 69 15047.111 

China (Farm) 112 208 0.5385 0.0509 0.0026 386.28571 208 112 149216.65 386.28571 208 112 149216.65 

Brazil (Farm) 92 100 0.92 0.0959 0.0092 108.69565 100 92 11814.745 108.69565 100 92 11814.745 

Slovakia (Farm) 174 220 0.7909 0.06 0.0036 278.16092 220 174 77373.497 278.16092 220 174 77373.497 

China (Farm) 206 381 0.5407 0.0377 0.0014 704.66505 381 206 496552.83 704.66505 381 206 496552.83 

Slovakia (Farm) 92 92 1 0.1043 0.0109 92 92 92 8464 92 92 92 8464 

Czech Republic 277 800 0.3463 0.0208 0.0004 2310.4693 800 277 5338268.5 2310.4693 800 277 5338268.5 
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(Farm) 

Spain (Farm) 280 1334 0.2099 0.0125 0.0002 6355.5571 1334 280 40393107 6355.5571 1334 280 40393107 

Denmark 
(Research 
Laboratory) 

191 191 1 0.0724 0.0052 191 191 191 36481 191 191 191 36481 

Denmark 
(Research 
Laboratory) 

28 194 0.1443 0.0273 0.0007 1344.1429 194 28 1806720 1344.1429 194 28 1806720 

Brazil (Farm) 45 70 0.6429 0.0958 0.0092 108.88889 70 45 11856.79 108.88889 70 45 11856.79 

Poland (Farm) 819 1125 0.728 0.0254 0.0006 1545.3297 1125 819 2388043.8 1545.3297 1125 819 2388043.8 

Argentina (Farm) 70 223 0.3139 0.0375 0.0014 710.41429 223 70 504688.46 710.41429 223 70 504688.46 

Sweden (Farm) 634 856 0.7407 0.0294 0.0009 1155.735 856 634 1335723.4 1155.735 856 634 1335723.4 

Indonesia (Farm) 484 858 0.5641 0.0256 0.0007 1521 858 484 2313441 1521 858 484 2313441 

Slovakia (Farm) 74 160 0.4625 0.0538 0.0029 345.94595 160 74 119678.6 345.94595 160 74 119678.6 

Brazil (Farm) 99 144 0.6875 0.0691 0.0048 209.45455 144 99 43871.207 209.45455 144 99 43871.207 
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Table 0.5: Prevalence of Escherichia coli virulence factors in weaners 

Serial 
number 

Study Events Sample 
Size 

Outcome SE CI lower CI upper  Forest plot ID Rate 

1 south Africa (Farm) 2 2 1 0.707106781 -0.38593 2.385929 1 100
2 China (Lab samples) 63 108 0.583333 0.073493092 0.439287 0.72738 2 58.33333 

3 Canada (Farm) 20 50 0.4 0.089442719 0.224692 0.575308 3 40 

4 US (Farm) 175 304 0.575658 0.043515647 0.490367 0.660949 4 57.56579 

5 China (Field isolates) 140 215 0.651163 0.0550333 0.543298 0.759028 5 65.11628 

6 Mexico (Farm) 194 450 0.431111 0.030951974 0.370445 0.491777 6 43.11111 

7 Switzerland (Farm) 39 50 0.78 0.12489996 0.535196 1.024804 7 78 

8 India 48 720 0.066667 0.009622504 0.047807 0.085527 8 6.666667 

9 Cuba (Farm) 36 36 1 0.166666667 0.673333 1.326667 9 100 
10 Bulgeria (Farm) 409 619 0.660743 0.032671645 0.596707 0.72478 10 66.07431 

11 Canada (Farm) 68 170 0.4 0.048507125 0.304926 0.495074 11 40 

12 Hungary (Farm) 126 205 0.614634 0.054755962 0.507312 0.721956 12 61.46341 

13 Canada (Animal health Lab) 100 135 0.740741 0.074074074 0.595556 0.885926 13 74.07407 

14 Poland (Farm) 46 46 1 0.147441956 0.711014 1.288986 14 100 

15 Korea (Farm) 45 604 0.074503 0.011106298 0.052735 0.096272 15 7.450331 

16 China (Farm) 21 324 0.064815 0.014143752 0.037093 0.092537 16 6.481481 

17 Korea (Pathology Department) 149 476 0.313025 0.025644024 0.262763 0.363287 17 31.30252 

18 Korea (Farm) 94 230 0.408696 0.042153738 0.326074 0.491317 18 40.86957 

19 Denmark (National Vet Lab) 240 240 1 0.064549722 0.873483 1.126517 19 100 

20 Denmark (National Vet Lab) 17 83 0.204819 0.049675971 0.107454 0.302184 20 20.48193 

21 Canada (Vet Medicine 
Faculty) 

872 1226 0.711256 0.024086171 0.664047 0.758465 21 71.12561 

22 Poland (Farm) 298 372 0.801075 0.046405044 0.710121 0.892029 22 80.10753 

23 Poland (Farm) 96 207 0.463768 0.047333135 0.370995 0.556541 23 46.37681 

24 Poland (Farm) 608 1146 0.530541 0.021516279 0.488369 0.572713 24 53.0541 

25 Poland (Farm) 40 40 1 0.158113883 0.690097 1.309903 25 100 

        0.579062 0.0047 0.56985 0.588274 Central 
Tendency 

57.90619 
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Figure 0.2: Forest plot for prevalence of Escherichia coli virulence factors in weaners   
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Table 0.6: Escherichia coli virulence factors in weaners based on published information from different countries 

Location of 
study 

Events Sample 
Size 

Outcome 
(es) 

SE Var w w*es w*(es2) w2 wv wv*es wv*(es2) wv
2 

south Africa 
(Farm) 

2 2 1.00 0.71 0.50 2 2 2 4 2.00 2.00 2.00 4 

China (Lab 
samples) 

63 108 0.58 0.07 0.01 185.14 108 63 34277.88 185.14 108.00 63.00 34277.88 

Canada (Farm) 20 50 0.40 0.09 0.01 125 50 20 15625 125.00 50.00 20.00 15625 

US (Farm) 175 304 0.58 0.05 0.00 528.09 304 175 278880.56 528.09 304.00 175.00 278880.56 

China (Field 
isolates) 

140 215 0.65 0.06 0.00 330.18 215 140 109017.89 330.18 215.00 140.00 109017.89 

Mexico (Farm) 194 450 0.43 0.03 0.00 1043.81 450 194 1089548.6 1043.81 450.00 194.00 1089548.60 

Switzerland 
(Farm) 

39 50 0.78 0.12 0.02 64.10 50 39 4109.1387 64.10 50.00 39.00 4109.14 

India 48 720 0.07 0.01 0.00 10800 720 48 116640000 10800.00 720.00 48.00 116640000 

Cuba (Farm) 36 36 1.00 0.17 0.03 36 36 36 1296 36.00 36.00 36.00 1296 

Bulgeria 
(Farm) 

409 619 0.66 0.03 0.00 936.82 619 409 877639.13 936.82 619.00 409.00 877639.13 

Canada (Farm) 68 170 0.40 0.05 0.00 425 170 68 180625 425.00 170.00 68.00 180625 

Hungary 
(Farm) 

126 205 0.61 0.05 0.00 333.53 205 126 111243.43 333.53 205.00 126.00 111243.43 

Canada 
(Animal health 
Lab) 

100 135 0.74 0.07 0.01 182.25 135 100 33215.06 182.25 135.00 100.00 33215.06 

Poland (Farm) 46 46 1.00 0.15 0.02 46 46 46 2116 46.00 46.00 46.00 2116 

Korea (Farm) 45 604 0.07 0.01 0.00 8107.02 604 45 65723809 8107.02 604.00 45.00 65723809 

China (Farm) 21 324 0.06 0.01 0.00 4998.86 324 21 24988573 4998.86 324.00 21.00 24988573 

Korea 
(Pathology 
Department) 

149 476 0.31 0.03 0.00 1520.64 476 149 2312359.1 1520.64 476.00 149.00 2312359.1 

Korea (Farm) 94 230 0.41 0.04 0.00 562.77 230 94 316705.52 562.77 230.00 94.00 316705.52 

Denmark 
(National Vet 
Lab) 

240 240 1.00 0.06 0.00 240 240 240 57600 240.00 240.00 240.00 57600 

Denmark 
(National Vet 
Lab) 

17 83 0.20 0.05 0.00 405.24 83 17 164215.64 405.24 83.00 17.00 164215.64 
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Canada (Vet 
Medicine 
Faculty) 

872 1226 0.71 0.02 0.00 1723.71 1226 872 2971179.6 1723.71 1226.00 872.00 2971179.6 

Poland (Farm) 298 372 0.80 0.05 0.00 464.38 372 298 215644.92 464.38 372.00 298.00 215644.92 

Poland (Farm) 96 207 0.46 0.05 0.00 446.34 207 96 199222.74 446.34 207.00 96.00 199222.74 

Poland (Farm) 608 1146 0.53 0.02 0.00 2160.06 1146 608 4665855.8 2160.06 1146.00 608.00 4665855.8 

Poland (Farm) 40 40 1.00 0.16 0.03 40 40 40 1600 40.00 40.00 40.00 1600 

              

K 16    Sums: 35706.95 8058 3946 220994363 35706.95 8058 3946 220994363 

Df 15             

          v 0.07   

Q 2127.5483   Qv 2127.548312         

I2 99.294963   I2
v 99.29496313         

              

es (fixed) 0.2256704   es 
(random) 

0.225670351         

SEes (fixed) 0.005292   SEes 
(random) 

0.005292046         

CI (fixed) 0.2152979 0.23604   CI 
(random) 

0.215297941 0.2360428               
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Table 0.7: Prevalence of Escherichia coli virulence factors in porkers 

serial 
number 

Study Events Sample 
Size 

Outcome SE CI lower CI upper  Forest plot ID Rate 

1 Norway 3 1976 0.001518219 0.000876544 -0.0002 0.003236 1 0.151822 

2 US 6 305 0.019672131 0.008031114 0.003931 0.035413 2 1.967213 

3 US 484 687 0.704512373 0.03202329 0.641747 0.767278 3 70.45124 

4 Belgium 95 135 0.703703704 0.072198477 0.562195 0.845213 4 70.37037 

5 south 
Africa 

106 263 0.403041825 0.039146883 0.326314 0.47977 5 40.30418 

        0.36648965 0.0047 0.357278 0.375702 Central 
Tendency

36.64897 
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Figure 0.3: Forest plot for prevalence of Escherichia coli virulence factors in porkers   
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Table 0.8: Escherichia coli virulence factors in porkers based on published information from different countries 

Location of 
study 

Events 
Sample 
Size 

Outcome 
(es) 

SE Var w w*es w*(es2) w2 wv wv*es wv*(es2) wv
2 

Norway 3 1976 0.00 0.00 0.00 1301525.3 1976 3 1.694E+12 51.07 0.08 0.00 2607.7405 

US 6 305 0.02 0.01 0.00 15504.17 305 6 240379184 50.90 1.00 0.02 2590.8494 

US 484 687 0.70 0.03 0.00 975.14 687 484 950903.02 48.53 34.19 24.09 2354.8415 

Belgium 95 135 0.70 0.07 0.01 191.84 135 95 36803.39 40.33 28.38 19.97 1626.6533 

south Africa 106 263 0.40 0.04 0.00 652.54 263 106 425805.5 47.36 19.09 7.69 2243.1118 

3366 0.37 

K 16 Sums: 1318849 3366 694 1.694E+12 238.19 82.74 51.77 11423.197 

Df 15 
  

v 0.020 

Q 685.40921 Qv 23.031651 

I2 97.811526 I2
v 34.872232 

es (fixed) 0.0025522 es (random) 0.3473616 

SEes (fixed) 0.0008708 SEes (random) 0.064795 

CI (fixed) 0.0008455 0.0042589   CI (random) 0.2203634 0.4743598               
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Antimicrobials usage in pig production: effects on Escherichia coli resistance and virulence profiles. 
R.H. Abubakar, E. Madoroba, F.O. Fasina

 

Preface 
An overview of gut bacteria pathogens in pigs was established in the previous chapter. In this 

chapter the first and second objectives of this study which were to characterize the virulence 

profile of Escherichia coli (indicator organism for this study) and determine distribution of 

antibiotic resistance pattern of Escherichia coli in a commercial farm setting in growing pigs was 

achieved. The text has been submitted to the Journal of infection in developing countries and 

currently under review. 

3.1 Abstract 

Antibiotics are used as growth promoters and for therapeutic purposes in pig production. Misuse, 

abuse and overuse of antibiotics lead to development of resistant bacterial strains. This study 

investigated the frequency in which growing pigs harbour ETEC and VTEC virulence genes and 

compared phenotypic and genotypic antibiotic resistance patterns of fecal E. coli in samples 

collected from (i) pigs that received routine farm treatment without antibiotics usage, and (ii) 

pigs treated with antibiotics on the farm, with both groups monitored over a 70-day period. A 

total of 241 E. coli were isolated from both groups and used for antibiotics resistance testing 

through disk diffusion and extracted genomic DNA was amplified by PCR. Virulence genes 

were detected in 24.8% of the antibiotic group isolates and 43.5% of the non-antibiotics group 

with a significant difference (P=0.002). Proportion of individual virulence genes; STa, STb, 

EAST1 and Stx2e were 18.1%, 0%, 78.7% and 3%; and 14.8%, 8.5%, 85.1% and 12.7% in the 

antibiotics and non-antibiotics groups respectively. Resistance to oxytetracycline was most 

common and were significant (P = 0.03) in samples of days 10 (P = 0.02) and 21 (P = 0.01). 

Significant resistance to amoxicillin on days 56 (P = 0.04) and 70 (P = 0.01) and trimethoprim 

on days 5, 10, 21, 56 and 70 (P<0.05) were observed. Seventeen phenotypic antibiotics 

resistance combinations were observed and eight were multidrug resistant. Furthermore, 63.9% 

possessed at least one of the four tested tetracycline resistance genes. TetA (23.3%) was the most 

common in the antibiotics group whereas tetB (43.5%) was common in the non-antibiotics 

group. The study showed that usage/non usage of antibiotics in growing pigs does not prevent 

occurrence of disease causing virulence genes and other factors may be involved. 

Oxytetracycline, Amoxicillin and Trimethoprim have the highest level of resistance. Tetracycline 
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resistance genes in pigs can be found at any point during the growth period with or without 

antibiotic usage. 

Key words 

Virulence gene; Antibiotic resistance; growing pigs; Escherichia coli.  

 

3.2 Introduction 

Escherichia coli is a major cause of diarrhea in pigs (piglets and weaners) at different levels of 

intensity worldwide (Henton and Engelbrecht, 1997; Nagy and Fekete, 1999; Khac et al., 2006). 

In piglets, E. coli diarrhea may be followed by terminal septicemia, which is an important cause 

of economic loss for pig producers globally (Toledo et al., 2012). The estimated pig population 

in South Africa as at 2010 was about 1.5 million (Meissner et al., 2013), while population 

worldwide is about 1 billion (Statista, 2016). Pork serves as an important source of protein for 

human beings in developing countries (Madzimure et al., 2012).  

Diarrheagenic E. coli pathovars involved in pig enteric infections include mainly enterotoxigenic 

E. coli (ETEC) encoding heat stable (STa, STb, EAST1) and/or heat labile (LT) enterotoxins, 

causing secretory diarrhea in newborn and weaned piglets (Nagy et al., 1997; Gyles, 2010). In 

addition Shiga toxin E. coli (STEC) strains encode the Shiga toxin type 2e (Stx2e) which causes 

edema disease but not diarrhea (MacLeod et al., 1991). Interestingly, some strains harbor both 

the Stx2e genes and enterotoxin genes capable of causing symptoms of both edema disease and 

diarrhea in the same animal (STEC/ ETEC) (Barth et al., 2007; Barth et al., 2011). Many porcine 

ETEC and STEC strains have fimbrial structures on their surface, that like LT, STa, and STb 

enterotoxins, are usually plasmid mediated (Dubreuil et al., 2016). These fimbriae are termed 

colonization antigens and they enable the bacteria to colonize the epithelial surface of the pig 

small intestine namely F4 (K88), F5 (K99), F6 (P987), F18 and F41 usually found in pig ETEC 

(Chen et al., 2004; Frydendahl, 2002; Nagy et al., 1999; Dean et al., 1989; Garabal et al., 1997; 

Blanco et al., 2006; Madoroba et al., 2009). Antibiotics are frequently used in the treatment and 

control of these enteric infections in pigs. 

Some studies have shown that administration of antibiotics increases the risk of antibiotic 

resistance (Taylor et al., 2009; Varga et al., 2009; Lutz et al., 2011; Burow et al., 2014). Other 

factors like stress from temperature, crowding, and management also seem to contribute to the 
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occurrence of antibiotic resistance in animals (Sørum and Sunde, 2001). The commensal bacteria 

in animals may become a reservoir of resistance genes for pathogenic bacteria. This may 

contaminate meat and meat products meant for human consumption (van den Bogaard et al., 

2000). Recent reports have indicated that prevalence and isolation of antimicrobial-resistant E. 

coli are on the increase (Toledo et al., 2012; Enne et al., 2008; Luppi et al., 2015) and the 

infections caused by the resistant bacteria usually fail to respond to treatment by specific 

antibiotics (Rice, 2009). This may be associated with, increased proliferation of bacterial 

pathogens, re-infection rates, chronicity, opportunistic infections with resistant organisms and 

reduced life span (Capita and Alonso-Calleja, 2013).  

Tetracycline resistance phenotypically have been reported more frequently among bacteria 

isolated from pigs than previously known (Scott et al., 2005; Funk et al., 2006; Alali et al., 2008; 

Tadesse, 2012). The resistance is known to be inducible and occurs basically due to acquisition 

of tet or otr genes (Roberts, 2011) and many isolates from pigs have shown multidrug resistance 

genes located on plasmids (Lutz et al., 2011).  

E. coli infections have been identified to be a challenge in South African pig production industry 

(Fasina et al., 2015; Kanengoni et al., 2017). A recent study showed that the prevalence of 

ETEC, VTEC and EAST1 and associated fimbrial genes in indigenous South African breeds to 

be high (Mohlatlole et al., 2013), an outbreak of multidrug resistance coliceptisaemia in 

weanling pigs was reported (Fasina et al., 2015) and an investigation on piglet mortality in a 

farm was characterized to be associated with shigatoxin E.coli (Kanengoni et al., 2017). 

Treatment and control of disease outbreaks in South African pig industry involves the use of 

antibiotics (Henton et al., 2011). The purpose of this investigation was to determine the effect of 

antibiotic treatment on the prevalence of virulence genes and Antibiotic resistance in intestinal E. 

coli in growing pigs.  

3.3 Materials and Methods 

3.3.1 Approvals, animal care and welfare  

Prior to the commencement of study, a completed study protocol was submitted to the National 

Department of Agriculture, Forestry and Fisheries, South Africa for approval to carry out 

responsible infectious disease research with approval reference number: 12/11/1/1/8 of the 

Section 20 of the Animal Disease Act 35 of 1984, South Africa. This approval ensures the strict 
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regulation and control of infectious pathogens, and minimizes the risk of contamination of the 

environment and other pig farms. In addition other necessary permits associated with the control 

of infectious materials were strictly adhered to including the “permission to move animal 

products from the farm” and approval of the farm management. Secondly, protocol on the 

adherence to animal welfare was submitted to the Animal Ethics Committee of the University of 

Pretoria and an approval number V029-16 was granted (Appendix 1, page 130). 

All pigs involved in the study were placed under a 24-hour monitoring program conducted by the 

pig farm team (attendant and manager) for the duration of the study using the assessment and 

control of the severity of scientific procedures on laboratory animals scoring system and the 

guide to defining and implementing protocols for the welfare assessment of laboratory animals 

(Wallace et al., 1990; Hawkins et al., 2011). All piglets were housed in the farrowing unit with 

crates, creep area, heating lamps and unlimited access to the dam’s teats, creep feed and water 

ad-libitum (Figure 1). A total of 4 out of 10 piglets were removed in the last two weeks of the 

study due to laboratory-confirmed colisepticaemia (edema disease). For each animal to be 

removed by euthanasia or sudden death, the humane endpoint was set with a Severity Index (SI) 

score of > 20 on the Laboratory Animal Science Association (LASA) Working Party Scale 

(Wallace et al., 1990) and or a Score of ≥ 6 on the BVAAWF/FRAME/RSPCA/UFAW Joint 

Working Group Scale (Hawkins P, Morton DB, Burman O, Dennison N, Honess P, Jennings M, 

Lane S, Middleton V, Roughan JV, Wells S, Westwood K, 2011). No other unexpected 

occurrence was recorded in the course of the experiment. Situation that triggered the scores for 

removal include pain incompatible with animal welfare like prostration, nervous manifestation 

that affects normal movement and loss of ability to ingest food for 24-48 hours. 

3.3.2 Study design 

A small scale commercial pig farm was identified in the Gauteng province of South Africa, and 

two pregnant sows were monitored clinically and physiologically until the day of farrowing. 

Piglets (n = 10) were randomly selected (5 from each sow together with their unselected litter 

mates) and placed into 2 groups. All 10 selected piglets were tagged into groups A (Non-

antibiotics group: with 5 tagged piglets and other non-tagged litter mates which were kept in one 

farrowing pen under routine farm management practices but without any form of antibiotics 

usage and B (Antibiotics group: with 5 piglets and other non-tagged litter mates which were kept 
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under the routine management practices of the farm, which included administration of multi 

vitamins, deworming, tail docking, vaccination, provision of warmth and antibiotic 

administration to the sick animals). Effort was made to ensure prevention of cross contamination 

from the environment and between the groups by leaving vacant at least three farrowing pens 

(5.4 m width) between the 2 groups and piglets were randomly selected from the litters for 

uniformity. 
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 Figure 0.1: Standard farrowing pen with creep area, farrowing crate, concrete and vented floor. 

The sow (dam) is restricted to the farrowing crate but the piglets move freely within the pen. The 
creep area is warm with temperature range from 32°C (week 1) to 27°C (week 4). All pigs within 
a pen have access to feed and water liberally; however, the piglets depended primarily on sow’s 
milk for the first 10-14 days. Only five piglets per litter were tagged for the experiment. After 4 
weeks, the piglets are weaned into the weaners pen. 
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3.3.3 Sample collection  

Rectal swabs were taken from all 10 piglets (4 swabs per animal at each collection) with a sterile 

swab stick and each swab labeled with the specific pig identification number and age (days), and 

transported to the Agricultural Research Council-Onderstepoort Veterinary Research Feed and 

Food Analysis laboratory (Bacteriology section) on ice. All samples were processed in the 

laboratory within 2 hours of sample collection. The samples were collected periodically on days 

1, 5, 10, 21, 28, 35, 56 and 70 from all pigs. 

3.3.4 Classical Microbiological analysis 

3.3.4.1 E. coli Isolation 

The swabs were streaked directly on MacConkey agar plates and incubated aerobically overnight 

at 37ºC. Lactose fermenting colonies (n = 4-6) were selected and sub-cultured on MacConkey 

agar. The pure colonies were then transferred to nutrient agar plates. The isolates on nutrient agar 

plates were subjected to indole test together with with other biochemical reactions for E. coli 

identification. For this purpose, 10ml of tryptone water was inoculated with pure culture and 

incubated over night at 37ºC. Kovacs reagent (1 to 2 drops) was added and formation of a red 

ring was indicative of E. coli. In addition, Methyl red, Voges-Proskauer and citrate (IMViC) tests 

were also conducted. Subcultures were also cultured on 5% sheep blood agar to check the 

hemolytic characteristics of the E. coli. E. coli ATCC 25922 and E.coli O157 were used as 

controls.  

3.3.4.2 Antibiotics resistance testing.  

Antimicrobial susceptibility testing was done using the Kirby-Bauer disk diffusion method. The 

following antibiotics discs were selected according to standard regulations (Clinical Laboratory 

Standards Institute, 2015; World Health Organization, 2012; Food and Drug Administration, 

2012): Amoxicillin (AML) 10µg; Cefotaxime (CTX) 30µg; Oxytetracycline (OT) 30µg; 

Kanamycin (K) 30µg; Florfenicol (FFC) 30µg; Enrofloxacin (ENR) 5µg and Trimethoprim (W) 

5µg (Table 3.1). For this purpose, 1-3 colonies from a nutrient agar plate were transferred into a 

tube containing 5 ml Ringers solution, vortexed and adjusted to 0.5 McFarland turbidity standard. A 

sterile cotton swab was dipped into the adjusted suspension and excess fluid on the swab was 

removed by pressing on the inside of the bottle neck. Mueller Hinton agar plate surface was then 

swabbed making sure that the entire surface was covered in order to obtain confluent growth. The 

Mueller Hinton agar plates were left for 3 to 5 minutes, to allow for any excess moisture on the 
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surface to dry off. The antibiotics disk sticks (Oxoid), were placed into the disk dispenser (Oxoid) 

and gently dispensed on the inoculated Mueller Hinton agar plate. The plates were incubated at 

37oC for 24 hours. The zones were interpreted according to the Clinical Laboratory Standards 

Institute (CLSI) guidelines (Clinical Laboratory Standards Institute, 2015). 

3.3.5 Molecular characterization of E. coli isolates 

3.3.5.1 DNA Extraction. 

The DNA from E. coli isolates was obtained using the cell-lysis method. Briefly, 1ml of sterile 

distilled water was dispensed in labeled eppendorf tubes. Loopfuls of bacterial cultures from 

nutrient agar plates were suspended in sterilized distilled water and vortexed, then washed twice 

by centrifugation at 13,000 rpm for 5 minutes (Eppendorf mini spin; Eppendorf, Germany). The 

washed E. coli cells were boiled at 95oC for 20 minutes to lyse the bacteria. The lysate was 

cooled at 4oC and centrifuged at 13,000rmp for 5 minutes. The supernatant that contained the 

crude genomic DNA was used as templates for PCR. 

3.3.5.2 DNA amplification using polymerase chain reaction (PCR). 

E. coli isolates were tested for virulence genes and tetracycline resistance genes, tet (A, B, C and 

E) using sets of forward and reverse primers (Table 2). For detection of enterotoxins, STa, STb 

and LT a multiplex PCR assay, Cheng 2006 (Cheng et al., 2006) was adapted using a total 25µl 

of reaction volume including the PCR master mix (DreamTaqTM Green PCR Master Mix), 0.3µl 

of each primer, nuclease free PCR water (Fermentas) and 3µl DNA. DNA amplification was 

carried out using Eppendorf  thermocycler (Eppendorf, Germany) and the cycling conditions 

were initial denaturation at 94oC for 3 min, followed by 10 cycles of denaturation at 94oC for 30 

sec, annealing at 60-56oC (1oC decrease for every 2 cycles) for 30 sec and extension at 72oC for 

1 minute, followed by another 22 cycles of similar thermocycling conditions but annealing at 

56oC, and a final extension at 72oC for 10 minutes. 

Enteroaggregative heat stable enterotoxin (EAST-1) was detected using a monoplex PCR assay 

as described by Ngeleka, 2003 with slight modifications. The reaction mixture consisted of 0.3µl 

of each primer, 12.5µl of 2× PCR master mix (DreamTaqTM Green PCR Master Mix, 

Fermentas), 3µl DNA nuclease free PCR water (Fermentas) to make a 25µl reaction. 

Thermocycling conditions were initial denaturation at 94oC for 3minutes, followed by 35 cycles 

of 94oC for 30 seconds, annealing at 60oC for 30 seconds and elongation at 72oC for 30 seconds, 
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then a final elongation step at 72oC for 5 minutes. A multiplex assay for stx2e (including stx1, 

stx2) was carried out using similar reaction mixtures and thermocyling conditions for the 

protocol above except for the annealing temperature which was 58oC. The adhesins AIDA 1, eae 

and paa were amplified as a multiplex PCR using similar protocols as that of EAST 1. The 

fimbriae F4, F5, F6 and F41 (Fimbriae set 1) and F18ab and F18ac (Fimbriae set 2) (Cheng et 

al., 2006; Cheng et al., 2005) were amplified using multiplex PCR. The reaction mixtures were 

similar to those of the enterotoxins, however the thermocyling conditions were initial 

denaturation at 94oC for 3 minutes, followed by first 10 cycles of denaturation at 94oC for 30 

seconds annealing at 66-62oC (1oC decrease for every 2 cylcles) for 30 seconds, and elongation 

at 72oC for 60 seconds, then 22 cycles of similar conditions but except for annealing at 62oC for 

30 seconds and a final elongation at 72oC for 10 minutes. 

Tetracycline resistance genes tet (A), B, C and E were detected using a multiplex PCR assay as 

described by Agga et al., 2014 (Agga et al., 2014) with slight modifications. The 25µl reaction 

mixture consisted of 12.5µl of Dreamtaq mastermix, 0.3µl of each primer, 3µl crude DNA and 

7.1µl of nuclease free PCR grade water (Table 2).  The thermal cycling conditions consisted of 

an initial denaturation at 95oC for 10 minutes, followed by 30 cycles of denaturation at 94oC for 

30 seconds, annealing at 60oC for 1.5 minutes, and elongation at 72oC for 1.5 minutes, followed 

by a final elongation step at 72oC for 10 minutes. Positive controls were obtained from ARC-

OVR Bacteriology and Feed and Food laboratories culture collections. They include: B41 (F5, 

F41 and STa), RCM39a (Stx1, Stx2 and eae), WL 187/16(Stx2e), TPNB 137/16 (STa, STb and 

LT), and E.coli ATCC25922 (negative control). 

3.3.5.3 Agarose gel electrophoresis, gel documentation and interpretation of the results 

Two percent agarose (Thermo scientific) gel was prepared using 1x TAE buffer (Tris, acetic acid 

and EDTA mixture) (Bioland Scientific) and stained in ethidium bromide. Approximately 8µl of 

PCR amplicons were pipetted into the gel wells and electophorosed at 3V/cm for about 1 hour, 

this was followed by visualization under ultraviolet light using a gel documentation system (Bio-

Rad, Japan). The expected band sizes for each gene were estimated using a 100-bp ladder 

(BioLabs) 
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3.3.5.4 Statistical analysis 

All output data including the management and field parameters were entered into Microsoft 

Excel® (Microsoft Inc., Redmond, WA). Data were filtered, harmonized and aligned with 

bacteriological results based on days of sample collections (positive and negative results) from 

antibiotics and non- antibiotics groups. Descriptive and analytical statistics were conducted using 

Minitab® 16. (Minitab Inc., State College, PA). Specifically, two by two tables were generated 

for results and classical test of hypothesis were conducted using Chi square (χ2) for all 

categorical variables. P-value was set at an alpha of 0.05 as the cut-off for significance and 95% 

confidence interval. Proportions were calculated with 95% confidence interval in Openepi® 

version 3.01online calculator (Dean, Sullivan and Soe, 2015). 

3.4 Results 
  
Based on the evidence gathered from the farm, routine antibiotic administrations include the 

intra-uterine suppository of Oxytetracycline within 6 hours post-partum in sows, and the 

parenteral or intramuscular injection of antibiotics (amoxicillin and penicillin-streptomycin 

combinations to diarrhoeic piglet during the growth phase). One ml of iron dextran and two ml 

of multivitamins were also injected on day 3 of birth to all piglets. The piglets were allowed 

unlimited access to milk from the dam’s teats for the first 14 days after which creep starter feed 

is introduced to reduce suckling stress on the sows. Grower feed is introduced from about the 

fifth week of life of the weaned piglets and these feeds are changed to pig fatteners feed after the 

seventh weeks. 

Table 0.1: Disk contents of antibiotics and resistance break points used for disk diffusion testing of the E. coli isolates. 

Antimicrobial class  
(FDA, 2012) 

Antibacterial 
agent Abbreviations 

Disk 
content 
(µg) 

Resistance 
break              
point (mm) 

WHO Classification          
(WHO, 2012) 

Penicillins Amoxicillin AML 10 ≤ 13  Critically important 

Cephems Cefotaxime  CTX 30 ≤ 22  Critically important 

Tetracyclines Oxytetracycline OT 30 ≤ 11 Highly important 

Aminoglycosides Kanamycin K 30 ≤ 13  Critically important 

Phenicols Florfenicol FFC 30 ≤ 14  Highly important 

Flouroquinolones  Enrofloxacin  ENR 5 ≤ 16  Critically important 

Folate pathway  
inhibitors 

Trimethoprim W 5 ≤ 10  Highly important 
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Breakpoints were based on Clinical Laboratory standards guideline (CLSI, 2015) and Performance Standards for 

Antimicrobial Disk and Dilution Susceptibility Test for Bacteria Isolated from Animals. 

 

Table 0.2: Primer sequences and amplicon sizes used for PCR detection of virulence genes, virulence factors and 
tetracycline resistance genes 

Primer sequences for virulence genes and factors 

Target gene Primer Primer sequence (5'- 3') 
Amplicon 
size (bp) References 

Toxins 

EAST-1 (astA) 
EAST-1-F  TCG GAT GCC ATC AAC ACA GT 125 Ngeleka et al, 2003 

EAST-1-R GTC GCG AGT GAC GGC TTT GTA G 

STa (estI) 
STa-F  GGG TTG GCA ATT TTT ATT TCT GTA  183 Cheng et al, 2006 

STa-R  ATT ACA ACA AAG TTC ACA GCA GTA 

STb (estII) 
STb-F  ATG TAA ATA CCT ACA ACG GGT GAT  360 Cheng et al, 2006 

STb-R  TAT TTG GGC GCC AAA GCA TGC TCC 

LT (elt) 
LT-F TAG AGA CCG GTATTA CAG AAATCT GA 282 Cheng et al, 2006 

LT-R TCA TCC CGA ATT CTG TTA TAT ATGTC 

Stx1(stxI) 
Stx1-F ATT CGC TGA ATG TCATTC GCT 664 Cheng et al, 2006 

Stx1-R ACG CTT CCC AGA ATT GCA TTA 

Stx2 (stxII) 
Stx2-F  GAA TGA AGA AGA TGT TTA TAG CGG 281 Cheng et al, 2006 

Stx2-R  GGT TAT GCC TCA GTC ATT ATT AA 

Stx2e (stx2e) 
Stx2e-F GAA TGA AGA AGA TGT TTA TAG CGG 454 Cheng et al, 2006 

Stx2e-R TTT TAT GGA ACG TAG GTA TTA CC 

Fimbriae 

F4 (K88) 
(faeG) 

F4 (K88)-F GAT GAA AAA GAC TCT GAT TGC A  841 Cheng et al, 2006 

F4 (K88)-R GAT TGC TAC GTT CAG CGG AGC G 

F5 (K99) 
(fanA) 

F5 (K99)-F CTG AAA AAA ACA CTG CTA GCT ATT  543 Cheng et al, 2006 

F5 (K99)-R CAT ATA AGT GAC TAA GAA GGA TGC 

F6 (987P) 
(fasA) 

F6 (987P)-F  GTT ACT GCC AGT CTA TGC CAA GTG  463 Cheng et al, 2006 

F6 (987P)-R  TCG GTG TAC CTG CTG AAC GAA TAG 

F41 (fim41a) 
F41-F GAT GAA AAA GAC TCT GAT TGC A  682 Cheng et al, 2006 

F41-R  TCT GAG GTC ATC CCA ATT GTG G 

F18 (fedA) 

F18-F1 (b)  ATG AAA AGA CTA GTG TTT ATT TCT T  513 or 516 Cheng et al, 2005 

F18-F2 (c) CGT GAA CGG TAA AAC ACA GGG 170 

F18-R TTA CTT GTA AGT AAC CGC GTA AGC C 

Adhesins 

AIDA-1 (aidA) 
AIDA-1-F ACA GTA TCA TAT GGA GCC A  585 Ngeleka et al, 2003 

AIDA-1-R TGT GCG CCA GAA CTA TTA 

EAE (eae) 
EAE-F CAT TAT GGA ACG GCA GAG GT 790 Ngeleka et al, 2003 

EAE-R  ATC TTC TGC GTA CTG CGT TCA 

PAA (paa) PAA-F ATG AGG AAC ATA ATG GCA GG 360 Ngeleka et al, 2003 
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PAA-R TCT GGT CAG GTC GTC AAT AC   

Primer sequences for tetracycline resistance genes 

Target gene Primer Primer sequence (5'- 3') Amplicon size (bp) References 

tetA (tetA) tetA-F GCT ACA TCC TGC TTG CCT TC 210 Agga et al, 2014 

tetA-R CAT AGA TCG CCG TGA AGA GG 

tetB (tetB) tetB-F TTG GTT AGG GGC AAG TTT TG 659 Agga et al, 2014 

tetB-R GTA ATG GGC CAA TAA CAC CG 

tetC (tetC) tetC-F CTT GAG AGC CTT CAA CCC AG 418 Agga et al, 2014 

tetC-R ATG GTC GTC ATC TAC CTG CC 

tetE (tetE) tetE-F AAA CCA CAT CCT CCA TAC GC 278 Agga et al, 2014 

  tetE-R AAA TAG GCC ACA ACC GTC AG   
Primer sequences were also partially adapted from Mohlatlole  et al., 2013; Agga et al., 2014; Fasina  et al., 2015; 
Kanengoni et al., 2017 
 

3.4.1 Virulence genes and adhesion factors 

A total of 241 E. coli isolates were obtained from both groups, of which 55.2% (n = 133) were 

from the antibiotics group and 44.8% (n = 108) were from the non-antibiotics group (P = 0.02). 

From the 241 isolates, 33% (n = 80) harbored virulence genes, 24.8% (Cl95%: 18.2 - 32.7) and 

43.5% (Cl95%: 34.5 - 52.9) coming from the antibiotics (n = 33) and non-antibiotics (n = 47) 

group isolates respectively (P = 0.002).  

EAST-1 was the most prevalent virulence gene in both groups with 78.7% (Cl95%: 62.25 - 89.32) 

and 85.1% (Cl95%: 72.32-92.59) of the virulence genes observed in the antibiotics and non-

antibiotics groups respectively (P = 0.46) (Table 3). The STa observed were 18.1% (Cl95%: 8.61-

34.39) and 14.8% (Cl95%: 7.40-27.68) in the antibiotics and non-antibiotics groups respectively 

(P = 0.70). No STb was identified in the antibiotics group and 8.5% (Cl95%: 3.36-19.93) of the 

STbs were seen in the non-antibiotics group (P = 0.09). The stx2e gene was identified in both 

groups; 3% (Cl95%: 0.53-15.32) in the antibiotics group and 12.7% (Cl95%: 5.98-25.17) in the 

non- antibiotics group (P = 0.13; table 3.3). 

Of the adhesion factors for virulence genes, F6 [4.25% (Cl95%:  1.17-14.25)] and EAE [2.10% 

(CI95% 0.37-11.11)] were observed in the non-antibiotics group with none in the antibiotics 

group. However, AIDA1 incidence were 3.0% (Cl95%: 0.53-15.32) and 23.4% (CI95%: 13.6-

37.22) in the antibiotic and non-antibiotic group respectively (P = 0.01); and for PAA, the 

incidence were 18.1% (CI95%: 8.61-34.39) and 0% (CI95%. 0-7.55) for antibiotic and non-

antibiotic group respectively (P < 0.005); (Table 3.3). 
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 We observed 12 pathotypes with EAST1 being the most common in both groups; 60.6% (Cl95%: 

43.64-75.32) and 61.7% (Cl95%: 47.43-74.21) of the antibiotics group and non-antibiotics group 

respectively (P = 0.92) (Table 3). The trend for recovery of virulence genes is available in Figure 

2 with significance differences in recovery rates between antibiotic and non-antibiotic groups on 

days 5, 28 and 35. 

 

 

Figure 0.2: . Frequency of isolation of virulence genes in percentages based on days of sampling 
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Table 0.3: Frequency of E. coli isolates, virulence genes, adhesion factors and pathotypes from E. coli isolates with 
virulence genes 

Frequency of virulence genes at sampling points 
Day Antibiotic group (n=33) Non-antibiotic group (n=47) P-value 
0 6.0 (1.67-19.61) 11.6 (4.63-22.59) 0.48 
5 36.3 (22.19-53.38) 17.0 (8.88-30.14) 0.05 
10 18.1(8.61-34.39) 21.2 (11.99-34.9) 0.73 
21 3.0 (0.53-15.32) 0 (0-7.55) 0.23 
28 0 (0.0-10.43) 12.7 (5.98-25.17) 0.03 
35 15.1 (6.65-30.92) 53.1 (39.23-66.67) 0.001 
56 6 (1.67-19.61) 0 (0-7.55) 0.09 
70 15.1 (6.65-30.92) 6.3 (2.19-17.16) 0.20 

Virulence genes  

Genes 
STa 18.1(8.61-34.39) 14.8 (7.40-27.68)  0.70 
STb 0 (0.0-10.43) 8.5 (3.36-19.93)  0.09 
EAST 1 78.7 (62.25-89.32) 85.1 (72.32-92.59)  0.46 
StX2e 3 (0.53-15.32) 12.7 (5.98-25.17)  0.13 

Adhesion factors from isolates that carried virulence genes  

AIDA 3.0 (0.53-15.32) 23.4 (13.6-37.22)  0.01 
PAA 18.1(8.61-34.39) 0 (0-7.55) <0.005 
EAE 0 (0.0-10.43) 2.1 (0.37-11.11)  0.40 
F6 0 (0.0-10.43) 4.25(1.17-14.25)  0.23 
Pathotype combinations of isolates that carried virulence genes 

Pathotypes    
EAST1 60.6 (43.64-75.32) 61.7 (47.43-74.21)  0.92 
STa 18.1(8.61-34.39) 0 (0-7.55)  <0.005 
STa/F6 0 (0.0-10.43) 2.1 (0.37-11.11) 0.4 
STb/EAST1/AIDA1 0 (0.0-10.43) 8.5 (3.36-19.93)  0.09 
Stx2e 3.0 (0.53-15.32) 0 (0-7.55)  0.23 
EAST1/EAE 0 (0.0-10.43) 2.1 (0.37-11.11)  0.4 
EAST1/PAA 15.1 (6.65-30.92) 0 (0-7.55)  <0.01 
EAST1/AIDA1 3.0 (0.53-15.32) 8.5 (3.36-19.93)  0.32 
EAST1/STa 0 (0.0-10.43) 2.1 (0.37-11.11)  0.4 
EAST1/STa/F6 0 (0.0-10.43) 2.1 (0.37-11.11)  0.4 
STa/Stx2e/AIDA 0 (0.0-10.43) 6.3 (2.19-17.16)  0.14 
STa/Stx2e 0 (0.0-10.43) 6.3 (2.19-17.16)  0.14 

 Significant values are presented in bold. 
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3.4.2 Antibiotic resistance 

In total 164 (68%) of the isolates showed phenotypic resistance to the seven antibiotics tested, 

there was a significant difference (P = 0.02) between the antibiotic group; 61.6% (Cl95%: 53.17-

69.48) and the non-antibiotic group; 75.9% (Cl95%: 67.06-83.01). Resistance to oxytetracycline 

was most common in the antibiotics group, it amounted to 59.3% (Cl95%: 50.9-67.3). In the non-

antibiotics group 73.1% (Cl95%: 64.1-80.6) isolates also showed resistance to oxytetracycline 

(Figure 3). The difference between the two groups was statistically significant (p <0.05). 

Trimethoprim was the second antibiotic that showed predominant resistance 20.3% (Cl95%: 14.3-

27.9), followed by, amoxicillin 12.7% (Cl95%: 8.1-19.5), kanamycin 6.7% (3.6-12.3), cefotaxime 

1.5% (Cl95%: 0.4-5.3) and no resistance for enrofloxacin and florfenicol was observed in the 

antibiotics group. Amoxicillin was the second most resistant antibiotic 32.4% (24.3-41.7), 

followed by trimethoprim 29.6% (Cl95%: 21.8-38.8), cefotaxime 13.8% (Cl95%: 8.6-21.6), 

kanamycin 7.4% (Cl95%: 3.8-13.9), enrofloxacin 4.6% (Cl95%: 1.9-10.3) and no resistance to 

florfenicol was observed within the non-antibiotics group isolates (Figure 3.3). 

During the experimental period (day 1-70), resistance to oxytetracycline was more common on 

day 21 (P = 0.01), which constituted about 25.3% (Cl95%: 17.0-35.8) in the antibiotics group. 

However in the non-antibiotics group oxytetracycline resistance was more frequent on day 10, 

constituting 22.7% (Cl95%: 14.9-33.1). Amoxicillin resistance was more common on day 10, and 

constituted 23.5% (Cl95%: 9.5-47.2) in the antibiotic group and on days 10 and 35; resulting in 

28.5% (Cl95%: 16.3.45.0) in the non-antibiotics group. Trimethoprim resistance was more 

frequent on the 21st day, and constituted 37.0% (Cl95%: 21.5-55.7) in the isolates of the 

antibiotics group and on the 10th day, 40.6% (Cl95%: 25.5-57.7) in the non-antibiotics group. 

Cefotaxime resistance was observed only on days 0 and 28 in the isolates of the antibiotics 

group. E. coli resistance to cefotaxime was observed only on days 5, 10 and 21 in the non-

antibiotics group. Kanamycin resistance was observed only on days 21 and 56 among the 

antibiotics group isolates and on days 5, 10 and 21 among the non-antibiotics group isolates 

(Table 3.4). 

A total of 17 phenotypic antibiotic resistance combinations were observed. Oxytetracycline (ot) 

phenotype was most common in the two groups, with 54.8% (Cl95%: 44.1-65.1) in the antibiotics 

group and 40.2% (Cl95%: 30.3-51.0) among the non-antibiotics group isolates (P = 0.06). 
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However, ot-w-k and ot-aml-w-ctx-k were statistically significant (P>0.05) among all the 

phenotypes observed in the two groups (Figure 4a) 

 

Figure 0.3: Frequency of occurrence of antibiotic resistance for each of the antibiotics tested in this study 

 

 

Significant values (*<0.05, **<0.005, ***<0.01). 
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Table 0.4: Frequency of occurrence of phenotypic antibiotic resistance during the growing period 

Antibiotics agent Age(days) Antibiotic group Non-antibiotic group# P-value 
  Oxytetracycline 0 15.1 (8.9-24.7) 13.9 (7.9-23.2) 0.82 

5 7.5 (3.5-15.5) 15.1 (8.9-24.7) 0.13 

10 8.8 (4.3-17.1) 22.7 (14.9-33.1) <0.05 

21 25.3 (17.0-35.8) 10.1 (5.2-18.7)  0.01 

28 12.6 (7.0-21.7) 15.1 (8.9-24.7) 0.65 

35 16.4 (9.8-26.1) 13.9 (7.9-23.2) 0.66 

56 6.3 (2.7-13.9) 3.7 (1.3-10.5) 0.47 

70 7.5 (3.5-15.5) 5.0 (1.9-12.3) 0.51 

  Amoxicillin 
  

0 17.6 (6.1-41.0) 2.8 (0.5-14.5) 0.06 

5 5.8 (1.0-26.9) 11.4 (4.5-25.9) 0.53 

10 23.5 (9.5-47.2) 28.5 (16.3-45.0) 0.7 

21 11.7 (3.2-34.3) 20 (10.0-35.8) 0.46 

28 5.8 (1.0-26.9) 8.5 (2.9-22.3) 0.73 

35 5.8 (1.0-26.9) 28.5 (16.3-45.0) 0.06 

56 11.7 (3.2-34.3) 0 (0.0-9.8) <0.05 

70 17.6 (6.1-41.0) 0 (0.0-9.8) 0.01 

  Trimethoprim 0 11.1 (3.8-28.0) 6.2 (1.7-20.1) 0.5 

5 0 (0.0-12.4) 15.6 (6.8-31.7) <0.05 

10 0 (0.0-12.4) 40.6 (25.5-57.7) <0.0005 

21 37.0 (21.5-55.7) 3.1 (0.5-15.7) 0.001 

28 7.4 (2.0-23.3) 12.5 (4.9-28.0) 0.52 

35 11.1 (3.8-28.0) 21.8 (11.0-38.7) 0.27 

56 18.5 (8.1-36.7) 0 (0.0-10.7) 0.01 

70 14.8 (5.9-32.4) 0 (0.0-10.7) <0.05 

 Cefotaxim 0 50(9.4-90.5) 0 (0.0-20.3) 0.005 

5 0 (0.0-65.7) 20 (7.0-45.1) 0.49 

10 0 (0.0-65.7) 73.3 (48.0-89.1) <0.05 

21 0 (0.0-65.7) 6.6 (1.1-29.8) 0.7 

28 50 (9.4-90.5) 0 (0.0-20.3) 0.005 

35 - - - 
56 - - - 
70 - - - 

 Kanamycin 0 - - - 

5 0 (0.0-29.9) 12.5 (0.1-49.2) 0.27 

10 0 (0.0-29.9) 75.0 (40.1-93.7)  0.001 
21 88.8 (56.5-98.0) 12.5 (0.1-49.2) <0.005 

28 - - - 
35 - - - 



 

88 
 

56 11 (1.9-43.5) 0 (0.0-32.4) 0.33 

70 - - - 
Enrofloxacin 0 0 0 - 

5 0 0 - 

10 0 0 - 

21 0 80.0 (36.0-98.0) - 

28 0 20.0 (2.0-64.0) - 

35 0 0 - 

56 0 0 - 

70 0 0 - 

Florfenicol 0 0 0 - 

5 0 0 - 

10 0 0 - 

21 0 0 - 

28 0 0 - 

35 0 0 - 

56 0 0 - 

70 0 0 - 

For the antibiotic groups, the total numbers of samples that showed resistance were 79, 17, 27, 2 and 9 for 
Oxytetracycline, Amoxicillin, Trimethoprim, Cefotaxim and Kanamycin respectively. #For the non-antibiotic 
groups, the total numbers of samples that showed resistance were 79, 35, 32, 15,8,5 and 0 for Oxytetracycline, 
Amoxicillin, Trimethoprim, Cefotaxim , Kanamycin, Enrofloxacin and florfenicol respectively. Significant values are 
presented in bold. All isolated bacteria were sensitive to florfenicol and enrofloxacin except for four and one 
isolates against enrofloxacin on days 21 and 28 in the non-antibiotic group. 
 

3.4.3 Tetracycline resistance genes 

Only 154 (64%) of the isolates possessed one or more of the four tetracycline resistance genes 

tested, it constituted 64.6% (Cl95%: 56.2-72.2) of the antibiotics group isolate population and 

62.9% (Cl95%: 53.5-71.4) of the non-antibiotics group isolates population. 

The most frequently observed tet gene in the antibiotics group is the tet (A), which constituted 

23.3% (Cl95%: 16.9-31.1) of the isolates population, followed by tet (B) that made up 21.0% 

(Cl95%: 14.9-28.7), tet (C) [20.3% (Cl95%: 14.3-27.9)] and tet (E) [12.7% (Cl95%: 8.1-19.5)]. In the 

non-antibiotics group isolates tet (B) was more frequent [43.5% (Cl95%: 34.5-52.9)], followed by 

tet (A) [18.5% (Cl95%: 12.3-26.8)], tet (C) [9.2% (Cl95%: 5.1-16.2)] and tet (E) [1.8% (Cl95%: 0.5-

6.5)], tet (B), C and E had significant statistical difference between the 2 groups (Table 3.5)  
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During the growing period tet A was more common; on day 0, with 32.2% (Cl95%: 18.5 -49.8) in 

the antibiotics group and 25% (Cl95%: 11.1-46.8) on days 5 and 35 in the non-antibiotics group 

isolates. Tet B was more frequent on the 35th day, 32.1% (Cl95%: 17.9-50.6) and 21.2% (Cl95%: 

11.9-34.9) on day 0 in the antibiotics and non-antibiotics groups respectively. Tet C was more 

common on day 5, with 29.6% (Cl95%: 15.8-48.4) in the antibiotics group and 50% (Cl95%: 23.6-

76.3) in the non antibiotics group on day 70. Tet E was more common, 29.4% (Cl95%: 13.2-53.1) 

in the antibiotics group on day 28 but observed only on days 0 and 5 in the non antibiotics group 

(Table 3.5). 

Eleven tet gene combinations among the four tet genes were observed with tet (A) genotype 

being the most common in the antibiotics group 33.7% (Cl95%: 24.6-44.2) and tet (B) genotype 

55.8% (Cl95%: 44.0-67.0)  among the non-antibiotics group  (Figure 3.4b). 

Table 0.5:  Frequency of each of tet genes observed and occurrence of tetracycline resistance genes during the growing 
period 

Frequency of each of the tet genes observed 
tet genes Antibiotic group(n=133) Non-antibiotic group (n=108) P-value 
tet A 23.3(16.9-31.1) 18.5 (12.3-26.8) 0.37 
tet B 21.0 (14.9-28.7) 43.5 (34.5-52.9) <0.0005 
tet C 20.3 (14.3-27.9) 9.2 (5.1-16.2) 0.02 
tet E 12.7 (8.1-19.5) 1.8(0.5-6.5) 0.002 

occurence of tetracycline resistance genes during the growing period 

Gene Day *Antibiotic group #Non-antibiotic 
group 

P-value 

tetA 0 32.2 (18.5 -49.8) 0 (0.0-16.1) 0.005 

  5 16.1 (7.0-32.6) 25 (11.1-46.8) 0.44 

  10 0 (0.0 -11.0) 20 (8.0-41.6) 0.009 

  21 19.3 (9.1-36.2) 0 (0.0-16.1) 0.04 

  28 3.2 (0.5-16.1) 30 (14.5-51.9) 0.007 

  35 6.4 (1.7-20.7) 25 (11.1-46.8) 0.06 

  56 9.6 (3.3-24.9) 0 (0.0-16.1) 0.15 

  70 12.9 (5.1-28.8) 0 (0.0-16.1) 0.09 

tetB 0 7.1 (1.9-22.6) 21.2 (11.9-34.9) 0.11 

  5 3.5 (0.6-17.7) 17 (8.8-30.1) 0.08 

  10 25 (12.6-43.3) 19.1 (10.4-32.5) 0.55 

  21 14.2 (5.6-31.4) 2.1 (0.3-11.1) 0.04 

  28 0 (0.0-12.0) 10.6 (4.6-22.5) 0.07 

  35 32.1 (17.9-50.6) 12.7 (5.9-25.1) 0.04 
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  56 3.5 (0.6-17.7)  6.3 (2.1-17.1) 0.6 

  70 14.0 (5.6-31.4) 10.6 (4.6-22.5) 0.64 

tetC 0 14.8 (5.9-32.4) 20 (5.6-50.9) 0.7 

  5 29.6 (15.8-48.4) 0 (0.0-27.7) 0.05 

  10 25.9 (13.1-44.6) 0 (0.0-27.7) 0.07 

  21 - - - 

  28 0 (0.0-12.4) 10 (1.7-40.4) 0.1 

  35 25.9 (13.1-44.6) 20 (5.6-50.9) 0.71 

  56 - - - 

  70 3.7 (0.6-18.2) 50 (23.6-76.3) 0.001 

tetE 0 17.6 (6.1-41.0) 50 (9.4-90.5) 0.23 

  5 23.5 (9.5-47.2) 50 (9.4-90.5) 0.43 

  10 23.5 (9.5-47.2) 0 (0.0-65.7) 0.44 

  21 0 (0.0-18.4) 0 (0.0-65.7) - 

  28 29.4 (13.2-53.1) 0 (0.0-65.7) 0.37 

  35 5.8 (1.0-26.9) 0 (0.0-65.7) - 

  56 - - - 

  70 - - - 

For the antibiotic groups, the total numbers of samples positive were 31, 28, 27 and 17 for tetA, tetB, tetC and tetE 
respectively. #For the non-antibiotic groups, the total numbers of samples positive were 20, 47, 10 and 2 for tetA, 
tetB, tetC and tetE  respectively. Significant values are presented in bold. 
 
Figure 4.2a 

 
 
 
 
 
 
 
 
Figure 4.2b 
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Figure 0.4a and b: Frequency of phenotypic combination of resistance among the seven antibiotics tested and genotypic 
combination of tet genes observed within each of the resistant E. coli isolates for both groups. 

 

 

0.5: Gel picture showing STa, STb and LT bands for E. coli isolates that carried virulence genes. 

Lane M, 100-bp ladder; Lane 1-5, Field isolates positive for STa; lane 6-9, Field isolates positive for STb; lane 10, STa, 
STb and LT positive control; Lane 1 
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0.6: Gel picture showing Stx1, Stx2 and Stx2e bands for E. coli that harbored virulence genes. 

Lane M, 100-bp ladder; Lane 1-7, Field isolates positive for Stx2e;  Lane 8, Stx2e positive control; Lane 9 Stx1 and Stx2 
positive control; Lane 10, negative control 

 

 

0.7:Gel picture showing bands for E. coli isolates that harbored EAST1 gene. 

Lane M, 100-bp ladder; Lanes 1-4, 7 and 9,  Field isolates positive for EAST1; lane 5,6 and 8, Field isolates negative for 
EAST; Lane 11, negative control. 
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0.8:Gel picture showing bands for E.coli isolates that carried the F6 gene 

Lane M, 100-bp ladder; Lane 1and 2 F6 positive isolates, lane 3, negative isolate. 

 

0.9: Gel picture showing bands for E.coli isolates that harbored AIDA, eae and paa virulence factors. 

Lane M, 100-bp ladder; Lane 1, isolate positive for paa; lane 3, isolates paa; lanes 5-7,  AIDA-1 positive isolates; Lanes 2 
and 4, negative isolates. 
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0.10: Gel picture showing PCR bands of E. coli isolates that carried the tet A, B, C and E resistance genes 

Lane M, 100-bp ladder; Lanes 1, 3, 5, 6, and 14, isolates positive for tet C; lanes 3,5,6 and 14, isolates positive for tet E; 
lanes7,8-13, isolates positive for tet B and Lane 2, isolate positive for tet A. 

 

3.5 Discussion 

In this work, we have compared the effect of usage and non-usage of antibiotics in pig 

production from piglet to porker stage (1 to 70-110 days) using phenotypic and genotypic 

characteristics. Although location-specific differences exist in production systems globally, the 

use of antibiotics as growth promoters and for therapeutic purposes is widespread. E. coli isolates 

were obtained in both groups of pigs (with or without antibiotics) and differential resistance 

levels were observed in both groups. A total of 241 resident E. coli isolates were obtained from 

the samples but no distinction was made between the commensal and pathogenic organisms in 

this study. Previous study had confirmed that animals with intense antibiotic administration are 

more likely to present with antibiotic resistance clinical isolates compared with the non-

antibiotics treated group which may have more commensal E. coli (Enne et al., 2008). Because 

pigs are slaughtered as from day 70, the possibility of transferring resistance genes in the human 

food chain remains. Whereas a distance of over 5m was created between the two experimental 

pens during this experiment, resistance gene pattern was randomly observed in the two groups. 

Other workers have confirmed that mobile genetic elements (MGE) allows horizontal gene 

transfer (HGT) of resistance genes to other pathogens, commensal and environmental strains 

(Muniesa, et al., 2013; von Wintersdorff et al., 2016; Tripathi and Tripathi,2017).Virulence 

genes have been identified in both groups irrespective of whether antibiotics were applied or not, 

with higher prevalence in the non-antibiotics group. It is likely that such genes are inclusive of 
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the environmentally acquired HGT of commensal E. coli. This observation is in agreement with 

the findings of other workers (Chapman et al., 2006), which stated that although commensal E. 

coli isolates are non-pathogenic, they may potentially contain virulence genes that are capable of 

causing disease (Chapman et al., 2006). 

EAST1 was the predominant virulence gene with no significant difference between the antibiotic 

and non-antibiotic groups. Previous studies have concluded that EAST1 was a major determinant 

in E. coli associated diarrhea of pigs (Choi et al., 2001; Osek, 2003; Vu‐Khac, et al., 2004). 

Whereas F4 which is associated with more severe diarrhea is said to be more predominant 

fimbria found in pigs (Madoroba et al., 2009; Ikwap et al., 2016; Luppi et al., 2016), our study 

identified only F6, which cause milder form of diarrhea in pigs. In addition, AIDA1, and PAA 

were the predominant adhesion factors in this study but other factors were similarly recovered. 

AIDA1 has been associated with ETEC toxin genes (Sta, STb and EAST1) and Stx2e. AIDA1 

association with toxin genes have been identified in previous studies and indicated as an 

important marker gene for the causation of diarrhea and edema disease in pigs (Ngeleka et al., 

2003; Ha, Choi and Chae, 2003; Zhang et al., 2007; Zhao et al., 2009).  

While a number of combination of pathotypes were recovered in this study, no Stx1 and stx2 was 

identified. These toxins have been more commonly isolated in bovine, ovine and in humans in 

cases of haemolytic ureamic syndrome (Paton and Paton, 1998). Furthermore, pigs have not been 

known as reservoirs for human pathogenic STEC (Khac et al., 2006). Stx2e isolation was higher 

in the non-antibiotics group and was commonly associated with AIDA, perhaps due lack of 

maternal immunity and development of edema disease since no antibiotic was used to clear the 

pathogenic organisms. Edema disease affects pigs during the post weaning period with high 

mortality and no recorded commercial vaccine is available but reports have shown that high sero-

prevalence for stx2e in sows may provide mild protective immunity to pre-weaned pigs 

(Bertschinger, 1999; Oanh et al., 2012).  

Overall, virulence genes isolation was significantly high in the first week of life and from after 

the fourth weeks (post-weaning). These periods of increase isolation of virulence genes roughly 

coincide with period of initiation of immunity (colostral) and waned maternal immunity (Toledo 

et al., 2012; Oanh et al., 2012). This study has indicated that virulence gene distribution in pigs 
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from birth to porker stage is diversely random and that EAST1 remains the most common during 

the growing period. 

Antibiotic usage in animals affects resistance patterns (Mathew et al., 1999; McEwen and 

Fedorka-Cray, 2002; Lanz, et al., 2003). Phenotypic antibiotic resistance in E. coli was 

associated with pigs in both groups, an evidence that even without antibiotic usage in pigs, 

resistance levels are high. Since antimicrobials are used in commercial pig farms during 

farrowing as uterine suppositories or parenterally, vertical transmission of antibiotic resistance 

from the dam to piglets is highly likely with implications for genetic transfer of resistance genes 

among bacteria and consequent increased morbidity and mortality (Callens et al., 2015). Among 

the seven tested antibiotics, E. coli were most resistant to oxytetracycline, this is consistent with 

findings of previous studies (Mathew et al., 1999; van Den Bogaard et al., 2000). Tetracyclines 

are widely used in the treatment of commonly observed pig diseases (Li et al., 2014) and 

presence of high concentrations of tetracycline in pig manure has been observed following 

prophylactic use in sows (Pan et al., 2011). In addition to oxytetracycline, the E. coli were also 

resistant in high levels to amoxicillin and trimethoprim similar to the finding in the Netherlands 

(van Den Bogaard et al., 2000). In South Africa, the Fertilizers, Farm Feeds, Agricultural 

Remedies and Stock Remedies Act (Act 36 of 1947) subsists with laws that regulate antibiotics 

administration in animals.  Under this Act, tetracyclines, sulphonamides and penicillins are 

freely accessible over the counter and records of use may not always be available (Henton et al., 

2011).  

Although resistance to oxytetracycline and Amoxicillin was significantly higher in the non-

antibiotics group, Callens et al have earlier reached the same conclusion (Callens et al., 2015), 

however, it contrasted the findings of another study (Österberg et al., 2016). High levels of tet 

(A),B,C and E resistance genes were similarly observed in the study (Figure 4a&b) and these 

confirmed the phenotypic patterns of oxytetracycline resistance observed. The feeding of low 

levels of tetracycline such as in growth promotion may increase the chances of E. coli resistance 

genes development (Agga et al., 2014). Hence, the abundance of tet A and tet B may be due to 

the spread of E. coli clones carrying these genes as a result of selective pressures for the 2 genes. 

Whether this observation also has environmental component to it is unknown. However more 

piglets succumb to late-stage infection in this group and have to be humanely sacrificed. Because 



 

97 
 

the piglets live in an environment where in the dam can pass antibiotic resistance gene in their 

faeces and milk, these factors may serve as predisposing conditions for environmentally acquired 

resistance organisms, with possibility of multi-drug resistance isolates. Enrofloxacin, and 

cefotaxime presented with the lowest phenotypically resistant strains. It should be understood 

that these substances are restricted for use in animals, and are only permitted under the stricter 

Act 101 which requires mandatory prescription by a competent medical or veterinary personnel  

in South Africa (Henton et al., 2011).  

Age-specific resistance patterns of isolates was observed but was more pronounced within the 

second to fifth weeks of sampling. An association with increase usage of antimicrobials at this 

stage is feasible, as increase risk of diarrhea is observed during this period due to increased 

colonization of the gut by pathogenic microorganisms (Vidotto et al., 2009). Piglets may also 

inadvertently ingest resistance strains on the dams’ teat during the process of suckling. 

Abundance of tet genes were observed in the period between birth and day 35 of age, possibly 

due to frequent use of antibiotics during this period to control and treat common diseases 

associated with piglets such as neonatal diarrhea, post-weaning diarrhea and edema disease 

(Mathew et al., 1999; Wellington et al., 2013).  

In conclusion, this study has shown that virulence genes in pigs can develop and be observed at 

any point during the growth phase with or without direct antibiotic administration for 

prophylaxis or metaphylaxis. Perhaps a restriction of antibiotics in growing meat-type pigs 

should be accompanied by similar restriction in the associated production-type pigs. Phenotypic 

resistances to antibiotics are abundant and random throughout the growing period. Tet genes are 

common in pigs due to high levels of use of tetracyclines. 
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Effect of farm antibiotics usage on fecal microbiome of growing pigs 
R.H. Abubakar, C.N Kamutando, A. Valverde, E. Madoroba, D. A. Cowan, F.O. Fasina 

Preface 

This chapter addresses the third objective of this study which was to monitor the development of 
enteric bacteria population in growing pigs through metagenomics analysis. The text in this 
chapter is being prepared for submission to a high impact peer reviewed journal. 

4.1 Abstract 

Microbial community in the gut of pigs provides a vast and complex microbial network of 

community diversity important for its health and development. Antibiotics are normally used to 

maintain or improve health and feed efficiency in pigs; but this practice may cause development 

of disease resistance in the gut microbiome, which may impact negatively on future disease 

treatment.  Here, we report on the metagenomics analysis of fecal samples collected from; (i) 

pigs receiving normal farm treatment without antibiotics usage, over a 70 day period, and (ii) 

pigs treated on the farm with antibiotics and monitored over a 70 day period. Our hypothesis is 

that the use of antibiotics in commercial farms affect guts microbial development in growing 

pigs. Results revealed differences between community composition and structure in the two 

groups irrespective of age. Pairwise comparisons at each growth stage between the antibiotics 

group and non-antibiotics were significant for days 0- 35 but not significant for days 56 and 70. 

Both groups were dominated by the phylum; Firmicutes (41.99% and 54.04%), Bacteriotedes 

(32.88% and 26.75%) and Proteobacteria (14.13% and 9.94%) in the antibiotics and non-

antibiotic groups respectively. only Firmicutes was enriched in the untreated metagenomes. The 

most abundant classes were Bacteroidia (32.9% and 26.6%), Clostridia (26.4% and 26.2%), 

Bacilli (11.2% and 18.8%), Gammaproteobacteria (11.6% and 8.1%) for the antibiotics and non-

antibiotics groups respectively. The most abundant genera were Prevotella (21.3% and 12.7%), 

Lactobacillus (11.6% and 21.1%) and Bacteroides (9.1% and 5.8) in the antibiotics and non 

antibiotics groups respectively and were enriched in the antibiotics treated bacterial community 

but not significant. This shows that antibiotics usage increases gut bacterial population in 

growing pigs when used for a period of time and non treated pigs could acquire resistance strains 

as they age which could be due to environmental factors.  
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4.2 Introduction  

Neonate animals usually lack microbial contamination particularly in their gut at the point of 

birth; however the process of delivery and their subsequent exposure to the environment 

introduces microorganisms into their body system (Turnbaugh and Gordon, 2008). The microbial 

population in the gut establishes through succession and it is affected by changes in diet, 

environment, disease and stress (Isaacson and Kim, 2012). Following the evolutional changes, a 

climax of a microbial community may be attained which remain in stable association with the 

host. However, changes in microbial composition may continue to occur as a result of new 

microbes in the individual’s environment (Dethlefsen et al., 2008). This constant co-evolution of 

the microbial community in the gut provides a vast and complex microbial network of 

community diversity important for the health and development of animals (Isaacson and Kim, 

2012).  

Gut microorganisms may play essential roles that  may be lacking in the animal , for example; 

carbohydrate metabolism and immune development (Greenblum, Turnbaugh and Borenstein, 

2012; Backhed et al., 2005; Ley, Peterson and Gordon, 2006), stimulation of water transport in 

the colon (Yolton and Savage, 1976), re-cycling of bile salts (Shimada, Bricknell and Finegold, 

1969; Gilliland and Speck, 1977), production of vitamin K (Ramotar et al., 1984), provision of 

exogenous alkaline phosphatases (Yolton and Savage, 1976), cellulose degradation (Ilmberger et 

al., 2014),  epithelium development, and action as a natural defense against pathogens 

(Zoetendal et al., 2004). 

Exploring the gut microbial community composition and functional capacity in animals is 

important in understanding the role they play in the host animal health and physiology as well as 

how this may impact on the safety of water safety meant for human consumption as it may be 

contaminated by animal fecal microbial pathogens (Ley et al., 2008). Previous studies showed 

that the bulk of the culturable bacteria are gram-positive, strict anaerobic Streptococci, 

Lactobacilli, Eubacteria, Clostridia, and Peptostreptococci, and that the gram-negative microbes 

are dominated by Bacteroides, however information on population dynamics and community 

responses to environmental disturbances is still limited (Isaacson and Kim, 2012).  

Recent studies have  used next generation sequencing (NGS) technology in elucidating the 

intestinal or fecal microbiome of different animals including, cow, reindeer, wallaby, yak, giant 

panda, buffalo, elephant, pig, Iberian lynx and termite (Ilmberger et al., 2014; Hess et al., 2011; 
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Brulc et al., 2009; Pope et al., 2012; Pope et al., 2010; Dai et al., 2012; Zhu et al., 2011; Yang et 

al., 2010; Singh et al., 2012; Lamendella et al., 2011; Alcaide et al., 2012; Warnecke et al., 

2007). All this gave significant information on the fecal and gut microbial communities, the 

metabolism and the genetic potential of the intestinal microbiota and their importance in host 

survival, fitness, physiology and nutrient utilization (Jacobs and Braun, 2014; Buffie and Pamer, 

2013; Varel, 1987).  A study in humans also found that adult and infant type gut microbiomes 

have enriched gene families sharing little overlap, suggesting different core functions within the 

adult and infant gut microbiota (Kurokawa et al., 2007), hence understanding the gene content of 

multiple gut microflora can help explain the ecological differences of gut systems. Microbial 

composition variations have been reported in pigs at different segments of their small intestines, 

for fecal samples that were collected during the stages of growth and development, as well as 

from different sex and age groups, thereby stipulating that  host genetics may influence the pig 

gut microbiome (Isaacson and Kim, 2012; Xiao et al., 2016).  

 

Pigs are a major source of food and means of livelihood to farmers globally (Kumar et al 

2015). These animals are also widely used as an ideal model species for analyses of several 

human physiological functions, diseases and perfection of surgical procedures (Xiao et al., 

2016; Lunney, 2007). However, large-scale pig farmers experience environmental challenges 

such as the spread of antibiotic-resistant bacteria and their associated genes (Xiao et al., 2016).  

Antibiotics have been used in agricultural animals for over 50 years and considered the most 

cost-effective way to maintain or improve health and feed efficiency of animals raised with 

conventional agricultural techniques (Cromwell, 2002; Dibner and Richards, 2005; Looft et al., 

2012). The impact of such antibiotic use on the treatment of human diseases is of great concern. 

Furthermore, previous studies showed that antibiotics administered to germ-free animals did not 

have growth-promoting effects (Coates et al., 1963) which indicated that growth promotion may 

be due to changes in the gut microflora (Kim et al., 2012). This may be as a result of selective 

pressure exerted by antibiotics on commensal microorganisms. Furthermore, even in the absence 

of antibiotics usage, antibiotic resistance genes reservoirs have been shown to be stable in 

bacterial communities (Gotz et al., 1996; Salyers and Amabile-Cuevas, 1997; Stanton and 

Humphrey, 2011; Stanton, Humphrey and Stoffregen, 2011). Similarly, the gut microbiome may 
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also antagonize future disease treatment by facilitating the dissemination of resistance genes to 

distantly related organisms (Karami et al., 2007; Shoemaker et al., 2001).  

Recent studies of environmental and gut microbiomes reveal enormous diversity of antibiotic 

resistance genes (Allen et al., 2010; Sommer, Dantas and Church, 2009; Martinez et al., 2009) 

and microbial shifts in response to the use of antimicrobial growth promoters in pigs (Looft et 

al., 2012; Rettedal et al., 2009; Allen et al., 2011). Furthermore, virulence factors associated 

with antibiotic resistance genes with highest sequence similarity to genes in Bacteroidetes, 

Clostridia, and Methanosarcina were abundant within the gene families unique to the pig fecal 

metagenomes, suggesting that the pig gut microbiome are shaped by husbandry practices (Looft 

et al., 2012).Therefore exposure of the phylogenetic composition of microbial community and 

the potential functional capacity of microbiome in different gut locations is of great importance 

to pig production (Yang et al., 2016). This particular study aim to explore the effects of routine 

antibiotics usage for disease treatment and prevention, using a longitudinal study design, in order 

to detect changes in the fecal microbiome of pigs being raised over time (ie., 0-70 days period) in 

a typical commercial farm setting. The main objective of the study was to test if antibiotics use in 

commercial farms affect gut microbial development in growing pigs.  We hypothesize that age 

differences and antibiotics usage may influence the pig gut microbiome. 

 

4.3 Materials and methods 

4.3.1 Sample collection 

A small scale commercial pig farm was identified in the Gauteng province of South Africa. Two 

estrous synchronized pregnant sows were monitored till the day of farrowing. Five piglets were 

randomly selected from each sow and these selected 10 piglets were tagged. The first group (ie., 

the sow with five tagged piglets and other non-tagged litter mates) were kept in one pen under 

normal farm management practices but without any form of antibiotics usage, and this group was 

identified as the non-antibiotics group (NAG). The second group (ie. sow with five piglets and 

other non-tagged litter mates) were kept under the normal management practices of the farm, 

which included administration of multi vitamins, deworming, tail docking, vaccination, provision 

of warmth and antibiotic administration for treatment and prevention of diseases, and this group 

was identified as antibiotics-treated group (ATG). Rectal swabs were taken from the 10 tagged 

piglets in NAG and ATG and were labeled with the specific pig identification number and age 
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(in days). The samples were collected periodically on days 1, 5, 10, 21, 28, 35, 56 and 70 and 

were stored at -20oC until the last samples were collected.  

4.3.2 DNA extraction, PCR amplification and sequencing 

 Genomic DNA was extracted from swabs using the QIAamp Stool DNA Mini kit (Qiagen, 

Hilden, Germany), following manufacturer’s instructions after a bead beating step. Extracted 

DNA was quantified using Nanodrop 1000 spectrophotometer. The primer sequence used to 

amplify the bacterial 16S rRNA V4 hypervariable region were 515F (5′-

GTGYCAGCMGCCGCGGRA-3′) and 909R (5′-CCCCGYCAATTCMTTTRAG-3′). PCR was 

done in a single step using a barcoded forward primer  and a HotStarTaq Plus Master Mix Kit 

(Qiagen, Valencia, CA) as described by (Oloo et al., 2016). The thermocycling conditions were 

initial denaturation at 94°C for 3 minutes (5 cycles), followed by 28 cycles of 94°C for 30 

seconds, 53°C for 40 seconds and 72°C for 1 minute, then a final elongation at 72°C for 5 

minutes. PCR products were electrophoresed on 2% agarose gel to ensure expected band sizes. 

All samples were pooled in equal proportions and purified using calibrated Ampure XP beads 

(Agencourt Bioscience Corporation, MA, USA). Sequencing was performed on an Illumina 

MiSeq platform (Illumina Inc., San Diego, CA, USA) at the Molecular Research LP next 

generation sequencing service (http://www.mrdnalab.com, Shallowater, TX, USA) according to 

the manufactures guidelines. 

4.3.3 16S rRNA sequence analysis 

Generated sequence data was analyzed using QIIME software version 1.9.1 (Caporaso et al., 

2010). Briefly, the sequence files were joined, sequences with < 200 bp,  more than 2 ambiguous 

bases, had quality scores < 25, or had more than one mismatch to the sample-specific barcode or 

to the primer sequences were removed. Chimeric sequences were detected using usearch61 

version 6.1 (Edgar, 2010) and the operational taxonomic units (OTUs) were  clustered at 97% 

similarity level based on the greengenes reference sequences and taxonomic databases.  Final 

OTUs were taxonomically classified using BLAST. Singletons and Archaea species were filtered 

out from the OTU table. Samples were rarefied to 36,490, which was the lowest number of 

sequences obtained for a single sample and used for further downstream analysis. 

 



 

111 
 

4.3.4 Statistical Analysis 

Shared phylotypes between the two treatment groups were visualized using a venn diagram. The 

alpha diversity indices (ie., shannon,, simpson, inverse simpson, richness and pielou’s evenness) 

were calculated using the diversity function in the vegan package for 

R(RDevelopmentCoreTeam, 2013, Oksanen et al., 2007). Differences in diversity as well as in 

taxa abundances between the NAG and the ATG treatment and age groups were tested using 

Kruskal–Wallis tests. Differences in bacterial structure and composition between the treatment 

groups were visualized using the non-metric multidimensional scaling (nMDS) and PCoA 

ordination plots, and permutation tests were done  using the Bray–Curtis dissimilarity matrices 

(Bray and Curtis, 1957) after Hellinger transformation (Legendre and Gallagher, 2001), in order 

to detect statistical differences between the two bacterial communities. The dissimilarity distance 

matrices were obtained using the vegdist fuction in vegan and the permutation tests were done 

using the adonis function in the vegan package and MANOVA functiont in the RVAideMemoire 

package. The differences in bacterial structure and composition within the treatment groups were 

detected using the betadisper function again in vegan. The Analysis Of Similarity (ANOSIM) 

test was also used to explore differences in structure and composition between the age groups, 

and this was achieved using the anosim function in the vegan package.  

4.4 Results and discussion 

A total of 5,898 OTUs were obtained and these constituted about 6,645,227 sequences. Samples 

were rarefied using a sampling depth of 22,081 which was the smallest sample, and this resulted 

in a total of 4,324 OTUs that constituted, approximately 1,435,265 sequences after chloroplast, 

mitochondria and blanks were removed to ensure that only the Kingdom bacteria were left. A 

total of 2,560 (59.2 %) OTUs were shared between the two treatment groups, while 966 (22.3%) 

and 798 (18.5%) OTUs were unique to the antibiotics and non-antibiotics groups respectively. 

However, during the growing period the shared OTUs were 36.1%, 45.2%, 50.4%, 42.1%, 

35.9%, 39.4%, 41.3% and 45.4% on days 0, 5, 10, 21, 28, 35, 56 and 70 respectively. The 

antibiotics group had 24.6%, 31.4%, 22.6%, 32.9%, 38.7%, 33.7%, 43.4% and 39.8% while the 

non antibiotics group had 39.4%, 23.5%, 26.9%, 25%, 25.4%, 26.9%, 15.3% and 14.7% of the 

OTUs unique on days 0, 5, 10, 21, 28, 35, 56 and 70 respectively (figure 4.1). The ATG had 

higher unique OTUs on all the days except days 0 and 10 (may be due to antibiotics effect) 

which is expected due to development of resistant strains however, with the exception of day 0, 
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NAG had most of its OTUs shared with the ATG. This may suggest that the pigs acquired some 

resistant bacterial strains irrespective of antibiotics application.  

A rarefaction curve generated approached a plateau for all the samples, suggesting that most of 

the bacterial sequences were captured (supplementary figure S1). In general, the means of the 

alpha diversity measures (ie., richness, Shannon, inverse Simpson or peilou) for the different age 

groups tended to be higher in the ATG compared to the NAG (Table2). Bacterial richness 

between the different age groups for both groups was significant (Kruskal-Wallis 2  = 41.7, p = 

0.0002499), but bacterial richness for the two groups irrespective of age was not significant 

(Kruskal-Wallis 2  = 1.3795, p = 0.2402).  Bacterial richness between the different age groups, 

within the antibiotics-treated group was significant (Kruskal-Wallis 2 = 24.831, p = 0.0008129). 

This may be as a result of increase in bacterial population due to resistance from antibiotic 

treatments as the pigs get older. This agrees with the findings of looft et al 2012, which showed 

that antibiotic resistance genes increases in abundance and diversity in antibiotics treated pigs. 

Bacterial diversity showed to increase during the pre-weaning (day 0-21) and post weaning 

periods (day 35-56), and declined during the weaning period (day 28-35) (Table 4.1).  No 

statistical differences were observed in bacterial richness between the age groups, within the 

non-antibiotics treated group (Kruskal-Wallis 2   = 12.966, p = 0.07295). Similar trends in 

bacterial diversity within the ATG was observed except on day five in which bacterial alpha 

diversity reduced, this may be associated with the stress of neonatal diarrhoea found in pigs after 

birth (Table 1). Gut bacterial community increases to a stable point as an animal develops, but 

that stability can be disturbed in response to certain environmental changes such as diet and 

stress which returns to normal when the agent of disturbance is removed (Dethlefsen et al., 

2008). This is in agreement with the findings of (Looft et al., 2012; Kim et al., 2011), who found 

that microbial community of pigs changes with age. 

A total of 17 bacterial phyla were observed across all the 65 samples (Supplimentary table S1a). 

During the growing period, the bacterial phylum, Firmicutes (41.99%), Bacteriotedes (32.88 %) 

and Proteobacteria (14.13 %) in the ATG and Firmicutes (54.04%), Bacteriotedes (26.75 %) 

and Proteobacteria (9.94 %) in the NAG and accounted for the majority of the reads for all the 

treatment groups and across the age groups (Fig 4.2a; Appendix). The most dominant phyla 

Firmicutes was enriched in the NAG. The average relative abundance for the remaining 15 phyla 
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is listed in the appendix 2 (page 131-145). The abundance between the different age groups was 

significant for  Firmicutes (Kruskal-Wallis = 33.638, P = 0.003827) Bacteroidetes  (Kruskal-

Wallis 2 = 34.502, P = 0.002894) Proteobacteria (Kruskal-Wallis 2 = 36.301, P = 0.001599)  

Spirochaetes (Kruskal-Wallis 2 = 37.557, P = 0.001049) Fusobacteria (Kruskal-Wallis 2 = 

38.91, P = 0.0006609) Actinobacteria (Kruskal-Wallis 2 = 27.851, P = 0.02252)  Chlamydiae 

(Kruskal-Wallis 2 =34.715, P = 0.002699) Verrucomicrobia (Kruskal-Wallis 2 =32.079, P = 

0.006281) Planctomycetes (Kruskal-Wallis 2 = 39.056, P = 0.0006286) Lentisphaerae (Kruskal-

Wallis 2 = 32.255, P = 0.005943) Fibrobacteres(Kruskal-Wallis 2 =.613, P= 0.02412)  TM7 

(Kruskal-Wallis 2 = 30.977, P = 0.008849) Tenericutes (Kruskal-Wallis 2 = 27.514, P = 

0.02482 ) except for Synergistetes, Deferribacteres, Thermi, Elusimicrobia that were not 

significant (P > 0.05). Only the phylum Firmicutes and Fibrobacteres showed significant 

difference in abundance between the treatment groups (Kruskal-Wallis 2 = 5.8323, P = 0.01573 

and Kruskal-Wallis 2 = 4.9893, P = 0.02551) respectively.  Previous studies indicated that > 

90% of bacteria in the pig gut are dominated by the Firmicutes and Bacteroidetes phyla 

(Isaacson and Kim, 2012; Kim et al., 2012; Yang et al., 2016). This suggests that bacteria 

belonging to these phyla may develop resistance to antimicrobial agents since use of antibiotics 

did not decrease their relative abundance in the ATG and may be a reservoir of antibacterial 

resistance genes.  

At the class level, a total of 33 distinct classes were identified, with the class Bacteroidia (32.9% 

and 26.6%), Clostridia (26.4% and 26.2%), Bacilli (11.2% and 18.8%), Gammaproteobacteria 

(11.6% and 8.1%), Erysipelotrichi (4.4% and 9.0%), Spirochaetes (3.7% and 1.8%), 

Fusobacteriia (3.4% and 2.7%) and Actinobacteria (0.3% and 1.2%) representing majority of the 

reads  in the ATG and NAG respectively (Fig 4.2b, Appendix 2). Classes Bacilli, Erysipelotrichi 

and Actinobacteria were enriched in the NAG. The difference in class abundance between the 

two treatment groups across all the ages was not significant (P < 0.05) for all the classes 

mentioned above. Bacterial abundance between the age groups were significant, Bacteroidia 

(Kruskal-Wallis 2 = 35.031, P = 0.002434), Clostridia (Kruskal-Wallis 2 = 27.022, P = 

0.02855), Bacilli (Kruskal-Wallis 2 = 36.057, P = 0.001735), Gammaproteobacteria (Kruskal-

Wallis 2 = 39.172, P= 0.000604), Erysipelotrichi (Kruskal-Wallis 2 = 35.762, P = 0.001913), 

Spirochaetes (Kruskal-Wallis 2 = 37.334, P = 0.001131), Fusobacteriia (Kruskal-Wallis 2 = 
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38.91, P = 0.0006609) and Actinobacteria (Kruskal-Wallis 2 = 35.777, P = 0.001904). At the 

genus level, a of total 217 distinct genera were identified, with the genus, Prevotella (21.3% and 

12.7%), Lactobacillus (11.6% and 21.1%) and Bacteroides (9.1% and 5.8) showing to be the 

most dominant in the ATG and NAG respectively (Fig 4.2c, Appendix 2) and they were 

statistically significant between the age groups ( Kruskal-Wallis 2  =43.944, P = 0.0001122; 

Kruskal-Wallis 2 =42.44 P = 0.0001923; Kruskal-Wallis 2 = 46.895, P = 3.828e-05, 

respectively). This agrees with (Yang et al., 2016) who stated that finer phylogenetic resolution 

shows Prevotella as the most dominant genus in the swine fecal metagenome but contradicts 

with findings of (Zhu et al., 2011; Leser et al., 2002) which found Clostridia as the most 

abundant genus. The abundance of Prevotella in the ATG may be due to resistance strains from 

antibiotics usage on the farm. While Prevotella and Bacteroides were enriched in the ATG but 

only Prevotella was statistically significant (Kruskal-Wallis 2 = 3.9448, P = 0.04702; Kruskal-

Wallis 2 =0.85359, P = 0.3555 respectively), the abundance of Lactobacillus was not 

significantly higher in the NAG (Kruskal-Wallis 2 = 2.6349, P = 0.1045). The results disagree 

with findings by (Kim et al., 2012) who found increase in Lactobacillus concentration in Tylosin 

treated pigs. Similar studies related the increase in Lactobacillus concentration to weight again in 

antibiotics growth promoter treated animal models (Lin, 2011). 

Differences in within-community dissimilarity of the different age groups was significant 

(ANOSIM; R=0.8043, P = 0.0001) (Figure 4.3). Differences between community composition of 

all the age groups in the antibiotics and non antibiotics groups were significant (PERMANOVA; 

F = 3.3037 P = 0.001). The difference between community composition in the two groups 

irrespective of age was also significant (PERMANOVA; F = 1.9068, P = 0.008). Pairwise 

comparisons at each growth stage between the ATG and NAG were significant for days 0- 35 

(PERM MANOVA; P = 0.014, P=0.007, P = 0.034, P = 0.012, P = 0.026, P = 0.027 respectively) 

but not significant for days 56 and 70 (PERM MANOVA; P = 0.133 and P= 0.067 respectively). 

This showed that bacterial composition between the age groups in the ATG and the NAG are 

different at the younger stages but as the animal gets older composition becomes similar. This 

may suggest that the non antibiotics group might have acquired resistance strains probably from 

the environment since no antibiotics were administered directly. Differences in within-

community dispersion for the age groups and for the treatment groups was not significant 

(ANOVA; F= 1.526, P =0.1327 and F= 0.5578, P = 0.453). This suggests that differences in 
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bacterial compositions between the age groups and treatment groups may be as a result of less 

abundant species unique to the different age groups and hence most of the shared species could 

suggest some resistance strains are present in the NAG. To visualize the bacterial composition 

and structure between the age groups, a non metric multi dimensional scaling (nMDS) and PCoA 

ordination plots was used. Days 0 for ATG and NAG were clustered separately, however day 5 

to 35 were distributed evenly and only shifting with age, day 56 for both groups was clustered 

together (Figure 4.4). All this is suggesting that use of antibiotics in pig farms either for 

prophylaxis or metaphylaxis increases bacterial population in pig gut even in non treated pigs, 

which probably harbor resistant genes that could be transferred to humans or other animals along 

the food chain posing an important public health risk. 
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 Figure 0.1: Venndiagrams showing bacterial compositional differences between the two groups. 
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Table 0.1: Diversity measures during the growing period 

Diversity Measure Group Day 0 Day 5 Day 10 Day 21 Day 28 Day 35 Day 56 Day 70 

Alpha A 699.80 935.80 945.60 1042.60 954.75 870.00 1180.25 1346.25 

N 904.25 810.00 986.80 866.00 889.67 951.00 1089.50 1174.50 

Gamma A 1559.00 1988.00 1942.00 2129.00 1973.00 1744.00 2324.00 2297.00 

N 1802.00 1796.00 2060.00 1885.00 1656.00 1681.00 1558.00 1695.00 

Beta A 1.23 1.12 1.05 1.04 1.07 1.00 0.97 0.71 

  N 0.99 1.22 1.09 1.18 0.86 0.77 0.43 0.44 

 

 

Table 0.2: Mean and standard deviation of alpha diversity indices during the growing period. 

age_day
s 

m.richne
ss 

sd.richne
ss 

m.shann
on 

sd.shann
on 

m.invsimps
on 

sd.invsimps
on 

m.simps
on 

sd.simps
on 

m.piel
ou 

sd.piel
ou 

A0 451.200 37.372 2.767 0.204 7.299 1.886 0.855 0.040 0.453 0.033 

N0 637.500 78.928 4.666 0.188 45.612 11.891 0.977 0.007 0.723 0.029 

A5 637.000 66.287 4.177 0.223 23.831 8.708 0.954 0.016 0.647 0.028 

N5 540.400 50.491 3.791 0.372 19.993 8.754 0.939 0.036 0.602 0.053 

A10 642.000 93.582 4.250 0.518 26.026 10.694 0.955 0.022 0.657 0.068 

N10 671.000 127.797 4.278 0.486 28.205 12.493 0.958 0.019 0.658 0.056 

A21 699.600 76.618 4.259 0.427 25.709 10.215 0.953 0.028 0.651 0.063 

N21 596.400 46.409 3.909 0.155 18.243 6.299 0.939 0.025 0.612 0.024 

A28 629.500 101.448 3.971 0.614 19.173 13.693 0.930 0.036 0.616 0.082 

N28 582.333 89.243 3.797 0.632 16.556 8.603 0.927 0.037 0.596 0.087 

A35 589.750 118.874 3.869 0.712 18.240 13.203 0.923 0.047 0.606 0.094 

N35 602.667 29.670 3.669 0.704 17.807 12.152 0.885 0.130 0.573 0.107 

A56 773.250 42.906 4.212 0.388 17.955 12.273 0.920 0.053 0.633 0.059 

N56 728.000 38.184 4.101 0.527 17.761 10.241 0.932 0.039 0.622 0.075 

A70 908.750 88.729 4.695 0.421 35.914 18.098 0.957 0.041 0.689 0.056 

N70 784.500 79.903 4.386 0.497 26.525 23.235 0.939 0.054 0.658 0.065 
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Figure4.2a 
 
 

 
Figure 4.2b 
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Figure 4.2c 
 
 
 
Figure 0.2 a, b and c: Relative abundance of the most abundant phyla, classes and genera. 

 
 
 

 
Figure 0.3: Anosim plot, showing the dissimilarities in community composition between the two groups and within the age 
groups 
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Figure 0.4: Ordination plots for the Antibiotics and Non – antibiotics groups 
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Chapter Five 
  



 

128 
 

5.1 General discussion conclusion and recommendation. 

A review on the prevalence of bacterial infections of pigs with particular reference to 

Escherichia coli; a bacterium that is regularly isolated with multiple infections in pigs showed 

that bacteria that affect pigs are diverse and vast. Detection of virulence factors in piglets 

(Suckling) and weaners from several countries around the world were closely related (57.93% 

and 57.9%). However, in porkers the overall prevalence of E. coli virulence factor detection was 

36.45%. This shows that presence of E.coli virulence factors that may eventually result in 

disease is more prevalent in the young pigs, hence better control strategies should be targeted on 

piglets and weaners as low levels of pathogenic E.coli in the young pigs will translate to 

negligible presence of Pathogenic E.coli in the porkers which will ensure healthier, pathogen free 

pigs that will eventually get to the potential consumers. 

The total of 241 E. coli strains isolated in the growing pigs from both groups between days 0 and 

70 showed high presence of virulence genes: antibiotic group (24.8%) and non antibiotic group 

(43.5%). The study showed that usage/non usage of antibiotics in growing pigs does not prevent 

occurrence of disease causing virulence genes and other factors may be involved. 

Resistance to oxytetracycline was most common. Amoxicillin and trimethoprim resistance were 

also high on most of the sampled days. Eight multidrug resistant phenotypes were observed. 

Tetracycline resistance genes were observed in 63.9% of isolates. TetA and tetB was the most 

commonly observed. Oxytetracycline, Amoxicillin and Trimethoprim have the highest level of 

resistance. Tetracycline resistance genes in pigs can be found at any point during the growth 

period with or without antibiotic usage. 

Metagenomics analysis of fecal samples collected over the 70 days study period revealed 

differences between community composition and structure in the two groups irrespective of age. 

Pairwise comparisons at each growth stage between the antibiotics group and non-antibiotics 

were significant for days 0- 35 but not significant for days 56 and 70. Both groups were 

dominated by the phylum; Firmicutes (41.99% and 54.04%), Bacteriotedes (32.88% and 

26.75%) and Proteobacteria (14.13% and 9.94%) in the antibiotics and non-antibiotic groups 

respectively. The most abundant classes were Bacteroidia (32.9% and 26.6%), Clostridia (26.4% 

and 26.2%), Bacilli (11.2% and 18.8%), Gammaproteobacteria (11.6% and 8.1%) for the 

antibiotics and non-antibiotics groups respectively. The most abundant genera were Prevotella 

(21.3% and 12.7%), Lactobacillus (11.6% and 21.1%) and Bacteroides (9.1% and 5.8) in the 
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antibiotics and non antibiotics groups respectively and were enriched in the antibiotics treated 

bacterial community but not significant. This has shown that antibiotics usage increases gut 

bacterial population in growing pigs when used for a period of time and non treated pigs could 

acquire resistance strains as they age which could be due to environmental factors. 

In conclusion therefore, the study has shown that bacteria pathogens of pigs is more prevalent in 

young pigs in different parts of the world with South Africa inclusive, E.coli virulence genes are 

distributed through out the growing period and antibiotics resistance are present in pig that did 

not receive antibiotics, hence better control measures that will reduce use of antibiotics is 

required in the pig production industry. 

I recommend further studies to include several farms and in different regions of South Africa to 

determine the prevalence of antibiotic resistance in non treated pigs also more research is needed 

in the area of bacteria vaccines for pigs. 
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Appendix 1 
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Appendix 2 
  Average relative abundance and standard deviation for Phyllum, Class and genus levels 

S/No Phylum Group Avg sd Class Group Avg sd Genus Group Avg sd 

1 Firmicutes N 54.05 21.891 Bacteroidia A 32.88 22.332 Prevotella A 21.31 18.967 

2 Firmicutes A 42.00 18.518 Bacteroidia N 26.63 20.095 Lactobacillus N 21.12 21.863 

3 Bacteroidetes A 32.88 22.327 Clostridia A 26.38 12.099 Prevotella N 12.70 17.803 

4 Bacteroidetes N 26.75 19.969 Clostridia N 26.22 11.899 Lactobacillus A 11.62 14.197 

5 Proteobacteria A 16.13 20.399 Bacilli N 18.80 16.160 Bacteroides A 9.12 13.071 

6 Proteobacteria N 9.94 12.222 Gammaproteobacteria A 11.64 18.819 p-75-a5 N 6.51 14.424 

7 Spirochaetes A 3.75 8.358 Bacilli A 11.15 11.498 Bacteroides N 5.77 10.627 

8 Fusobacteria A 3.45 6.369 Erysipelotrichi N 9.03 13.413 Fusobacterium A 4.67 7.788 

9 Fusobacteria N 2.73 6.222 Gammaproteobacteria N 8.15 11.410 Campylobacter A 4.39 10.251 

10 Actinobacteria N 2.19 3.407 Erysipelotrichi A 4.47 3.588 Psychrobacter N 3.99 8.167 

11 Spirochaetes N 1.85 4.455 Epsilonproteobacteria A 3.96 9.165 Parabacteroides A 3.93 5.905 

12 Actinobacteria A 1.23 2.992 Spirochaetes A 3.74 8.362 Paludibacter N 3.91 12.830 

13 Chlamydiae N 0.83 2.885 Fusobacteriia A 3.45 6.369 Clostridium A 3.41 11.137 

14 Verrucomicrobia N 0.76 2.489 Fusobacteriia N 2.73 6.222 Fusobacterium N 3.37 7.166 

15 Planctomycetes N 0.59 1.714 Spirochaetes N 1.85 4.455 p-75-a5 A 3.03 4.184 

16 Verrucomicrobia A 0.21 0.617 Actinobacteria N 1.15 2.695 [Prevotella] A 2.75 4.259 

17 Lentisphaerae N 0.16 0.671 Coriobacteriia N 1.04 1.887 Treponema N 2.40 7.410 

18 Planctomycetes A 0.15 0.249 Epsilonproteobacteria N 1.03 2.555 Treponema A 2.33 6.176 

19 Chlamydiae A 0.14 0.307 Coriobacteriia A 0.91 2.947 Streptococcus A 2.22 7.173 

20 Synergistetes N 0.13 0.275 Chlamydiia N 0.83 2.885 Sphaerochaeta A 2.08 4.500 

21 Synergistetes A 0.02 0.036 Planctomycetia N 0.59 1.714 Parabacteroides N 1.99 2.740 

22 Fibrobacteres A 0.01 0.051 Betaproteobacteria A 0.46 0.985 [Prevotella] N 1.87 3.585 

23 Deferribacteres A 0.01 0.037 Opitutae N 0.45 2.340 [Eubacterium] N 1.76 3.177 

24 Lentisphaerae A 0.01 0.018 Betaproteobacteria N 0.44 1.248 Oscillospira N 1.75 2.771 

25 [Thermi] N 0.01 0.045 Actinobacteria A 0.32 0.715 Turicibacter A 1.69 8.584 
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26 Elusimicrobia N 0.01 0.029 Verrucomicrobiae N 0.27 0.988 Facklamia N 1.64 3.610 

27 Elusimicrobia A 0.01 0.014 Alphaproteobacteria N 0.27 1.207 [Ruminococcus] N 1.64 1.792 

28 Deferribacteres N 0.00 0.006 [Lentisphaeria] N 0.16 0.671 Sharpea N 1.56 4.577 

29 TM7 N 0.00 0.004 Planctomycetia A 0.15 0.249 Chlamydia N 1.52 5.975 

30 [Thermi] A 0.00 0.007 Opitutae A 0.14 0.592 [Eubacterium] A 1.50 2.403 

31 TM7 A 0.00 0.003 Chlamydiia A 0.14 0.307 Ruminococcus A 1.49 2.785 

32 Fibrobacteres N 0.00 0.002 Synergistia N 0.13 0.275 Oscillospira A 1.47 1.682 

33 Tenericutes A 0.00 0.002 Flavobacteriia N 0.08 0.295 Catenibacterium N 1.34 3.994 

34 Tenericutes N 0.00 0.000 Deltaproteobacteria A 0.07 0.085 [Ruminococcus] A 1.33 1.545 

35         Deltaproteobacteria N 0.06 0.116 SMB53 N 1.27 2.336 

36         Verrucomicrobiae A 0.05 0.204 Megasphaera A 1.27 2.471 

37         Verruco-5 N 0.04 0.156 Streptococcus N 1.12 1.414 

38         Sphingobacteriia N 0.03 0.080 Campylobacter N 1.11 2.871 

39         Synergistia A 0.02 0.036 Enterococcus N 1.03 3.917 

40         Fibrobacteria A 0.01 0.051 Aerococcus N 0.98 2.527 

41         Deferribacteres A 0.01 0.037 Blautia A 0.95 1.433 

42         [Lentisphaeria] A 0.01 0.018 Sphaerochaeta N 0.92 1.764 

43         Verruco-5 A 0.01 0.020 Succinivibrio A 0.88 3.331 

44         [Brachyspirae] A 0.01 0.055 Phascolarctobacterium N 0.88 1.193 

45         Cytophagia N 0.01 0.049 Enterococcus A 0.86 2.460 

46         Deinococci N 0.01 0.045 CF231 N 0.84 2.051 

47         Elusimicrobia N 0.01 0.029 Sutterella A 0.84 1.864 

48         Alphaproteobacteria A 0.01 0.037 Corynebacterium N 0.82 1.886 

49         [Saprospirae] N 0.01 0.029 RFN20 N 0.80 2.890 

50         Flavobacteriia A 0.01 0.021 Ruminococcus N 0.79 1.148 

51         Elusimicrobia A 0.01 0.014 Psychrobacter A 0.75 1.771 

52         Deferribacteres N 0.00 0.006 Paludibacter A 0.74 1.644 

53         TM7-3 N 0.00 0.004 SMB53 A 0.73 0.922 

54         Deinococci A 0.00 0.007 Turicibacter N 0.70 1.632 

55         TM7-3 A 0.00 0.003 Clostridium N 0.68 1.105 
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56         Thermoleophilia A 0.00 0.005 CF231 A 0.67 1.125 

57         Fibrobacteria N 0.00 0.002 Blautia N 0.65 0.913 

58         Mollicutes A 0.00 0.002 Dorea N 0.63 0.688 

59         [Spartobacteria] A 0.00 0.002 Rahnella N 0.62 3.173 

60         [Saprospirae] A 0.00 0.001 Bifidobacterium N 0.57 2.790 

61         Cytophagia A 0.00 0.001 Helicobacter A 0.51 1.517 

62         [Brachyspirae] N 0.00 0.000 Phascolarctobacterium A 0.50 0.506 

63         [Spartobacteria] N 0.00 0.000 Roseburia A 0.49 1.109 

64         Mollicutes N 0.00 0.000 Peptostreptococcus N 0.47 1.146 

65         Sphingobacteriia A 0.00 0.000 Pseudoramibacter_Eubacterium A 0.45 1.252 

66         Thermoleophilia N 0.00 0.000 Anaerococcus N 0.45 1.036 

67                 Sharpea A 0.41 1.078 

68                 Collinsella N 0.40 0.655 

69                 Dorea A 0.40 0.557 

70                 Actinobacillus A 0.40 0.605 

71                 Butyricimonas N 0.39 0.993 

72                 Akkermansia N 0.37 1.239 

73                 Flexispira A 0.37 1.079 

74                 Faecalibacterium A 0.37 0.583 

75                 Aerococcus A 0.37 1.338 

76                 Shuttleworthia N 0.36 1.790 

77                 Sarcina A 0.36 1.967 

78                 Corynebacterium A 0.35 0.795 

79                 Mogibacterium N 0.35 0.968 

80                 Faecalibacterium N 0.34 0.968 

81                 Porphyromonas N 0.34 0.858 

82                 Helcococcus N 0.34 0.932 

83                 Roseomonas N 0.33 1.791 

84                 Catenibacterium A 0.33 0.734 

85                 Megasphaera N 0.33 0.706 
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86                 Collinsella A 0.31 0.524 

87                 Coprococcus A 0.30 0.452 

88                 Epulopiscium A 0.30 1.225 

89                 Bulleidia A 0.29 0.531 

90                 Mitsuokella A 0.29 1.344 

91                 Facklamia A 0.28 0.670 

92                 Anaerobiospirillum A 0.27 1.431 

93                 Anaerococcus A 0.27 0.917 

94                 Bulleidia N 0.26 0.482 

95                 Anaerovibrio N 0.25 0.685 

96                 Pseudoramibacter_Eubacterium N 0.24 0.470 

97                 Jeotgalicoccus N 0.22 0.604 

98                 Chlamydia A 0.21 0.421 

99                 Achromobacter N 0.21 0.795 

100                 RFN20 A 0.20 0.345 

101                 Acidaminococcus A 0.20 0.665 

102                 Shuttleworthia A 0.19 0.441 

103                 Roseburia N 0.18 0.456 

104                 Coprococcus N 0.17 0.262 

105                 Helicobacter N 0.17 0.388 

106                 GW-34 N 0.17 0.440 

107                 Mitsuokella N 0.16 0.632 

108                 Victivallis N 0.16 0.817 

109                 Flexispira N 0.16 0.555 

110                 Pseudomonas N 0.15 0.505 

111                 Odoribacter A 0.15 0.532 

112                 Acinetobacter N 0.14 0.335 

113                 Butyricimonas A 0.14 0.318 

114                 Dialister A 0.14 0.316 

115                 Peptostreptococcus A 0.14 0.209 
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116                 Mogibacterium A 0.13 0.501 

117                 Actinomyces N 0.13 0.503 

118                 Acidaminococcus N 0.13 0.416 

119                 Erwinia N 0.12 0.656 

120                 Actinobacillus N 0.12 0.235 

121                 Peptococcus N 0.12 0.164 

122                 Peptoniphilus N 0.11 0.251 

123                 Veillonella N 0.11 0.216 

124                 Sutterella N 0.11 0.172 

125                 Proteiniclasticum N 0.10 0.304 

126                 Desulfovibrio A 0.10 0.121 

127                 Veillonella A 0.09 0.136 

128                 Desulfovibrio N 0.09 0.152 

129                 Weissella N 0.09 0.247 

130                 L7A_E11 N 0.09 0.185 

131                 Succinivibrio N 0.08 0.191 

132                 vadinCA02 N 0.08 0.186 

133                 Anaerovibrio A 0.08 0.123 

134                 Peptococcus A 0.07 0.105 

135                 Wautersiella N 0.07 0.195 

136                 Staphylococcus N 0.07 0.221 

137                 Burkholderia N 0.07 0.359 

138                 Bifidobacterium A 0.07 0.108 

139                 Akkermansia A 0.07 0.255 

140                 L7A_E11 A 0.06 0.086 

141                 Trichococcus N 0.06 0.147 

142                 Synergistes N 0.06 0.263 

143                 Actinomyces A 0.06 0.191 

144                 Peptoniphilus A 0.06 0.152 

145                 Jeotgalicoccus A 0.06 0.175 
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146                 Odoribacter N 0.05 0.141 

147                 Flavobacterium N 0.05 0.270 

148                 YRC22 N 0.05 0.104 

149                 Pasteurella A 0.05 0.134 

150                 Ochrobactrum N 0.05 0.250 

151                 Sphingobacterium N 0.05 0.130 

152                 Butyrivibrio A 0.04 0.098 

153                 ##### N 0.04 0.122 

154                 Delftia N 0.04 0.119 

155                 Asteroleplasma A 0.04 0.083 

156                 Parvimonas A 0.03 0.098 

157                 Pyramidobacter N 0.03 0.113 

158                 Butyrivibrio N 0.03 0.107 

159                 Parvimonas N 0.03 0.118 

160                 ph2 N 0.03 0.117 

161                 Weissella A 0.03 0.117 

162                 Anaerobiospirillum N 0.03 0.027 

163                 Finegoldia N 0.03 0.081 

164                 Yaniella N 0.03 0.129 

165                 Epulopiscium N 0.03 0.052 

166                 Succiniclasticum N 0.03 0.070 

167                 vadinCA02 A 0.03 0.052 

168                 Sarcina N 0.02 0.045 

169                 Dialister N 0.02 0.071 

170                 Pasteurella N 0.02 0.052 

171                 ##### A 0.02 0.071 

172                 Staphylococcus A 0.02 0.068 

173                 Propionibacterium N 0.02 0.094 

174                 Bilophila N 0.02 0.078 

175                 YRC22 A 0.02 0.036 
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176                 Moraxella N 0.02 0.043 

177                 Gallicola N 0.02 0.062 

178                 Pseudomonas A 0.02 0.069 

179                 Dehalobacterium N 0.02 0.039 

180                 Mucispirillum A 0.02 0.047 

181                 Rahnella A 0.02 0.036 

182                 Acinetobacter A 0.02 0.054 

183                 Fibrobacter A 0.02 0.058 

184                 Alkalibacterium N 0.02 0.057 

185                 Anoxybacillus N 0.02 0.069 

186                 Lachnospira A 0.02 0.045 

187                 Brevibacterium N 0.02 0.049 

188                 Propionibacterium A 0.02 0.072 

189                 Sporosarcina N 0.02 0.044 

190                 Finegoldia A 0.02 0.034 

191                 Trueperella A 0.01 0.042 

192                 Stenotrophomonas N 0.01 0.076 

193                 Bacillus N 0.01 0.047 

194                 rc4-4 A 0.01 0.039 

195                 Trichococcus A 0.01 0.051 

196                 Janthinobacterium N 0.01 0.073 

197                 Brevibacterium A 0.01 0.056 

198                 Anaerofustis N 0.01 0.034 

199                 Carnobacterium N 0.01 0.058 

200                 Porphyromonas A 0.01 0.039 

201                 Enterobacter N 0.01 0.047 

202                 Brachyspira A 0.01 0.064 

203                 02d06 N 0.01 0.053 

204                 GW-34 A 0.01 0.019 

205                 Succiniclasticum A 0.01 0.032 
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206                 Lachnobacterium A 0.01 0.028 

207                 Slackia N 0.01 0.024 

208                 Bacillus A 0.01 0.044 

209                 Deinococcus N 0.01 0.050 

210                 Helcococcus A 0.01 0.017 

211                 rc4-4 N 0.01 0.034 

212                 Erwinia A 0.01 0.035 

213                 Gallicola A 0.01 0.030 

214                 Asteroleplasma N 0.01 0.017 

215                 Trueperella N 0.01 0.020 

216                 Selenomonas A 0.01 0.040 

217                 Microbacterium N 0.01 0.031 

218                 Anaerostipes A 0.01 0.020 

219                 Pseudochrobactrum N 0.01 0.031 

220                 Dehalobacterium A 0.01 0.014 

221                 Lachnospira N 0.01 0.023 

222                 Sporosarcina A 0.01 0.035 

223                 Slackia A 0.01 0.018 

224                 Elusimicrobium N 0.01 0.032 

225                 Segetibacter N 0.01 0.039 

226                 Micrococcus N 0.01 0.026 

227                 Atopobium N 0.01 0.025 

228                 Enhydrobacter N 0.01 0.023 

229                 Brachybacterium A 0.01 0.024 

230                 Leuconostoc N 0.01 0.021 

231                 Aequorivita N 0.01 0.031 

232                 Moraxella A 0.01 0.019 

233                 Luteococcus N 0.01 0.029 

234                 Mobiluncus N 0.01 0.020 

235                 Alloiococcus N 0.01 0.023 
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236                 Butyricicoccus A 0.00 0.024 

237                 Natronobacillus N 0.00 0.026 

238                 Bilophila A 0.00 0.018 

239                 Atopobium A 0.00 0.024 

240                 Proteiniclasticum A 0.00 0.011 

241                 Oxalobacter N 0.00 0.012 

242                 WAL_1855D N 0.00 0.015 

243                 Mucispirillum N 0.00 0.010 

244                 Leucobacter N 0.00 0.013 

245                 Varibaculum A 0.00 0.016 

246                 Victivallis A 0.00 0.007 

247                 Arcobacter N 0.00 0.020 

248                 Agrobacterium A 0.00 0.018 

249                 Moryella N 0.00 0.019 

250                 Macrococcus N 0.00 0.019 

251                 Thermus N 0.00 0.017 

252                 Alkalibacterium A 0.00 0.016 

253                 Comamonas A 0.00 0.012 

254                 Vagococcus A 0.00 0.011 

255                 Shigella A 0.00 0.016 

256                 Ornithobacterium N 0.00 0.011 

257                 Klebsiella A 0.00 0.009 

258                 Brachybacterium N 0.00 0.010 

259                 Coprobacillus A 0.00 0.007 

260                 Yaniella A 0.00 0.011 

261                 Pediococcus N 0.00 0.012 

262                 Deinococcus A 0.00 0.011 

263                 Sphingobium A 0.00 0.014 

264                 Streptomyces A 0.00 0.008 

265                 Delftia A 0.00 0.012 
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266                 Lactococcus N 0.00 0.010 

267                 Rothia N 0.00 0.006 

268                 Kocuria N 0.00 0.010 

269                 Kocuria A 0.00 0.011 

270                 Desemzia N 0.00 0.007 

271                 Thermoactinomyces A 0.00 0.006 

272                 Erysipelothrix A 0.00 0.009 

273                 Aggregatibacter A 0.00 0.008 

274                 Geobacillus N 0.00 0.007 

275                 Vagococcus N 0.00 0.006 

276                 Agrococcus N 0.00 0.008 

277                 Synergistes A 0.00 0.004 

278                 Cohnella N 0.00 0.009 

279                 Elusimicrobium A 0.00 0.007 

280                 Achromobacter A 0.00 0.006 

281                 Shigella N 0.00 0.006 

282                 Anaerofustis A 0.00 0.005 

283                 Coprobacillus N 0.00 0.004 

284                 Agrobacterium N 0.00 0.004 

285                 Methylobacterium A 0.00 0.009 

286                 Stenotrophomonas A 0.00 0.006 

287                 Halomonas N 0.00 0.007 

288                 Arcanobacterium N 0.00 0.005 

289                 02d06 A 0.00 0.005 

290                 Ellin506 A 0.00 0.008 

291                 Wautersiella A 0.00 0.005 

292                 Burkholderia A 0.00 0.008 

293                 Streptomyces N 0.00 0.006 

294                 Williamsia A 0.00 0.007 

295                 Rothia A 0.00 0.003 
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296                 Saccharomonospora A 0.00 0.004 

297                 Flavobacterium A 0.00 0.003 

298                 Fibrobacter N 0.00 0.004 

299                 Enterobacter A 0.00 0.006 

300                 Anaerostipes N 0.00 0.005 

301                 Pyramidobacter A 0.00 0.003 

302                 Leucobacter A 0.00 0.004 

303                 Geobacillus A 0.00 0.005 

304                 Novosphingobium A 0.00 0.005 

305                 Tessaracoccus A 0.00 0.005 

306                 Arthrobacter N 0.00 0.004 

307                 Tissierella_Soehngenia A 0.00 0.004 

308                 Cloacibacterium A 0.00 0.005 

309                 Ignatzschineria N 0.00 0.003 

310                 Selenomonas N 0.00 0.003 

311                 Enhydrobacter A 0.00 0.003 

312                 Myroides A 0.00 0.004 

313                 Micrococcus A 0.00 0.003 

314                 Roseomonas A 0.00 0.003 

315                 Microbacterium A 0.00 0.003 

316                 Ochrobactrum A 0.00 0.003 

317                 Actinomycetospora A 0.00 0.004 

318                 Devosia A 0.00 0.004 

319                 Mycobacterium A 0.00 0.004 

320                 Buchnera N 0.00 0.004 

321                 Agromyces A 0.00 0.004 

322                 Ornithobacterium A 0.00 0.003 

323                 Janibacter N 0.00 0.004 

324                 Sinomonas N 0.00 0.004 

325                 ph2 A 0.00 0.002 
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326                 Guggenheimella A 0.00 0.004 

327                 Proteus A 0.00 0.003 

328                 Pseudoclavibacter N 0.00 0.003 

329                 Aggregatibacter N 0.00 0.002 

330                 Desemzia A 0.00 0.002 

331                 Klebsiella N 0.00 0.003 

332                 Cloacibacterium N 0.00 0.002 

333                 Butyricicoccus N 0.00 0.003 

334                 Lachnobacterium N 0.00 0.002 

335                 Sphingobium N 0.00 0.002 

336                 Natronobacillus A 0.00 0.003 

337                 Arcanobacterium A 0.00 0.002 

338                 Limnohabitans A 0.00 0.003 

339                 Mycoplasma A 0.00 0.002 

340                 Salmonella N 0.00 0.002 

341                 Curtobacterium A 0.00 0.003 

342                 Gemella A 0.00 0.002 

343                 Oligella A 0.00 0.002 

344                 Ruminobacter N 0.00 0.002 

345                 Kaistobacter A 0.00 0.002 

346                 WAL_1855D A 0.00 0.002 

347                 Saccharomonospora N 0.00 0.002 

348                 Rickettsiella N 0.00 0.002 

349                 Arthrobacter A 0.00 0.001 

350                 Gemella N 0.00 0.002 

351                 Propionimicrobium N 0.00 0.002 

352                 Prauseria A 0.00 0.002 

353                 Pediococcus A 0.00 0.002 

354                 Actinoplanes N 0.00 0.001 

355                 Geodermatophilus N 0.00 0.001 
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356                 Tessaracoccus N 0.00 0.001 

357                 Christensenella A 0.00 0.001 

358                 Candidatus Rhodoluna N 0.00 0.001 

359                 Skermanella N 0.00 0.001 

360                 Anoxybacillus A 0.00 0.001 

361                 Thermoactinomyces N 0.00 0.001 

362                 Christensenella N 0.00 0.001 

363                 Pseudochrobactrum A 0.00 0.001 

364                 Oxalobacter A 0.00 0.001 

365                 Salmonella A 0.00 0.001 

366                 Mobiluncus A 0.00 0.001 

367                 Sediminihabitans A 0.00 0.001 

368                 Devosia N 0.00 0.001 

369                 Rhizobium N 0.00 0.001 

370                 Xenophilus N 0.00 0.001 

371                 Aurantimonas N 0.00 0.001 

372                 A17 A 0.00 0.001 

373                 Pontibacter A 0.00 0.001 

374                 Leuconostoc A 0.00 0.001 

375                 Paracoccus A 0.00 0.001 

376                 Ruminobacter A 0.00 0.001 

377                 Morganella A 0.00 0.001 

378                 A17 N 0.00 0.000 

379                 Actinomycetospora N 0.00 0.000 

380                 Actinoplanes A 0.00 0.000 

381                 Aequorivita A 0.00 0.000 

382                 Agrococcus A 0.00 0.000 

383                 Agromyces N 0.00 0.000 

384                 Alloiococcus A 0.00 0.000 

385                 Arcobacter A 0.00 0.000 
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386                 Aurantimonas A 0.00 0.000 

387                 Brachyspira N 0.00 0.000 

388                 Buchnera A 0.00 0.000 

389                 Candidatus Rhodoluna A 0.00 0.000 

390                 Carnobacterium A 0.00 0.000 

391                 Cohnella A 0.00 0.000 

392                 Comamonas N 0.00 0.000 

393                 Curtobacterium N 0.00 0.000 

394                 Ellin506 N 0.00 0.000 

395                 Erysipelothrix N 0.00 0.000 

396                 Geodermatophilus A 0.00 0.000 

397                 Guggenheimella N 0.00 0.000 

398                 Halomonas A 0.00 0.000 

399                 Ignatzschineria A 0.00 0.000 

400                 Janibacter A 0.00 0.000 

401                 Janthinobacterium A 0.00 0.000 

402                 Kaistobacter N 0.00 0.000 

403                 Lactococcus A 0.00 0.000 

404                 Limnohabitans N 0.00 0.000 

405                 Luteococcus A 0.00 0.000 

406                 Macrococcus A 0.00 0.000 

407                 Methylobacterium N 0.00 0.000 

408                 Morganella N 0.00 0.000 

409                 Moryella A 0.00 0.000 

410                 Mycobacterium N 0.00 0.000 

411                 Mycoplasma N 0.00 0.000 

412                 Myroides N 0.00 0.000 

413                 Novosphingobium N 0.00 0.000 

414                 Oligella N 0.00 0.000 

415                 Paracoccus N 0.00 0.000 
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416                 Pontibacter N 0.00 0.000 

417                 Prauseria N 0.00 0.000 

418                 Propionimicrobium A 0.00 0.000 

419                 Proteus N 0.00 0.000 

420                 Pseudoclavibacter A 0.00 0.000 

421                 Rhizobium A 0.00 0.000 

422                 Rickettsiella A 0.00 0.000 

423                 Sediminihabitans N 0.00 0.000 

424                 Segetibacter A 0.00 0.000 

425                 Sinomonas A 0.00 0.000 

426                 Skermanella A 0.00 0.000 

427                 Sphingobacterium A 0.00 0.000 

428                 Thermus A 0.00 0.000 

429                 Tissierella_Soehngenia N 0.00 0.000 

430                 Varibaculum N 0.00 0.000 

431                 Williamsia N 0.00 0.000 

432                 Xenophilus A 0.00 0.000 

 

 


