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Abstract 
 

The interactions between host and gut microbiota are a rapidly developing field with a plethora of 

implications.  Recent developments in identification and quantification methods of gut microbes allow for a 

better understanding of said interactions.  For the local broiler production industry, studying the microbiome of 

the gastrointestinal tract (GIT) is imperative to ensure ease of transitioning into an antibiotic-free feeding 

practice.  Clostridium perfringens infections are a major burden for the global poultry industry and can lead to 

necrotic enteritis (NE).  The economic losses induced by NE in the South African broiler industry are estimated 

to be $68.81 million per annum.  In this trial, day-old Ross 308 broiler males were randomly placed in an 

environmentally controlled house and subjected to eight dietary treatments with 12 replicate pens each 

containing 23 birds.  The antibiotic growth promoter (AGP), zinc bacitracin (ZB), was used as the positive 

control, and three additional feed additives were used either alone or in combination.  The three feed additives 

are classified as a direct fed microbial (DFM), an essential oil mixture (EO), and finally a mixture of EOs and 

organic acids (OAs).  To induce C. perfringens infection, birds received a coccidial vaccine (Immunocox, Ceva) 

of 10x the prescribed dosage at 10 days of age and were orally inoculated with a broth of C. perfringens at 14 

days of age.  Both ileal and caecal digesta samples were collected at 21 and 35 days of age.  Bacterial 16S 

rRNA sequencing was performed on these samples using a customized chip containing 100 selected intestinal 

bacteria.  Age had the most significant effect on microbial abundance in both the ileum and the caeca.  The 

dominant bacterial phylum regardless of age was Firmicutes, followed by Bacteroidetes and Proteobacteria.  

The ileum samples showed that microbial diversity increased with age, whereas the caecal samples revealed 

a reduction in diversity in the older samples.  For the 35-day samples, the DFM and EO treatments increased 

ileal Lactobacillus and Lachnospiraceae respectively when compared to the negative control (no additives).  

Increased Lactobacillus and Lachnospiraceae are beneficial for broiler health and production.  No significant 

differences were observed between the positive control (AGP) and the other treatment groups except for the 

EO + AGP combination group.  Further research on the microbiome of the chicken’s intestinal tract is 

necessary. 
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Chapter 1 – Introduction and aim 

1.1 Introduction 
The global livestock sector is responsible for providing 1.3 billion people with an income and food for at 

least 800 million food-insecure people, not to mention the rest of the world that has food security (Herrero et 

al., 2013).  Although the livestock sector is clearly imperative for global food security, it has a few drawbacks.  

It is the main reason for the reduction in global biodiversity, it utilizes 33% of the total land surface of the world, 

almost 30% of humanity’s freshwater footprint relates to animal products and livestock is responsible for 8 – 

15 % of global greenhouse gas (GHG) emissions (Herrero et al., 2011; O’Mara, 2011; Broom et al., 2013; 

Gerbens-Leenes et al., 2013; Herrero et al., 2013; Hyland et al., 2016). 

It is expected that the world population will reach 9.1 billion people in 2050. This will require a significant 

increase of 70% of global food production, meaning an additional 200 million tons of meat (FAO, 2009).  

Herrero et al. (2013) reported the influence of biomass use, feed efficiencies, production and GHG emissions 

of global livestock,  based on data pertaining to 28 regions, eight livestock production systems, four animal 

species, and three livestock products and results indicated that the production of pork and poultry are the most 

efficient of the production systems evaluated.  In a study done by Peters et al. (2014), major livestock products 

in agricultural production systems were investigated in terms of feed conversion ratios (FCR).  The authors 

found the feed conversion ratios of the livestock products based on carcass weight to vary from 2.6 to 23.75.  

The lowest value is that of broiler meat and the highest value that of beef.  Feed conversion ratio is an 

expression of feed consumed per unit of weight gained (Hanset et al., 1987) and is a well-known indicator of 

animal/ feed efficiency.  With regards to land use, production of 1 kg of chicken, pork and beef required 8.1-

9.9 m2, 8.9-12.1 m2 and 27-49 m2 of land, respectively (De Vries & De Boer, 2010).  Meissner et al. (2014) 

stated that “The bulk of the increased global demand will have to come from intensive pig and poultry 

systems…”, thereby highlighting not only the value of broiler meat for future food security, but also the 

expectation of the responsibility carried by the broiler industry.   

Clostridium perfringens is a pathogenic bacteria and is one of the primary causes of necrotic enteritis 

(NE), a worldwide poultry disease (Caly et al., 2015).  The disease is responsible for major economic losses 

for the poultry industry.  The study performed by Skinner et al. (2010) estimated the cost of subclinical NE to 

amount to at least 7 US cents per broiler.  The latest broiler production statistics for South Africa show that 

983 million broilers were slaughtered during 2018 (SAPA, 2018).  This implies an estimated cost of $68.81 

million for the year due to the effects of NE in the South African broiler industry.  C. perfringens induced NE 

can lead to depressed water and feed intake, reduced growth and sudden death with mortality rates of up to 

50% (Cravens et al., 2013; Caly et al., 2015).  Although the intestinal tract of healthy chickens contain small 

numbers of C. perfringens, it is necessary that the bird be exposed to certain risk factors before NE becomes 

prevalent (Wu et al., 2014).  These risk factors need to allow an increase in the number of C. perfringens 

bacteria in order to cause NE (Antonissen et al., 2016).  C. perfringens and NE is thus a highly relevant topic 

of study in current poultry production and research. 

Antibiotics have commonly been used worldwide as a growth promoter as well as for treatment or 

prevention of C. perfringens induced NE (Caly et al., 2015).  However, the increasing consumer awareness of 
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antibiotics has led to the widespread concern about horizontal gene transfer of pathogenic microbiota that are 

resistant to antibiotics used in human medicine (Gaggia et al., 2010; Huyghebaert et al., 2011).  This resulted 

in the use of antibiotic growth promoters (AGPs) being banned by the European Commission (EC) on the 1st 

of January 2006 (EC Regulation No. 1831/20031).  AGPs are systematically being phased out of animal 

production systems due to this increased awareness of antibiotic resistance.  The mechanism of action of 

AGPs is to directly manipulate the microbial diversity of the gut by inhibiting bacterial growth (Gonzalez & 

Angeles, 2017).  Animal scientists and meat producers worldwide now face the challenge of finding or 

developing alternatives that are financially competitive with antibiotics as well as effective, sustainable and 

safe.  Several alternatives are being researched and applied quite effectively throughout the broiler industry.  

The use of probiotics, prebiotics, exogenous enzymes and vaccinations are some of the most well-known and 

proven alternatives for antibiotics (Huyghebaert et al., 2011; Caly et al., 2015).  If one intends to find viable 

alternatives to AGPs, especially for C. perfringens challenged broilers, a better understanding of how the 

microbiome of broilers are affected by various feed additives could be invaluable. 

Microbiota colonise the intestine of vertebrates in abundant and diverse numbers and influence the 

health and performance of these animals (Yin et al., 2010).  These microbial populations have certain functions 

in the chicken of which some are known and understood whilst others still require further studies.  Diversity 

and function of microbes are no new concept or idea to research, but their relevance and importance in birds 

remain mostly unknown (Bjerrum et al., 2006; Kohl, 2012).  Establishment of healthy gut microbiota is essential 

for proper immune and intestinal development (Brisbin et al., 2011; Rinttila & Apajalahti, 2013).  Probiotics can 

be used to ensure an effective establishment of the bacteria early on in the life of chicks and might eliminate 

the future use of antimicrobials (Cisek & Binek, 2014).  Microbiota are a current and relevant topic, not only in 

animal health but to a great degree in human health as well due to gut microbiota that play a role in immune 

homeostasis and regulation of predisposition to diseases (Cenit et al., 2014). 

Accurate and sufficient identification of microbes was a constraint when only culture-dependant methods 

were available but culture-independent methods radically changed this.  The use of molecular markers such 

as 16S rRNA allow for accurate identification of species and establishment of phylogenetic relationships 

(Janda & Abbott, 2007).  It is recommended, however, that culture-dependant methods still be integrated into 

conjunction with culture-independent methods when analysing microbial diversity. 
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1.2 Aim of study 
The aim of this study was to assess the ileal and caecal microbiome, using 16S rRNA sequencing 

methods, of C. perfringens challenged broilers that received different feed additives and an AGP, alone and in 

combination.  The objectives for this study were as follows: 

1. To assess the impact of three feed additives on ileal and caecal microbiota of C. perfringens 

challenged broilers and compare their effect with an AGP. 

2. To assess the impact of various combinations of feed additives and AGP on ileal and caecal 

microbiota of C. perfringens challenged broilers. 

3. To evaluate how the microbiota diversity changes from 21 days to 35 days of age in broilers. 

1.3 Hypotheses 
Null Hypothesis: The three feed additives will have no effect on the microbiota of the ileum and/ or 

caeca of broilers challenged with C. perfringens. 

Alternate Hypothesis: The three feed additives will have an effect on the microbiota of the ileum and/ 

or caeca of broilers challenged with C. perfringens. 

 

Null Hypothesis: The three feed additives’ effect on the microbiota from the ileum and/ or caeca of 

broilers challenged with C. perfringens will differ significantly from that of the AGP. 

Alternate Hypothesis: The three feed additives’ effect on the microbiota from the ileum and/ or caeca 

of broilers challenged with C. perfringens will not differ significantly from that of the AGP. 

 

Null Hypothesis: The microbiota diversity of the ileum and/ or caeca of broilers challenged with C. 

perfringens will differ between 21 days and 35 days of age. 

Alternate Hypothesis: The microbiota diversity of the ileum and/ or caeca of broilers challenged with 

C. perfringens will not differ between 21 days and 35 days of age. 
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Chapter 2 – Literature review 

2.1 Introduction 
Developments with regards to sequencing technology are quite recent and the interest in the interaction 

between host and gut microbes is profound.  The multitude of studies performed on the human gut microbiota 

dwarfs the amount of scientific papers on broiler gut microbiota.  In this literature review, several key topics 

are addressed in an attempt to highlight the relevance of this study and to develop a better understanding of 

the establishment and function of gut microbiota and its importance for animal production systems.  

Additionally, in order to stay relevant with the objective of this study, literature on C. perfringens, feed additives 

and microbial identification methods are also reviewed. 

2.2 Establishment of gut microbiome 
The gut microbiome is defined as the sum of the genomes of all microbiota present in the gastrointestinal 

tract (GIT) (Wang & Kasper, 2014).  The commensal microbiota is a diverse and dynamic system and has 

been referred to as a “super organism” (Aziz et al., 2013).  The microbiome has recently been receiving more 

attention as an important part of healthy gut functionality.  Gut development (Blake & Suchodolski, 2016), 

immune function (Kohl, 2012) and provision of dietary nutrients (Rinttila & Apajalahti, 2013) are some of the 

functions that underline the importance of the gut microbiota, and will be discussed later within this chapter.   

Several theories are involved in the early establishment of gut microbial populations.  From microbiome 

research done in humans, the idea of a sterile gut at moment of birth was only recently challenged.  Research 

now shows that the uterine environment in fact is not free of bacteria, hence colonisation might begin before 

birth (Greenhalgh et al., 2016)  Research indicate that the initial diversity is low and then gradually increases 

throughout the development of the infant (Clemente et al., 2012).  The GIT of the human infant is continually 

colonised after birth by a plethora of microorganism species after which the density, or microbial load of the 

GIT reaches a plateau at weaning (Benson et al., 2010).  The development of the gut microbiota population 

composition appears to be highly influenced by the environment to which the infant is exposed to.  This theory 

is supported by a study done by Yin et al. (2010) which states that human individuals do not share a common 

core microbiota.  However, research done by Benson et al. (2010) states that the “core measurable microbiota” 

behave as a “complex polygenic trait” (or quantitative trait).  This implies that the composition of the core 

measurable microbiota is partly under the control of the host’s genome, and is thus also heritable.  In the late 

1990’s, Agnes Wold, a professor of clinical bacteriology, proposed that a delay in the bacterial colonisation of 

infants in Sweden was the possible reason for lower immune tolerance (Willyard, 2011).  Since then several 

hypotheses have been developed and researched with regards to gut microbiota and their functions, not only 

in humans but in livestock as well. 

A number of scientific papers consider the alimentary tract of the chicken to be sterile at hatch and that 

microbial colonisation is also initiated at hatch (Chambers & Gong, 2011; Rinttila & Apajalahti, 2013; Cisek & 

Binek, 2014; Stanley et al., 2014a; O'Callaghan et al., 2016).  This theory seems reasonable since the chick 

is not exposed to any environmental microbes prenatally.  This theory was developed by studies using culture-

based methods.  New technology in culture-independent methods enabling the use of molecular markers have 

recently invalidated the idea of a germ-free chick at hatch (Deeming, 2005; Pedrosa, 2009).  Kizerwetter-Świda 
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& Binek (2008) initially found that microbial colonisation only started during hatch but, further reports indicated 

gram-positive cocci present in certain embryos during the final stages of incubation, and that Enterococcus 

spp. were most common.  The presence of gram-positive cocci found in egg albumen and yolk is also proof of 

the ability of certain microbes to penetrate the egg shell before hatch.  Deeming (2005) found microbiota to be 

present in the yolk sac of one-day-old chicks while Pedrosa (2009) made use of molecular and microscopic 

techniques to search for microorganisms in the intestine of an 18-day old chick embryo.  Results from Pedrosa 

(2009) revealed the presence of a diversified microbiome already present within the intestinal tract after the 

16th day of incubation and concluded that “the chick microbiota came first”.   

The development of the microbiome is the process by which the commensal gut microbial population 

grows, diversifies and stabilises and is referred to as “ecological succession”.  After hatching, the bacterial 

concentrations increase rapidly.  Studies reported bacterial densities in the proximal and distal intestine that 

reached 108 and 1010 cells per gram of digesta in only 1 day after hatching (Chambers & Gong, 2011; Rinttila 

& Apajalahti, 2013; Cisek & Binek, 2014).  In less than one week, microbiota levels can reach a maximum of 

109 cells per gram of ileal digesta and 1011 cells per gram of caecal digesta (Rinttila & Apajalahti, 2013).  

Initially, the gastrointestinal tract (GIT) of the day-old chick is colonised by facultative aerobes (microbes that 

ferment in the presence of oxygen) such as Enterobacteriaceae, Lactobacillus and Streptococcus that 

dominate the ileum (Rinttila & Apajalahti, 2013).  In the caeca, anaerobic (microbes that ferment in the absence 

of oxygen) gram-negative and gram-positive non-spore forming rods and cocci (including species of clostridia) 

have been identified (Torok et al., 2011).  These anaerobes and gram-positive cocci populations should 

increase during the lifetime of the broiler until it reaches a plateau at 28 days of age (Mountzouris et al., 2010).  

The concentrations of gut microbial populations will be maintained at constant levels due to unavailability of 

open attachment sites on the mucus layer and epithelial cells of the intestine as bacteria compete for sites of 

attachment and nutrients and cannot survive unless bound to a specific site (Cisek & Binek, 2014).  The initial 

colonisation of the gut with aerobes like Lactobacillus is due to the positive reduction potential of the intestinal 

environment at hatching, meaning it can oxidise aerobes.  This is soon altered to more reducing conditions as 

bacteria consume available oxygen.  In turn, this facilitates subsequent growth and colonisation of anaerobes 

(Rinttila & Apajalahti, 2013). 

The importance of the establishment of the gut microbiome in the chick’s gut is often overlooked.  In ovo 

administration of chemical compounds started back in the 1980’s when chicks were vaccinated in ovo for 

Marek’s disease (Sharma & Burmester, 1982).  In this study, they found that embryonically vaccinated chicks 

showed better resistance to disease challenge compared to chicks that were vaccinated post-hatch.  This 

discovery led to the furtherance of in ovo administration of biologics such as nutritious compounds and 

immunostimulants.  Although in ovo administration can help with the establishment and development of a 

healthy gut environment, a current area that needs to be exploited and optimised is the method of deliverance.  

This involves age, location of injection, volume and dose (Roto et al., 2016). 
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2.3 Functions and interactions of gut microbiota 
The microbiome (genes encoded by the microbiota) has several functions with regards to metabolism 

and immunity.  All these functions are related to gastrointestinal health and overall health of the animal.   

Commensal intestinal bacteria can be altered with the use of direct fed microbials (DFMs) in order to stimulate 

a more favourable microbiome.  Benefits associated with these microorganisms include assisting with 

digestion, synthesis of dietary compounds, gastrointestinal development (Chambers & Gong, 2011), 

processing of toxins (Kohl, 2012), inflammatory immune responses, host energy metabolism, synthesis of 

vitamins and competitive exclusion of pathogens (Rinttila & Apajalahti, 2013; Cisek & Binek, 2014). 

Cisek & Binek (2014) referred to the microbiome as “vital to many aspects of host physiology”.  

O'Callaghan et al. (2016) referred to the microbiome as “virtual endocrine organ” and stressed its importance 

in domestic and farm animal endocrinology.  The gut microbiome has a broad and not yet fully understood 

platform of action but mostly functions and interacts through two main components namely nutrition and 

immunity.  Current knowledge reveals that there is an ongoing interaction between the host and the commensal 

gut microbiota (Rinttila & Apajalahti, 2013).  Understanding and exploiting how the microbes interact with the 

host is imperative for improving broiler health and production. 

The gut microbes provide several nutritional benefits to the host.  Microbiota are known for their ability 

to assist with the digestion of dietary compounds that are indigestible by the host (Cisek & Binek, 2014).  

Microbes have the ability to ferment some of these non-digestible energy sources such as non-starch 

polysaccharides (NSPs) and produce short-chain fatty acids (SCFAs) (Rinttila & Apajalahti, 2013; Cisek & 

Binek, 2014; O'Callaghan et al., 2016).  The production of SCFAs are one of the main mechanisms through 

which microbes affect the host’s health and nutrition.  These end products from carbohydrate and protein 

fermentation provide the host with a source of energy and increase the efficiency of utilisation of dietary energy, 

therefore increasing nitrogen-corrected apparent metabolisable energy (AMEn) (Evans et al., 2013; Cisek & 

Binek, 2014).  The major SCFAs produced are butyrate, acetate and propionate (Kelly, 2010; Evans et al., 

2013; Pan & Yu, 2014) and their main site of synthesis and absorption is the proximal large intestine 

(O'Callaghan et al., 2016).  This provides the host with a source of energy that would otherwise have been 

lost.  Many animals are adapted to utilise this function to their maximum benefit.  Animals like ruminants have 

large fermentation chambers where microbes digest carbohydrates and produce SCFAs as an energy source 

to the host (Van Soest, 1994).  In ostriches, it has been found that up to 75% of their metabolisable energy 

(ME) requirement is supplied through microbial fermentation in the hindgut (Swart et al., 1993; Kohl, 2012).  

With regards to broilers specifically, good bird performance is associated with caecal bacterial communities 

that degrade cellulose and resistant starch (Stanley et al., 2014a). 

In addition to providing the host with energy, SCFAs also have an effect on the development and health 

of the GIT of poultry.  The major SCFAs produced from microbial fermentation is known as an energy source 

of the gut epithelial cells (colonocytes) and stimulates their growth and proliferation (Chambers & Gong, 2011; 

Rinttila & Apajalahti, 2013; Cisek & Binek, 2014; Pan & Yu, 2014; O'Callaghan et al., 2016).  In turn, this results 

in increased villi height and intestinal weight and therefore improved absorption.  Butyrate and other SCFAs 

are imperative for normal gut development and maintenance (Chambers & Gong, 2011).  In addition to the 

SCFAs produced by microbes mentioned earlier, microbiota also produce fatty acids like conjugated linoleic 
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acid (CLA), which seems to be associated with reduced fat in animals and has also been shown to have anti-

carcinogenic effects (Cisek & Binek, 2014).   

Gut microbes are able to ferment proteins, amino acids and other nitrogenous compounds like uric acid 

(Cisek & Binek, 2014).  Proteins that escape digestion in the small intestine are fermented once carbohydrate 

sources are depleted and also provide energy substrates to the host, although of a lesser energetic value 

(Rinttila & Apajalahti, 2013; Cisek & Binek, 2014).  The fermentation of proteins and amino acids result in the 

formation of potential toxins and carcinogens.  These compounds include phenols, indoles, ammonia and 

amines (Rinttila & Apajalahti, 2013; Qaisrani et al., 2015).  Uric acid formed through the mixture of urine and 

faeces at the cloaca (via retrograde peristalsis) might also be catabolised to ammonia that is absorbed (Kohl, 

2012; Pan & Yu, 2014).  These processes contribute to levels of circulating toxic compounds like ammonia.  

In addition to the toxic effect of these compounds, they also tend to increase the gut pH which promotes 

proliferation of pathogenic microorganisms (Rinttila & Apajalahti, 2013).  Some of the dietary nitrogen reaching 

the hindgut is incorporated into microbial protein and can be a source of amino acids for the host.  However, 

most of the microbes reside in the caeca that have no ability to digest and absorb protein and are thus excreted 

in the faeces.  Microbial protein can only be utilised where coprophagy is possible and microbial protein can 

be digested in the proximal gut (Pan & Yu, 2014). 

Vitamins are synthesised by gut microbiota and may serve as a vitamin source for the host (Rinttila & 

Apajalahti, 2013; Cisek & Binek, 2014; Pan & Yu, 2014; Cox, 2016; O'Callaghan et al., 2016).  Vitamin B 

seems to be the most prominently synthesised vitamin by bacteria (LeBlanc et al., 2013).  Germ-free animals 

have been observed to require higher dietary amounts of vitamin B and K than naturally raised animals (Hooper 

et al., 2002).  Although gut microbes have the ability to synthesise these vitamins, many of it is lost in the 

faeces since they cannot be absorbed in the caeca (Hooper et al., 2002).  Evidence for this is seen in a greater 

vitamin requirement in chickens housed in wire cages where coprophagy is prevented (Vispo & Karasov, 

1997). 

Microbes have the ability to assist with nutrient absorption (Rial, 1984; Kelly, 2010; Kohl, 2012).  It was 

found that gnotobiotic mice inoculated with one microbial species showed 2.6 times increased intestinal 

expression of the SGLT-1 protein than the germ-free animals (Hooper et al., 2001).  The SGLT-1 protein is a 

sodium-glucose transporter protein and is thus evidence that the gut microbiome can influence nutrient 

absorption. 

In contrast, the host-microbe interaction also means that the host provides some nutrients to the 

intestinal microbes.  It is important however to stress that the diet is the ultimate source of substrates for host 

and microbial metabolism (Hooper et al., 2002; Chambers & Gong, 2011).  The commensal microbiota in the 

lower intestine derive their main source of carbon and energy from diet-derived complex carbohydrates not 

degraded in the small intestine along with dietary protein and protein derived from pancreatic enzymes and 

gastrointestinal secretions.  In terms of function, the microbes degrade and process large quantities of 

substances derived from the host, for e.g. mucins and sloughed epithelial cells (Hooper et al., 2002; Rinttila & 

Apajalahti, 2013).  The goblet cells of the gut produce mucins which serve as a source of nitrogen and energy 

for certain commensal and pathogenic microorganisms (Pan & Yu, 2014).  Besides the general mutualistic 

symbiotic relationship, there seems to be some degree of competition for nutrients between the host and 

microbiome (Pan & Yu, 2014).  This is minimal in healthy birds where microbial nutrient utilisation is limited 
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due to the low pH and rapid passage rate of the small intestine and most digestible nutrients are absorbed by 

the host.  However, some circumstances might promote bacterial overgrowth and thus increase the degree of 

competition for nutrients between host and microbiome (Pan & Yu, 2014). 

Although colonisation of the gut increases the integrity of the epithelial wall, it may also inhibit nutrient 

absorption (Kohl, 2012).  Birds have decreased intestinal surface to accommodate for flight and thus rely more 

on paracellular absorption.  The colonisation of microbes inhibits the ability of the intestinal wall to absorb 

nutrients as efficiently as possible due to decreased surface area exposed for absorption.  Studies with germ-

free chickens have indicated that microbe colonisation decreases total absorption of glucose and vitamins 

(Kohl, 2012).  Despite the theoretical basis of this drawback, Wostmann et al. (1983) found that conventionally 

reared animals have a 30% lower energy intake requirement to maintain their body weight than their germ-

free counterparts. 

Bile salts are derived from cholesterol within the host.  One of its most important functions is its 

assistance with lipid absorption.  Bile salts, also referred to as bile acids, associate with fat molecules and form 

micelles which can then be absorbed by the host.  The surfactant nature of bile acids also gives them 

antimicrobial properties thus controlling the growth of bacteria within the small intestine (Evans et al., 2013).  

Certain microbiota residing in the hindgut produce specialised enzymes called Bile Salt Hydrolases (BSH) 

which deconjugate the bile acids that escape reabsorption in the terminal ileum.  Modification of the primary 

bile acids produce secondary bile acids which are partially reabsorbed and partially excreted (Evans et al., 

2013; Blake & Suchodolski, 2016).   

There is a clear interaction between the gut microbiome and the diet.  Dietary properties have a direct 

impact on the intestinal environment and hence its microbiome.  In humans, a study done by De Filippo et al. 

(2010) revealed that gut microbes adapt to their host’s diet and environment.  Choct et al. (1996) suggested 

that high levels of non-starch polysaccharides lead to increased digesta viscosity, increased mean retention 

time and a reduction in nutrient digestibility which favours the growth of anaerobic microbes such as the likes 

of C. perfringens.  In contrast, fibre fermentation in the GIT stimulates the growth of certain cellulolytic bacteria 

which produce SCFAs that lower intestinal pH and therefore promotes a healthy gut microbiome (Jha & 

Berrocoso, 2015).  This idea was first coined by Gibson & Roberfroid (1995) as the “prebiotic effect”.  Dietary 

protein source, especially animal protein, favours the growth of pathogens like Campylobacter spp. and C. 

perfringens. in the hindgut of the chicken (Pan & Yu, 2014; Qaisrani et al., 2015).  Figure 1 below illustrates 

the interaction between the gut microbiome, infection, intestinal defence and malnutrition. 

Figure 2.1 Interaction between nutrition, intestinal defence, infection and the microbiome (Kelly, 2010) 

Microbiome 

Malnutrition Intestinal defence  

Infection 
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The microbiome interacts closely with host immunity.  The gastro-intestinal tract’s mucosal surface is 

the largest bodily surface that has contact with the external environment (Rinttila & Apajalahti, 2013).  As 

mentioned earlier, the establishment and development of the gut microbiome is critical, especially for host 

immune development (Yin et al., 2010; El Aidy et al., 2015; Min & Rhee, 2015; Schokker et al., 2015).  The 

avian immune system consists of two functional components namely innate immunity and acquired immunity 

(Chambers & Gong, 2011; Korver, 2012).  Acquired immunity functions through a specific response and has 

“memory”.  This means that after its first exposure to a pathogenic species, the immune system will develop 

an appropriate response mechanism for that specific antigen and respond much more rapidly upon the next 

exposure (Korver, 2012).  Innate immunity is regarded as “the first line of defence” and is a non-specific 

response that try to prevent or remove any pathogenic organisms from interacting with the host (Korver, 2012).  

Mucosal immunity is based on innate immune function and its ability to differentiate between potential 

pathogens and harmless antigens (Grenham et al., 2011).   

The first line of defence in the gut consists of one layer of epithelial cells and specific protein molecules 

in between them (Fouhse et al., 2016).  This acts as a physical barrier against pathogenic entry (Min & Rhee, 

2015).  The epithelial cells can express pattern recognition receptors (PRR) and are responsible for the 

recognition of pathogenic invasion.  The recognition of potential pathogens activates the innate immune system 

and might result in inflammation and mobilisation of phagocytes that destroy pathogens (Korver, 2012).  This 

highlights the importance of the interaction between the commensal gut microbiota and intestinal development 

discussed earlier.  Acquired or “specific” immunity mentioned earlier consists of T-cells under the control of 

chemical and cytokine signals (Chambers & Gong, 2011).  It is believed that the gut microbiota have the ability 

to modulate host immune response by having an effect on the endocrine control over the differentiation of the 

T-cells (Clemente et al., 2012).  Brisbin et al. (2011) found that orally treating chicks with Lactobacillus 

acidophilus resulted in a modulated immune response.  Crhanova et al. (2011) exploited the effects that natural 

microbial colonisation and Salmonella enterica infection had on immune response.  Kohl (2012) stated that the 

colonisation and diversity of gut microbes have an effect on the development and function of the host’s T-cell 

receptor (TCR) repertoire.  Discoveries like these led to great interest in the role that the microbiome has on 

adaptive immunity, even in humans (Corthier & Doré, 2010; Clemente et al., 2012) 

Another important function in which microbiota play a role is the complex system known as the brain-

gut axis, with gut referring specifically to the microbiota.  This system generally includes the central nervous 

system (CNS), the neuro-endocrine and neuro-immune systems, the sympathetic and parasympathetic arms 

of the autonomic nervous system (ANS), the enteric nervous system (ENS) and the intestinal microbiota 

(Grenham et al., 2011).  This axis involves pathways of communication from brain to microbiome as well as 

from microbiota on CNS and is hence bi-directional (Wang & Kasper, 2014).  Mechanisms of action have been 

proposed to involve neural, hormonal and immunological routes that influence ENS and CNS signaling with 

direct and indirect modes of action (Grenham et al., 2011).  Evidence suggests that the vagus nerve is 

responsible for the communication observed between the bacteria and the brain (Bravo et al., 2012). 

One of the primary and most well-known immunological functions of the gut microbiota is competitive 

exclusion (Chambers & Gong, 2011; Lourenco et al., 2012).  This points to different interactions between the 

gut microbes.  The potential of a pathogen to successfully infect the host is greatly dependant on its ability to 
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attach and adhere to the intestinal mucus layer (Stanley et al., 2014a).  Competitive exclusion is the process 

through which microbes that were established first might prevent the further establishment of other microbial 

species (Chambers & Gong, 2011).  There are a few known main mechanisms of action of competitive 

exclusion.  One of the most significant mechanisms is competition for site of attachment on the mucosal surface 

of the gut wall.  The intestinal tract only has enough non-specific receptor sites for a certain number of microbes 

and thus creates competition between microbes for those sites of attachment and serves as a physical barrier 

to pathogens (Mead, 2000; Rinttila & Apajalahti, 2013).   

Another benefit induced by the SCFAs discussed earlier, is its inhibiting effect on the proliferation of 

pathogens.  This ability mainly functions through two mechanisms: lowering the pH of the intestinal contents 

and the existence of a certain antagonistic relationship between SCFAs and certain bacteria (Rial, 1984; Mead, 

2000; Rinttila & Apajalahti, 2013; Cisek & Binek, 2014; Pan & Yu, 2014). Thus, the production of SCFAs from 

microbial fermentation serves both a nutritional and immunological role. 

Pathogenic proliferation is also prevented by certain microbes through the synthesis of bacteriocins 

(Bravo et al., 2012; Cisek & Binek, 2014; Yirga, 2015).  Bacteriocins are small peptide molecules that can alter 

bacterial metabolism and might effectively reduce viable pathogens (Rinttila & Apajalahti, 2013; Yirga, 2015).  

Bacteriocins are also thought to be easily inactivated by endogenous endotoxins or proteolytic enzymes (Rial, 

1984).   

Microbes require fermentable substrates in order to be able to proliferate.  Therefore, microbial 

organisms are continually in competition with one another for substrates (Rial, 1984; Chambers & Gong, 2011; 

Cisek & Binek, 2014).  Limiting nutrients will inhibit pathogens when native microbes utilise those substrates 

as well (Mead, 2000).  Table 2.1 below provides a summative overview of the functions of the gut microbiome.  

Table 2.1 Summary of functions of the intestinal microbiome (Grenham et al., 2011) 

Protective functions Structural functions Metabolic functions 

Pathogen displacement Barrier fortification Control of epithelial cell differentiation and proliferation 

Nutrient competition 
Immune system 
development 

Metabolism of dietary carcinogens 

Receptor competition Intestinal development Synthesis of vitamins 

Production of anti-microbial 
factors 

 
Fermentation of non-digestible dietary residue and 
epithelial-derived mucus 

Production of SCFAs  Ion absorption 

  Salvage of energy 

  Production of SCFAs 
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2.4 Microbial population dynamics  
The gut microbiome is dynamic and the interaction between it and the host is bidirectional (Kelly, 2010; 

Kohl, 2012).  Several attempts have been made to identify what a “normal” chicken gut microbiome should 

look like.  The review performed by Shang et al. (2018) summarises the findings of numerous studies as to 

which microbes are typically present in the GIT of chickens regardless of age, diet and identification and 

quantification techniques used.  Only the findings of the ileal and caecal microbiota are summarised in table 

2.2 since this study only focused on the microbiota of these specific anatomical regions. 

Table 2.2 Most commonly abundant bacteria in the GIT of chickens regardless of age, diet and technique differences 

GIT region (abundance 
per g of content) 

Bacterial phyla Bacteria genera References 

Small intestine (mostly 
ileum; 10⁸-10⁹/ g) 

Firmicutes/ Low G+C, 
Gram positive bacteria 

Enterococcus, Clostridium, 
Lactobacillus, Candidatus 
Arthomitus, Weisella, 
Ruminococcus, Eubacterium, 
Bacillus, Staphylococcus, 
Streptococcus, Turicibacter, 
Methylobacterium 

Lu et al., 2003; Lumpkins et 
al., 2010; Xiao et al., 2016; 
Siegerstetter et al., 2017; 
Kumar et al., 2018 

 Cytophaga/ 
Flexibacter/ 
Bacteroides/ High 
G+C, Gram positive 
bacteria 

Bacteroidetes, Flavibacterium, 
Fusobacterium, Bifidobacterium 

 

 Proteobacteria Ochrobaterium, Alcaligenes, 
Escherichia, Campylobacter, 
Hafnia, Shigella 

 

 Actinobacteria/ 
Cyanobacteria 

Corynebacterium  

Caeca (10¹⁰-10¹¹/ g) Methanogenic Archaea 
(0.81%) 

Methanobrevibacter, 
Methanobacterium, 
Methanothermobacter, 
Methanosphaera, 
Methanopyrus, 
Methanothermus, 
Methanococcus 

Lu et al., 2003; 
Saengkerdsub et al., 2007; 
Qu et al., 2008; Sergeant et 
al., 2014; Xiao et al., 2016; 
Siegerstetter et al., 2017; 
Kumar et al., 2018 

 Firmicutes/ Low G+C, 
Gram positive bacteria 
(44-56%) 

Anaerotruncus, Ruminococcus, 
Faecalibacterium, 
Lachnospiraceae, Bacillus, 
Streptococcus, Clostridium, 
Megamonas, Lactobacillus, 
Enterococcus, Weisella, 
Eubacterium, Staphylococcus, 
Streptococcus 

 

 Bacteroides/ 
Cytophaga/ 
Flexibacter/ High G+C, 
Gram positive bacteria 
(23-46%) 

Bacteroidetes, Alistipes, 
Fusobacterium, 
Bifidobacterium, 
Flavibacterium, Odoribacter 

 

 Actinobacteria Corynebacterium  

 Proteobacteria (1-16%) Ochobacterium, Alcaligenes, 
Escherichia, Campylobacter 

 

 

There are several factors that influence the commensal gut microbiota population.  The recent literature 

review of Kers et al. (2018) summarised the main effects as chicken development (age), type and breed, sex, 

housing, biosecurity level, litter, feed access and climate and geographical region.  With regards to age, Lu et 
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al. (2003) found significant differences between the caecal populations of chickens at three different age 

intervals (first week of age, second to fourth week of age, and seventh week of age).  Similarly, they also found 

the ileum to have unique community structures at 3 and 49 days of age.  Lumpkins et al. (2010) claimed that 

the bacterial community of broilers changed with age regardless of their genetic lines.  Another study indicated 

that the ileal microbial community of broilers “matured” during days 15 to 22 after hatch and saw an increase 

in the relative abundance of Lactobacillus salivarius and clostridia, while observing a decrease of Lactobacillus 

reuteri (Ranjitkar et al., 2016). 

The disruption of the gut microbiota correlated with the onset of NE is well documented (Stanley et al., 

2012; Stanley et al., 2014b; Wu et al., 2014; Antonissen et al., 2015a; Kim et al., 2015).  The review performed 

by Antonissen et al. (2016) summarises the microbial shifts induced by the NE predisposing factors as shown 

in table 2.3 below. 

Table 2.3 Effects of necrotic enteritis factors on gut microbiota (Antonissen et al., 2016) 

Microbial shift Source 

Reduction of segmented filamentous bacteria (Stanley et al., 2014a; Kim et al., 2015) 

Alterations of lactic acid-producing bacteria (Stanley et al., 2012; Wu et al., 2014) 

Decrease of butyrate producers (Wu et al., 2014) 

 

This sort of change would typically result in a reduction of Candidatus, a segmented filamentous 

bacteria which is part of the Lachnospiraceae family and plays an important role in the modulation of the host’s 

immune system (Thompson et al., 2013; Antonissen et al., 2016).  The presence of the Lachnospiraceae family 

has also been shown to be correlated with improved FCR values (Stanley et al., 2016).  With regards to the 

lactic-acid producing bacteria, Stanley et al. (2012) reported that C. perfringens infection increased the 

abundance of Lactobacillus crispatus, Lactobacillus pontis, Lactobacillus ultunese, and Lactobacillus 

salivarius, all at the expense of Lactobacillus johnsonii and Lactobacillus fermentum.  The supplementation of 

Lactobacillus strains in broiler diets have been associated with increased body weight gain and better FCR 

values (Kalavathy et al., 2003).  As indicated in table 2.4, one of the predisposing factors for NE is feeding 

high protein diets which usually involves the addition of fishmeal, allowing for the proliferation of C. perfringens 

(Drew et al., 2004).  As shown by the study of Wu et al. (2014), high protein or fishmeal diets result in a 

decrease of butyrate producing bacteria such as those from the Ruminococcaceae and Lachnospiraceae 

families.   

2.5 Clostridium perfringens 
Songer (1996) referred to C. perfringens as possibly the “most widely occurring pathogenic bacterium” 

whilst also indicating that the bacteria is the primary cause of enteric diseases of clostridial nature in animals.  

C. perfringens is naturally present in the GIT of animals as part of the normal commensal gut microbiota and 

can also be found in the environment (Songer, 1996; Vierheilig et al., 2013).  C. perfringens spp. produce four 

major toxins (α, β, ε and ι) and is classified into five toxinotypes (A, B, C, D and E) (Petit et al., 1999).  Another 

important characteristic of C. perfringens is its inability to produce 13 essential amino acids, and is also one of 

the most rapidly growing bacterial pathogens (Shimizu et al., 2002).  The 13 lacking essential amino acids are 

obtained in vivo from the action of C. perfringens enterotoxin (CPE), which is the prominent reason for common 
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food poisoning in humans (Brynestad & Granum, 2002).  The metabolism of C. perfringens bacteria is related 

to its virulence through the VirR/VirS system that controls genes involved with virulence as well as genes 

involved with energy synthesis and nutrient acquisition.  These various genes allow C. perfringens to proliferate 

via degradation of host cells for nutrients, while producing toxins and causing typical “flesh-eating” symptoms 

of NE (Ohtani & Shimizu, 2015). 

In an attempt to develop a consistent method for inducing NE in poultry for future experimental purposes, 

Cooper & Songer (2010) found that inoculating birds with C. perfringens type A elicited typical NE symptoms 

in more than 75% of the challenged birds.  NE develops when certain predisposing factors allow for the 

proliferation of C. perfringens (Williams, 2005).  These predisposing factors are summarised in table 2.4 below 

as described in the review article by Antonissen et al. (2016).  A review performed by Moore (2016) highlights 

the main effects of NE on broiler chickens and summarises it as the collection of changes to the gut and 

immune system, disruption of microbiota and proliferation of pathogenic C. perfringens strains.   

Table 2.4 Summary of predisposing factors of necrotic enteritis that allow proliferation of C. perfringens (Antonissen et 
al., 2016) 

Predisposing factor Source 

High dietary indigestible, water-soluble NSPs (Kaldhusdal & Skjerve, 1996; Craven, 2000; Annett et al., 2002) 

High dietary protein content 
(Kaldhusdal & Skjerve, 1996; Shimizu et al., 2002; Drew et al., 

2004) 

Coccidial pathogens (Van Immerseel et al., 2004; Allaart et al., 2013) 

Feed contaminated with Fusarium mycotoxins (Antonissen et al., 2015a; Antonissen et al., 2015b) 

 

2.6 Antibiotic growth promoters and alternative feed additives 
Feed additives are additional ingredients to the macro raw materials of an animal’s diet.  They can assist 

by directly supplementing the essential nutrients that are lacking in the existing diet, or they increase feed 

utilisation of the other feed ingredients and therefore improve animal growth and performance (Wenk, 2000).  

Feed additives are often a subject of scrutiny among consumers of animal products, especially in developed 

countries.  A general lack of a public scientific understanding of animal nutrition and its vital role in world food 

supplies makes for a society that is susceptible to common misconceptions and misunderstandings. 

Feed additives can function on many different physiological and molecular ways.  One of the most 

relevant interactions is the effect of the feed additive on the host’s commensal intestinal microbiome (Wenk, 

2000).  Antibiotic Growth Promoters (AGPs) are included in animal diets at sub-therapeutic levels to improve 

growth and feed conversion efficiency via destroying or inhibiting bacterial growth (Huyghebaert et al., 2011; 

Pan & Yu, 2014; Cox, 2016; Gonzalez & Angeles, 2017).  Including AGPs in livestock diets have been part of 

animal nutrition practice for more than 60 years (Cox, 2016), and are now beginning to phase out due to 

widespread concern over build-up of antibiotic resistance (Kim et al., 2016).  Although the modes of action of 

AGPs are not entirely clear, some of its proposed mechanisms include: 1) Inhibition of pathogenic bacteria 

(Pan & Yu, 2014; Kim et al., 2016); 2) reducing microbial nutrient utilisation (Huyghebaert et al., 2011); and 3) 

reducing the intensity and frequency of subclinical infections (George et al., 1982).  It is important however to 

mention that Coates et al. (1963) found that growth was not affected when germ-free birds received antibiotic 
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supplement.  This provides compelling evidence for the principle that AGPs primarily function through the 

modification of the gut microbiome.   

Probiotics are live fed cultures of microorganisms that beneficially alter the host’s gut microbiome 

(Huyghebaert et al., 2011; Caly et al., 2015).  Probiotics, also referred to as direct-fed microbials (DFMs), have 

been shown to benefit the production of several livestock species with the most significant effects when they 

were administered to animals that experience stressful gut conditions such as weaning, lactation or rapid 

dietary changes (Chaucheyras-Durand & Durand, 2010).  Probiotics are used in ruminants as well as 

monogastric species and mostly function through improving intestinal development, morphology and 

metabolism as well as having some antimicrobial properties (Caly et al., 2015).  The antimicrobial properties 

of some probiotics make it a very attractive alternative to antibiotics, especially when considered to prevent 

bacterial diseases (Lutful Kabir, 2009).  There are also a large number of studies showing the potential of 

certain microbial strains with anti-C. perfringens activity (Caly et al., 2015).  Probiotics have become an 

increasingly popular public preference, especially compared to antibiotics.  This effect can be seen in figure 

2.2 below which indicates the interest in online search terms “Antibiotic” and “Probiotic” over time since 2004 

as provided by Google Trends.   

 

Figure 2.2 Online interest in search terms "Probiotic" and "Antibiotic" - Data source: Google Trends 
(https://www.google.com/trends) 

Essential oils are plant derived compounds.  They are secondary metabolites believed to be involved in 

a plant’s defense system and has antimicrobial properties (Diaz Carrasco et al., 2016).  Essential oils not only 

have antimicrobial activities but some are multifunctional and act as an antioxidant and/or endogenous enzyme 

stimulator.  Examples of plant extracted essential oils include lialol from coriander, carvacrol from oregano, 

cinnamaldehyde from cinnamon and thymol from thyme (Huyghebaert et al., 2011). 
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Organic acids are another feed additive shown to have beneficial effects on broiler performance.  They 

are abundant throughout nature and exist with a variety of physico-chemical properties.   Organic acids can 

be fed as individual acids or as a mixture of several acids to elicit antimicrobial activities in a similar fashion as 

that of AGPs (Van Immerseel et al., 2006; Khan & Iqbal, 2016).  One of the flagship characteristics of organic 

acids is their ability to change from undissociated to their dissociated form, allowing them to cross microbial 

cell membranes and (after dissociation) disrupt microbial metabolism (Adams & Hall, 1988; Van Immerseel et 

al., 2006).  Different organic acids of differing lengths and differing levels of saturation will dissociate at different 

pH levels, giving each organic acid a set target range of antibacterial activity (Huyghebaert et al., 2011).   

Another category of feed additives that can manipulate the intestinal microbiota populations is called 

prebiotics.  Prebiotics are defined as “non-digestible food ingredients that beneficially affect the host by 

selectively stimulating the growth and/or activity of one or a limited number of bacteria in the intestinal tract” 

(Gibson & Roberfroid, 1995; Huyghebaert et al., 2011).  Most promising prebiotics are nondigestible 

oligosaccharides which include, but is not limited to, fructooligosaccharides (FOS), galactooligosaccharides 

(GOS), transgalacto-oligosaccharides (TOS), and lactulose (Gaggia et al., 2010). 

2.7 Identification and quantification of gut microbiota 
To be able to study the role and function of gut microbiota, accurate identification of microbes is 

essential.  Since 1885, when Bacterium coli had first been described by Escherich (Sankar et al., 2015), 

culture-based techniques were used to investigate microbial species while they mainly focused on identifying 

pathogenic species.  Culture-based methods involve the controlled growth of a microorganism in 

predetermined culture media under controlled laboratory conditions.  A major breakthrough in the 1970s was 

when scientists started to apply anaerobic conditions to the culture of gut microorganisms, enabling the 

identification of more microbes (Sankar et al., 2015).  Culture-based methods are limited by their design.  

Previous culture-dependant studies revealed that a mere 10 to 60% of bacteria residing in the caeca grew in 

culture media (Zhu et al., 2002).  This could have resulted in underestimations of the microbial diversity in most 

of the previous culture-based studies done on the avian gut (Kohl, 2012).  A case study performed by Vaz-

Moreira et al. (2011) found that when compared with culture-independent methods, culture-based methods 

provide lower coverage of bacterial diversity in a freshwater sample.  Other limitations with using culture 

dependent methods also include time and money needed, lack of sensitivity, and the competitive ease of use 

and efficiency of culture independent methods (Sankar et al., 2015).   

Culture independent methods or more specifically, rapid nucleic acid sequencing, are one of the most 

revolutionising discoveries in the identification and quantification of microorganisms (Patwardhan et al., 2014; 

Sankar et al., 2015).  These methods rely on the use of molecular techniques such as using marker genes.  

Genetic markers include genes or DNA sequences that can be used to identify individuals or species, with 

several different genetic markers available (Patwardhan et al., 2014).  Patwardhan et al. (2014) described 

several candidate molecular markers which can be categorised into nuclear ribosomal genes, mitochondrial 

genes and chloroplast genes.  In the 1970’s Carl Woese and co-workers identified that 16S rRNA can be used 

as a phylogenetic marker (Namsolleck et al., 2004).  For studying phylogenetic relationships, ribosomal RNA 

is considered as the best target since it is universal and is composed of highly conserved as well as variable 

domains and is not easily affected by horizontal gene transfer (Janda & Abbott, 2007; Vetrovsky & Baldrian, 
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2013). The disadvantage of the 16S rRNA gene is that it is highly conserved, meaning it does not evolve at 

the same rate in all organisms (Janda & Abbott, 2007; Choi et al., 2015).  This will limit its ability to accurately 

distinguish closely related populations and may result in the underestimation of the diversity of the population 

(Namsolleck et al., 2004).  The 16S gene is also present in all bacteria, making it the ideal gene for bacterial 

taxonomy and identification of non-culturable bacteria (Patwardhan et al., 2014).  Figure 2.3 below illustrates 

a basic overview of the procedure when using 16S rRNA for identifying microbes. 

 

  

Figure 2.3 Flow chart depicting the steps involved in deciphering microbial communities based on 16S rRNA sequencing 
(Sankar et al., 2015) 

The development and use of culture-independent methods (16S rRNA sequencing) should not eliminate 

or replace culture-dependent methods, but should be used in conjunction with each other.  Culture-dependent 

methods should still be an integral part of diversity studies due to the information they provide on the properties 

and requirements of the isolated strains (Bjerrum et al., 2006).  The steps involved in 16S rRNA sequencing 

of microbes are described in figure 2.3. 

A study done at the Ohio State University on the microbiome of chickens and turkeys attempted at 

generating a phylogenetic diversity census of the microbiome of chickens and turkeys.  It made use of 3184 

different 16S rRNA gene sequences to identify 12 phyla of bacteria in the chicken.  This resulted in identifying 

Firmicutes as the most predominant phylum in the chicken gut (accounting for almost 70% of all the bacterial 

sequences of chicken origin).  The second and third most predominant phyla were identified as Bacteroidetes 

(12.3% of bacterial sequences) and Proteobacteria (9.3% of bacterial sequences).  Other phyla were present 

but were represented by a small number of OTU’s.  In total, 117 genera of bacteria were identified with most 

genera belonging to the phyla Firmicutes, Bacteroidetes and Proteobacteria (Wei et al., 2013).  Some studies 

have reported the presence of members of the domain Archaea in the chicken caecum (Kohl, 2012).  They 

are much less abundant with approximately 105-107 cells per gram of digesta in the caeca and their DNA only 

contribute more or less 1-2% of all the genetic information in the caeca (Cisek & Binek, 2014). 

   

Gut microflora DNA extraction 16S rRNA amplification 

High throughput sequencing 

Sequence grouping into Operational 

Taxonomic Units (OTU’s) 

Comparison to other databases 

Flora structure 

Sequence variation 
SNP detection 

Abundance of OTU’s Phylogenetic approach 
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2.8 Conclusion 
The gut microbiota of broilers have several functions pertaining to broiler health, growth and 

performance.  Better understanding the dynamics of the gut microbiota of broilers might not only lead to 

healthier and more efficient birds, but also increase the safety and sustainability of their production.  Evidence 

suggest that the establishment of gut microbiota occur before hatch and the colonisation of the gut will plateau 

as substrates and sites of attachment become less available.  The gut microbiota has protective, structural 

and metabolic functions.  C. perfringens is a naturally occurring gut microbe in animals that produce toxins and 

contribute to enteric diseases of clostridial nature.  An AGP is a feed additive that functions through altering 

the gut microbiome.  Other feed additives that could be alternatives to AGPs include DFMs, essential oils, 

organic acids and prebiotics.  Rapid nucleic acid sequencing methods such as 16S rRNA allow for the more 

complete identification and quantification of microorganisms. 
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Chapter 3 - Materials and Methods 

3.1 Introduction 
This study was carried out at the Hatfield experimental farm of the University of Pretoria, South Africa 

and consisted of two parts namely part one: growth trial and part two: sample collection for the current study.  

The trial was done in collaboration with a student performing the growth study and growth parameters were 

not reported here.  The trial and all the procedures involved were approved by the Animal Ethics Committee 

(AEC) of the University of Pretoria (EC008-16). 

3.2 Experimental design (part one and two) 
Prior to placing the day-old chicks, the broiler house was washed, disinfected, and pre-heated to the 

comfort zone of the chicks at 36ºC ambient temperature and at least 34ºC floor (litter) temperature.  Litter was 

spread on the floor of the pens to absorb moisture and to help with insulation from the concrete floor.  Day-old 

male Ross chicks were placed according to a completely randomised block design into 96 pens with 23 birds 

per pen. Therefore, there were 12 replications of the eight treatments.  Male birds were selected in order to 

eliminate growth and performance differences between male and female birds, which differ significantly 

(Howlider & Rose, 1992). 

Table 3.1 Pen and treatment (Trt) distribution within blocks 

Block 4 Block 5 Block 6 

Trt 6 
Pen37 

Trt 4 
Pen38 

Trt 5 
Pen39 

Trt 3 
Pen40 

Trt 4 
Pen41 

Trt 2 
Pen42 

Trt 3 
Pen43 

Trt 1 
Pen44 

Trt 2 
Pen45 

Trt 8 
Pen46 

Trt 1 
Pen47 

Trt 7 
Pen48 

Trt 2 
Pen25 

Trt 8 
Pen26 

Trt 1 
Pen27 

Trt 7 
Pen28 

Trt 8 
Pen29 

Trt 6 
Pen30 

Trt 7 
Pen31 

Trt 5 
Pen32 

Trt 6 
Pen33 

Trt 4 
Pen34 

Trt 5 
Pen35 

Trt 3 
Pen36 

 
Block 1 Block 2 Block 3 

Trt 7 
Pen13 

Trt 5 
Pen14 

Trt 6 
Pen15 

Trt 4 
Pen16 

Trt 5 
Pen17 

Trt 3 
Pen18 

Trt 4 
Pen19 

Trt 2 
Pen20 

Trt 3 
Pen21 

Trt 1 
Pen22 

Trt 2 
Pen23 

Trt 8 
Pen24 

Trt 3 
Pen1 

Trt 1 
Pen2 

Trt 2 
Pen3 

Trt 8 
Pen4 

Trt 1 
Pen5 

Trt 7 
Pen6 

Trt 8 
Pen7 

Trt 6 
Pen8 

Trt 7 
Pen9 

Trt 5 
Pen10 

Trt 6 
Pen11 

Trt 4 
Pen12 

 

A lighting programme consisting out of 23 hours of light and one hour of dark was provided to the chicks 

during the first week of life, to stimulate normal daily feed and water intake. Thereafter, the length of daylight 

was reduced to 16 hours of light according to the Ross’ Broiler Management Guide. 

At day nine, birds were given a coccidial vaccine (Immunocox, Ceva) at 10 times the normal dose rate 

to cause mucosal damage and make them more prone to C. perfringens infection (Cravens et al., 2013).  At 

day 14, each individual bird was orally inoculated with one mL of broth containing C. perfringens type A species 

at a concentration of 10 to the power of eight colony forming units (CFU)/mL (Knap et al., 2010).  The coccidial 

vaccine contains spores of Eimeria maxima which is shown to be an inducing factor of NE (Wu et al., 2010).  

The C. perfringens produces several toxins that damage the intestinal tract (Jiang et al., 2009). 
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3.3 Dietary treatments 
Birds were fed the same basal diet for pre-starter (0-7 days), starter (7-21), grower (21-28), finisher (28-

33) and post-finisher (33-35) with only the feed additive(s) differing between treatments. The pre-starter and 

starter were fed as crumbles, while the grower and finisher were fed as pellets.  The basal diet resembled a 

typical maize-soya based commercial feed used in South Africa, which adheres to Ross’ guidelines, and 

contained AxtraPhy as a phytase (table 3.3). No carbohydrase or coccidiostat was included.  The trial involved 

the use of four different feed additives including the AGP.  These are as follows: 

1. Zinc Bacitracin 15% m/m (ZB; an antibiotic growth promoter) (Ceva Animal Health, South Africa, 

Reg. No. G1070 (Act 36/1947)) 

2. Biacid Nucleus (an essential oil (EO) product) (Cargill, Minnesota, USA). Department of 

Agriculture, Forestry and Fisheries (DAFF) import permit (no 11/1/391) for trial purposes (date 

of permit: 08/02/2016) 

3. Biacid (an essential oil (EO) and organic acid blend) (Cargill, Minnesota, USA) 

4. Clostat Dry (a three strain Bacillus probiotic product) (Kemin, South Africa; Reg. no. V21583) 

 

The inclusion levels of the abovementioned feed additives for each of the eight treatments are indicated 

in table 3.2 below. 

Table 3.2 Inclusion levels of tested feed additives in all eight dietary treatments 

Treatment Inclusion level (g/ton) 

 Zinc bacitracin® Biacid Nucleus® Clostat® Biacid® 

Negative control 0 0 0 0 

Zinc bacitracin 333 0 0 0 

Biacid Nucleus 0 100 0 0 

Biacid 0 0 0 1000 

Clostat 0 0 500 0 

Biacid Nucleus + Clostat 0 100 500 0 

Biacid Nucleus + zinc 
bacitracin 

333 100 0 0 

Biacid + zinc bacitracin 333 0 0 1000 

 

The eight dietary treatments were therefore as follows: 

1. Negative control (no additives) 

2. Positive control (zinc bacitracin as an AGP)  

3. Biacid Nucleus (mixture of essential oils) 

4. Biacid (essential oils and organic acid blend) 

5. Clostat (DFM) 

6. Biacid Nucleus + Clostat 

7. Biacid Nucleus + AGP 

8. Biacid + AGP 

 

The basal diet’s ingredient inclusion levels are indicated in table 3.3 below. 
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Table 3.3 Ingredient inclusion levels (%) of the basal diet for each feeding phase 

Ingredient Phase 

 Pre-starter Starter Grower Finisher 

Maize (yellow) 58.50 64.00 69.63 73.73 

Soybean oilcake (46.5%) 33.63 28.50 20.27 16.70 

Sunflower oilcake (36%) 2.00 2.50 3.00 3.00 

Gluten 60 1.00 0.93 3.00 3.00 

Lysine (Sinth 78%) 0.28 0.28 0.33 0.36 

Methionine (DL 98%) 0.26 0.24 0.16 0.15 

Threonine (98%) 0.06 0.05 0.03 0.04 

Soybean oil 0.67 0.50 0.97 0.80 

Feed lime (fine) 1.74 1.55 1.42 1.28 

Mono-dicalcium phosphate (Ws>70%) 0.93 0.61 0.45 0.24 

Salt (fine) 0.25 0.25 0.16 0.16 

Sodium bicarbonate 0.36 0.28 0.33 0.33 

Phytase (Axtra Phy 1000 FTU’s) 0.01 0.01 0.01 0.01 

*Broiler starter premix (3kg/t) 0.30 0.30 0.00 0.00 

**Broiler grower premix (2.5kg/t) 0.00 0.00 0.25 0.00 

***Broiler finisher premix (2kg/t) 0.00 0.00 0.00 0.20 

*The broiler starter premix provided the following per kg of the diet: Vit A 12 000 IU, Vit D3 4000 IU, Vit E 60mg, Vit K3 
4mg, Vit B1 4mg, Vit B2 9mg, Vit B3 60mg, Vit B5 15mg, Vit B6 5mg, Vit B9 2mg, Vit B12 0.025mg, Biotin 0.2mg, Mn 
100mg, Fe 70mg, Zn 60mg, Cu 20mg, Co 0.5mg, Iodine 2mg, Se 0.3mg. 
**The broiler grower premix provided the following per kg of the diet: Vit A 11 000 IU, Vit D3 4000 IU, Vit E 60mg, Vit K3 
3mg, Vit B1 2mg, Vit B2 8mg, Vit B3 50mg, Vit B5 13mg, Vit B6 5mg, Vit B9 1.7mg, Vit B12 0.025mg, Biotin 0.13mg, Mn 
100mg, Fe 40mg, Zn 50mg, Cu 15mg, Co 0.4mg, Iodine 1mg, Se 0.3mg. 
**The broiler finisher premix provided the following per kg of the diet: Vit A 10 000 IU, Vit D3 3000 IU, Vit E 60mg, Vit K3 
3mg, Vit B1 2mg, Vit B2 7.5mg, Vit B3 50mg, Vit B5 13mg, Vit B6 5mg, Vit B9 1.5mg, Vit B12 0.025mg, Biotin 0.12mg, Mn 
100mg, Fe 40mg, Zn 50mg, Cu 15mg, Co 0.4mg, Iodine 1mg, Se 0.3mg. 
 

Values calculated according to the feed composition are shown in table 3.4 below.   

Table 3.4 Calculated nutrient composition (g/kg) of the basal diet for each feeding phase 

Calculated nutrient values Phase 

 Pre-starter Starter Grower Finisher 

Moisture 106.50 106.89 105.73 106.05 

Metabolisable energy, MJ/kg 11.50 11.75 12.30 12.50 

Crude protein 220.37 201.86 182.84 169.78 

Crude fat 35.74 35.29 40.71 39.93 

Crude fibre 34.43 35.36 35.44 35.36 

Ash 59.36 51.90 44.23 39.18 

Calcium 10.40 9.06 8.14 7.22 

Total phosphorous 5.93 5.15 4.58 4.04 

Total lysine 13.60 12.28 10.70 10.02 

 

Representative feed samples were taken from each of the basal feeds.  These four feed samples were 

analysed at Nutrilab (Department of Animal and Wildlife Science, University of Pretoria) according to the 

proximate analysis system for their nutritional content (table 3.5).  This analysis estimates seven fractions in 

the feed including dry matter, ash, crude protein, crude fibre, ether extract (lipid content), calcium and total 

phosphorus.  Dry matter and ash were analysed according to AOAC’s official method of analysis (AOAC, 
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2000g, Official method of analysis 942.05).  Moisture content was determined as per AOAC’s official method 

of analysis (AOAC, 2000d, Official method of analysis 943.01).  The Leco FP-428 (Leco Corporation, 3000 

Lakeview Avenue, St. Joseph, MI 49085-2396) was used to estimate the nitrogen content of the feed and the 

method used was according to the AOAC’s official method of analysis (AOAC, 2000f, Official method of 

analysis 988.05).  The crude fibre fraction was determined using the AOAC’s method of analysis (AOAC, 

2000e, Official method of analysis 962.09) as was crude fat (AOAC, 2000a, Official method of analysis 920.39).  

The AOAC’s official method of analysis was used to determine the feed content for calcium (AOAC, 2000b, 

Official method of analysis 935.13) and phosphorus (AOAC, 2000c, Official method of analysis 965.17). 

Table 3.5 Analysed nutrient values (g/kg) per "as fed" basis for each phase of the basal diet feed 

Nutrient Pre-starter Starter Grower Finisher 

Dry matter 891.0 893.0 886.0 898.0 

Crude protein 224.0 201.0 185.0 180.0 

Crude fat 36.0 32.7 35.0 30.0 

Crude fibre 37.2 38.0 43.2 42.2 

Ash 55.0 45.5 41.2 36.8 

Calcium 8.2 7.8 7.0 6.6 

Phosphorous 6.2 5.0 4.2 4.0 

 

3.4 Collection of digesta 
Birds were weighed on a weekly basis from placement until slaughter.  Birds were weighed per pen on 

all weighing days except for days 21 and 34 when all birds were weighed individually.  At day 21 and 35, two 

birds from each pen, closest to the pen’s average weight, were randomly selected for evisceration. 

In an enclosed area protected from direct sunlight and wind, table surfaces and all equipment were 

sterilised with 70% ethanol before, and in between, each sampling. The digesta samples were taken from the 

middle of the ileum as well as from the half of the caeca proximal to the ileo-caecal junction. The digesta of 

the two birds from the same pen was emptied into a single container for ileal digesta and a single container 

for caecal digesta.  Therefore, one pooled sample representing each anatomical region was collected for each 

pen on each sampling day, resulting in a total of 400 samples. 

Digesta of each anatomical part was mixed in a sterilised container to create a homogenous mixture of 

each pen and were split in two, placed into separate sterilised containers and immediately put in a freezer 

which would have inhibited any further microbial activity. These duplicates from each pen were then stored in 

a freezer at -40°C and -20°C, respectively. Replications were stored in different freezers in case samples were 

lost or damaged during storage or shipment.   
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3.5 DNA extraction 
Each pen's digesta sample, one from ileum and one from caeca, was used for DNA extraction in the 

Animal Genetics Laboratory at the Department of Animal and Wildlife Sciences at the University of Pretoria, 

using the protocol provided by Cargill (Cargill Inc. R&D Centre Europe, Vilvoorde, Belgium, 2017)  as included 

in appendix A.  Extracted DNA samples were selected at random to spot-check effectiveness of DNA extraction 

protocol via gel electrophoresis as shown by figure 3.1 below. 

 

Figure 3.1 Gel electrophoresis photo of DNA samples during spot-check procedure 

These DNA samples were shipped to Cargill in Vilvoorde, Belgium for the Polymerase Chain Reaction 

(PCR) and sequencing of the 16S rRNA.  Bacterial 16S DNA was enriched by PCR including a fluorescent 

labelled primer.  Each labelled DNA was hybridised on a customised microarray chip (Cargill Inc. R&D Centre, 

Vilvoorde, Belgium, 2017) containing probes for 100 intestinal bacteria previously selected as biomarkers for 

broiler growth and pathogen presence. The fluorescence of each probe was read by a special camera device 

and converted into an intensity value used to determine semi quantitatively the presence of each of those 

bacteria and compare samples according to experimental design. 
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3.6 Data analyses 
The raw intensity data for each probe on each microarray chip was compiled and submitted for data 

quality control and statistical analyses using JMP® Genomics 9.0 software (SAS Institute Inc., Cary, NC, USA, 

2015).  The selected data treatment to reduce chip-to-chip variation was to standardise it to a shifting point of 

1.0.  ANOVA was performed on the standardised data using a mixed model where all variables were classed.  

Feed additive and age and the interaction additive x age were used as fixed effects, chip and block were used 

as random effects.  Caeca and ileum samples were analysed separately.  The standardised mean differences 

were compared at a 5% false discovery rate, which resulted in a –log10 p-value cut-off of 3.832 for caeca and 

3.318 for ileum.  All pair wise comparisons were used to produce volcano plots.  Differences were also used 

for cluster and PCA analysis, as well as to create a heat map.  Parallel plots for the interactions between 

additives across different ages were also created for selected bacteria probes to facilitate pattern identification. 

As mentioned previously, a total of 400 samples were collected and stored for DNA extraction.  During 

the sequencing and/ or data analyses, 52 samples in total were excluded due to poor DNA quality.  For the 

ileum, 194 out of 200 samples were analysed and 155 out of 200 caeca samples were analysed.   
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Chapter 4 – Results 

4.1 Introduction 
In this chapter statistical results in the form of graphs and figures were presented.  Samples representing 

two sampling locations namely the ileum and the caeca were analysed for microbial diversity.  Results are 

presented first for ileal samples, followed by results for the caeca.  In table 4.1 a summary of the samples 

analysed are presented. 

Table 4.1 Number of samples statistically analysed per anatomical location for each sampling day 

Sampling location Samples from 21-day old chicks Samples from 35-day old chicks 

Ileum 94 100 

Caeca 69 84 

 
For the bacteria measured, table 4.2 below illustrates the composition of each anatomical location’s 

microbiota at phylum level for each sampling day.  Across all sample days for both locations, the most abundant 

phyla among those measured were Firmicutes. 

Table 4.2 Composition of bacterial phyla per sampling day and anatomical region in percentages 

Phyla 21-day Ileum 35-day Ileum 21-day Caeca 35-day Caeca 

Actinobacteria 5.51% 5.51% 5.59% 5.58% 

Bacteriodetes 9.19% 9.05% 10.53% 11.06% 

Firmicutes 73.14% 73.47% 71.14% 70.01% 

Fusobacteria 1.84% 1.83% 1.85% 1.86% 

Proteobacteria 9.40% 9.24% 9.88% 10.56% 

Unclassified 0.92% 0.90% 1.01% 0.93% 

 

4.2 Diversity of microbiota in the ileum 
Out of the total of 200 samples, 6 did not amplify and were excluded from the statistical analysis.  Due 

to between chip/ sample variability, data had to be standardised to allow for a better comparable distribution 

curve.  The standardisation process was effective in fitting the chip density to a normal curve and centre it on 

0 with a dispersion of 1.  Figure 4.1 below illustrates the chip density before standardisation and figure 4.2 

after standardisation. 
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Figure 4.1 Distribution curve of microbial density of all ileal samples before standardisation 

 

Figure 4.2 Distribution curve of microbial density of all ileal samples after standardisation 

The ileal results below start with a dendrogram showing the relative microbial abundance of the 

significant probes (from the customised chip) between the different groups of factors tested (age, treatment 

and age x treatment interaction).  Figure 4.3 is provided with a scale and clusters the most similar groups 

together, highlighting the effect of similar groups of factors on the microbial abundance of the relevant probe. 

Figure 4.3 is the dendrogram of the ileal relative microbial abundance of all significant bacterial probes 

for all treatments, age groups and interactions of treatment and age.  The clear effect of age on the 

establishment of gut microbiota in the ileum is visible.  The older birds had relatively less of all bacterial species 

from Bacillus pumilis to Holdemania, when compared to the younger 21-day old birds.   The one exception is 

the 21-day old group treated with the combination of Biacid Nucleus (BN) and zinc bacitracin (ZB) that was 

clustered together with the 35-day groups.   Species of note that were found within these that decreased from 

day 21 to day 35 are several Clostridium spp., Bifidobacterium and Salmonella.  From Enterococcus hirae to 

the bottom which are mostly Lactobacillis spp., the older 35-day old birds had relatively more in their ileum 

than the 21-day old birds.    
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Figure 4.3 Dendrogram displaying microbial diversity within the ileum for eight treatments at day 21 and 35 
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Figure 4.4 shows the composition of the ileal samples per age and treatment group at family level as 

relative abundance percentages.  For all the sample groups, the Lactobacillaceae family is most abundant, 

followed by Lachnospiraceae. 

Following figure 4.4 are all the Volcano plots indicating the differences in relative abundance for the 

specific microbes between all the categories from the dendrogram in figure 4.3.  The p-value cut-off (-log (10)p) 

for all differences was 3.27 and was indicated by the dotted red line.  Any observation above this line is 

regarded as statistically significant.  The x-axis is the difference in relative abundance for a specific microbial 

probe between the two groups as labelled just below the x-axis.  The y-axis is the significance of said 

difference.  Each dot therefore represents a specific microbial probe and derives its colour from the colour that 

the microbiota are grouped in on the dendrogram in figure 4.3.  Volcano plots are used for improved visual 

demonstration of differences between groups as shown on the dendrogram, and to indicate if these differences 

are significant.  Only the volcano plots that indicate significant differences are illustrated here and the complete 

set of these significant plots are included in appendix B. 
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Figure 4.4 Microbial composition at family level of ileal samples for age and treatment group as relative abundance percentages 
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Figure 4.5 reveals the degree to which the microbial populations differed between all 21-day and 35-

day samples.  The 35-day samples in general had significantly more (P ≤0.05) of several Lactobacillus spp. 

and more abundant E. hirae.  The 21-day samples however had more abundant (P ≤0.05) Streptococcus group 

1 & 2, Listeria, Lactobacillus crispatus 3 and E. coli although the E. coli abundance differed to lesser degree 

between the two age groups compared to the other microbial species previously mentioned. 

 

Figure 4.5 Volcano plot demonstrating significant differences in the ileal microbiome between 21-day old and 35-day old 
broilers regardless of treatment groups 

Figure 4.6a reveals how the 35-day old chicks treated with Biacid had more (P ≤0.05) Lactobacillus 

crispatus, E. hirae and Lactobacillus jenseni.  The 21-day samples had more (P ≤0.05) Streptococcus group 

2.  Figure 4.6b reveals more abundant (P ≤0.05) Lactobacillus spp. in the 35-day samples treated with Biacid 

and ZB where as in the 21-day samples Listeria and Streptococcus group 2 were more prevalent.  In figure 

4.6c it is clear that the samples treated with BN had more (P ≤0.05) Lactobacillus spp. in the older birds and 

more (P ≤0.05) Streptococcus and Listeria in the younger birds.  The only significant differences (P ≤0.05) 

between the two age groups treated with BN_Clostat as shown in figure 4.6d, are the more abundant 

Lactobacillus spp. in the 35-day samples. 
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a: Significant difference in abundance for L. crispatus, E. 

hirae, L. jenseni, C. disporicum and Streptococcus 

 
b: Significant difference in abundance for L. crispatus, L. 

panis, Lactobacillus, Listeria and Streptococcus 

  
c: Significant difference in abundance for L. crispatus, L. 

jenseni, Lachnospiraceae incertae, Listeria and 
Streptococcus 

  
d: Significant difference in abundance for L. crispatus and 

L. panis 

 

Figure 4.6 Volcano plots for differences in the ileal microbiome between 21-day old and 35-day old broilers for the 
Biacid, Biacid_zinc bacitracin (ZB), Biacid Nucleus (BN) and Biacid Nucleus (BN)_Clostat treatment groups 

Figure 4.7a shows more abundant (P ≤0.05) Lactobacillus spp. in the 35-day samples of the groups 

treated with the BN_ZB combination.  The volcano chart in figure 4.7b reveals how the 35-day samples treated 

with Clostat had significantly more (P ≤0.05) of 3 Lactobacillus spp. and less of Streptococcus group 2, Listeria 

and Lactobacillus reuteri than the 21-day samples.  Figure 4.7c shows that the control group had more 

abundant (P ≤0.05) Streptococcus group 2 and Listeria in the 21-day samples, 35-day samples had 

significantly more abundant Lactobacillus spp.  For the positive control group treated with ZB in figure 4.7d, 

the volcano chart reveals that Lactobacillus crispatus and Lactobacillus panis were more abundant (P ≤0.05) 

in the 35-day samples compared to the 21-day samples that had significantly more Streptococcus group 2 and 

Listeria. 
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a: Significant difference in abundance for L. crispatus and 

L. jenseni 

  
b: Significant difference in abundance for L. crispatus, L. 

panis, Lactobacillus, L. reuteri, Listeria and Streptococcus 

  
c: Significant difference in abundance for L. crispatus, L. 

panis, L. jenseni, Listeria and Streptococcus 

  
d: Significant difference in abundance for L. crispatus, L. 

panis, Listeria and Streptococcus 
 

Figure 4.7 Volcano plots for differences in the ileal microbiome between 21-day old and 35-day old broilers for the Biacid 
Nucleus (BN)_zinc bacitracin (ZB), Clostat, Control and zinc bacitracin (ZB) treatment groups 

 

The volcano plots below reflect the differences in microbial populations between all the 21-day sample 

treatment groups.  For most of these comparisons between all the treatment groups of the 21-day samples, 

no significant differences (P ≤0.05) in microbial abundance for any of the tested chips were found.  Only two 

charts show significant differences.  Figure 4.8a shows the differences in microbial abundance between the 

21-day samples treated with BN_ZB and Biacid respectively.  The group treated with BN_ZB in figure 4.8a had 

significantly more (P ≤0.05) E. hirae and the group treated with Biacid had relatively more abundant Clostridium 

disporicum, Bifidobacterium and Brenneria.  The other one is figure 4.8b, where the 21-day samples treated 

respectively with BN_ZB and ZB are compared.  This volcano plot shows that the BN_ZB treated group had 

significantly more (P ≤0.05) E. hirae. 

 

L. crispatus L. jenseni 

L. crispatus 

L. panis 
Lactobacillus 

L. reuteri 

Listeria 

Streptococcus 

L. crispatus 

L. panis 
L. jenseni Listeria 

Streptococcus L. crispatus 

L. panis Listeria 

Streptococcus 



32 

 

  
a: Significant difference in abundance for C. disporicum, 

Brenneria, Bifidobacterium and E. hirae 

  
b: Significant difference in abundance for E. hirae 

 

Figure 4.8 Volcano plots for differences in the ileal microbiome between Biacid Nucleus (BN)_zinc bacitracin (ZB) and 
Biacid as well as between Biacid Nucleus (BN)_zinc bacitracin (ZB) and zinc bacitracin (ZB) for 21-day old old broilers 

  

Similar to the 21-day sample group, most of the differences observed between the treatments in the 35-

day samples were not statistically significant (P ≤0.05).  There were however three comparisons that showed 

a significant difference.  Figure 4.9a shows that the 35-day group treated with Clostat had more (P ≤0.05) 

Lactobacillus than the 35-day group treated with Biacid.  Secondly, figure 4.9b reveals how the 35-day sample 

group treated with BN had relatively more abundant (P ≤0.05) Lachnospiraceae incertae sedis than the 35-

day control group.  Lastly, figure 4.9c below indicates that the 35-day sample group treated with Clostat had 

significantly more (P ≤0.05) Lactobacillus present in their ileum than the 35-day control group.  The treatment 

groups as a whole regardless of age group showed no significant differences (P ≤0.05) between any of the 

treatment groups for microbial abundance within the ileum. 
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a: Significant difference in abundance for 
Lactobacillus 

b: Significant difference in abundance for 
Lachnospiraceae incertae sedis 

  
c: Significant difference in abundance for Lactobacillus 

 

Figure 4.9 Volcano plots for differences in the ileal microbiome between Biacid and Clostat, Biacid Nucleus (BN) 
and control and between Clostat and control for 35-day old old broilers 
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4.3 Diversity of microbiota in the caeca 
The caecal samples had a greater degree of sample loss with 45 excluded samples and therefore 

only had 155 available for statistical analysis (table 4.1).  During the data quality control, between chip/ 

sample variability had to be accounted for by standardising the data set.  The standardisation process 

resulted in a more comparable distribution curve, although one outlier was present (see figure 4.11 

below).  The outlier was removed and, as displayed in the figure 4.12 below, ensured for a distribution 

curve that was better comparable across all samples. 

 

Figure 4.10 Distribution curve of microbial density of all caecal samples before standardisation 

 

 

Figure 4.11 Distribution curve of microbial density of all caecal samples after standardisation 
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Figure 4.12 Distribution curve of microbial density of all caecal samples after standardisation and after removal 
of outliers 

 

The dendrogram in figure 4.13 below, indicates that all additive x age interaction groups are 

grouped together by age.  It seems that all the microbes from Lactobacillus gasseri 2 at the top to 

Holdemania reduced in relative abundance from day 21 to day 35 samples taken from the caeca.  The 

microbes at the bottom including E. coli, Rikenellaceae alistepes 2 and Bacteroides dorei increased in 

relative abundance in the 35-day samples from the caeca. 

Figure 4.14 below the dendrogram shows the microbial composition of the 21-day and 35-day 

caecal samples per treatment group on a family level.  The Lachnospiraceae and Lactobacillaceae 

families were the most abundant among the families that were sequenced for.   
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Figure 4.13 Dendrogram displaying microbial diversity within the caeca for eight treatments at day 21 and 35 
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Figure 4.14 Microbial composition at family level of caecal samples for age and treatment group as relative abundance percentages 
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Figure 4.15 is a volcano plot showing the difference in relative abundance for microbes between 

all 21-day and 35-day samples from the caeca.  The 21-day samples had significantly more (P ≤0.05) 

Bacteroidales, Ruminococcaceae, Rikenellaceae alistipes 1, Lachnospiraceae, Lactobacillus spp., 

Citrobacter, Bifidobacterium gallinarum and Holdemania.  In contrast, the 35-day samples had 

significantly more abundant (P ≤0.05) Rikenellaceae alistipes 2, E. coli 2, Bacteroides dorei and E. coli 

1.   

 

Figure 4.15 Volcano plot demonstrating significant differences in the caecal microbiome between 21-day old and 
35-day old broilers regardless of treatment groups 

Figure 4.16a shows that the 35-day samples treated with Biacid had significantly more (P ≤0.05) 

Rikenellaceae alistipes 2 and Bacteroides dorei than the 21-day group.  Figure 4.16b reveals how the 

21-day Biacid_ZB group had significantly more (P ≤0.05) abundant Bacteroidales and Bifidobacterium 

gallinarum.  The 35-day Biacid_ZB group had more (P ≤0.05) Rikenellaceae alistipes 2.  Figure 4.16c 

indicates that the 21-day group treated with BN had significantly more (P ≤0.05) Bacteroidales and 

Ruminococcaceae.  The same treatment’s 35-day group had more (P ≤0.05) Rikenellaceae alistipes 2.  

In figure 4.16d it is visible that the 21-day group treated with BN_Clostat had more abundant (P ≤0.05) 

Lachnospiraceae and the same treatment’s 35-day group had significantly more (P ≤0.05) 

Rikenellaceae alistipes 2.   
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a: Significant difference in abundance for 
Rikenellaceae allistipes and Bacteroides dorei 

b: Significant difference in abundance for 
Rikenellaceae allistipes, Bifidobacterium gallinarum 

and Bacteroidales 

c: Significant difference in abundance for 
Rikenellaceae allistipes, Ruminococcaceae and 

Bacteroidales 

d: Significant difference in abundance for 
Rikenellaceae allistipes and Lachnospiraceae 

 

Figure 4.16 Volcano plots for differences in the caecal microbiome between 21-day old and 35-day old broilers 
for the Biacid, Biacid_zinc bacitracin (ZB), Biacid Nucleus (BN) and Biacid Nucleus (BN)_Clostat treatment 
groups 

Figure 4.17a shows how the 21-day group treated with BN_ZB had more abundant (P ≤0.05) 

Bacteroidales and the 35-day group had more Rikenellaceae alistipes 2 and E.coli.  In figure 4.17b, the 

Rikenellaceae alistipes 2 probe was more abundant in the 35-day group treated with Clostat.  For the 

control group, as shown in figure 4.17c, there were significant differences (P ≤0.05) in relative 

abundance for two of the microbial probes.  The 21-day group had more Holdemania whereas the 35-

day group had more abundant Rikenellaceae alistipes 2.  In figure 4.17d significantly more (P ≤0.05) 

Lachnospiraceae in the 21-day group and more abundant Rikenellaceae alistipes 2 in the 35-day 

samples were observed. 
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a: Significant difference in abundance for 
Rikenellaceae allistipes, E. coli and Bacteroidales 

a: Significant difference in abundance for 
Rikenellaceae allistipes 

c: Significant difference in abundance for 
Rikenellaceae allistipes and Holdemania 

d: Significant difference in abundance for 
Rikenellaceae allistipes and Lachnospiraceae 

 

Figure 4.17 Volcano plots for differences in the caecal microbiome between 21-day old and 35-day old broilers 
for the Biacid Nucleus (BN)_zinc bacitracin (ZB), Clostat, Control and zinc bacitracin (ZB) treatment groups 

No significant differences (P ≤0.05) were observed for relative abundance of the probes tested 

between any of the treatment groups for 21-day samples from the caeca.  From the differences in 

relative abundance of microbial probes between all the treatment groups of the 35-day samples, all but 

one showed no significant differences (P ≤0.05).  The only one to reveal a significant difference was 

the group treated with Biacid that had more (P ≤0.05) Bacteroides dorei than the group treated with 

Biacid_ZB and is shown in figure 4.18.  For the comparison between all treatment groups from the 

caecal samples regardless of age, no significant differences (P ≤0.05) were observed for any of the 

microbial probes. 
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Figure 4.18 Volcano plot for differences in the caecal microbiome between the Biacid and Biacid_zinc bacitracin 
(ZB) treatments of 35-day old broilers 

Bacteroides dorei 
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Chapter 5 – Discussion 

5.1 Introduction 
The microbiome is a complex system interacting with host infection, intestinal defense and nutrition.  

The recent development of 16S rRNA sequencing resulted in a vast increase of possibilities for microbiome 

studies.  However, the field of rapid nucleic acid sequencing technology is still new and the amount of data 

available on broiler specific studies is limited, even more so for broilers challenged with C. perfringens (Feng 

et al., 2010).  Microbiome studies using next generation sequencing allow for more accurate analysis of 

communities of microbiota, enabling scientists to better understand the role and interaction of certain 

microbiota with other variables and improve animal production efficiency and sustainability.  The  literature 

reviewed in this study highlighted the interaction of age, environment and diet with the gut microbiome and 

that the gut microbiomes composition and function is imperative for broiler health and production (Stanley et 

al., 2014a; Choi et al., 2015).  C. perfringens is a naturally occuring pathogen that causes enteric diseases in 

livestock worldwide, often leading to severe production losses and economic drawbacks, especially in poultry 

(Van Immerseel et al., 2004). 

The use of AGPs have decreased globally as widespread concern of antibiotic resistance grew to a 

point where world governments have banned its use.  AGPs are used to improve broiler health and production 

and are shown to function via directly manipulating the commensal gut microbiota.  Alternative feed additives 

include DFMs, essential oils, organic acids and prebiotics of which all function through an interaction with the 

gut microbiome (Huyghebaert et al., 2011).  Knowing how the feed additives tested in this study (as possible 

AGP alternatives) impact the gut microbiota of broilers inoculated with C. perfringens, will provide the industry 

with scientific evidence with regards to AGP-free feeding practices.  From the results obtained, the discussion 

will address these elements as appropriately as possible. 

5.2 Microbial diversity of the ileum and caeca 
Among the samples for both locations and both age groups, the Firmicutes phylum accounted for more 

than 70% of the bacteria sequenced followed by Bacteroidetes and Proteobacteria of which each represent 

almost 10%.  These results coincide with the reviews done by Oakley et al. (2014) and Shang et al. (2018) 

who reported on literature identifying Firmicutes as the dominant phylum in the chicken’s GIT.  The Firmicutes 

phylum harbours most of the butyrate producing bacteria (Louis & Flint, 2009; Vital et al., 2014).  Butyrate is a 

SCFA that improves the host’s nutritional status and gut development (Chambers & Gong, 2011) whilst also 

exhibiting inhibitory effects against pathogens such as Salmonella and C. perfringens (Van Immerseel et al., 

2005; Timbermont et al., 2010).   

Studies done on humans indicate that the ratio between Firmicutes and Bacteroidetes is correlated with 

weight, where the Firmicutes/Bacteroidetes ratio is shown to be significantly higher in obese individuals and 

significantly lower during weight loss (Ley et al., 2006).  Bacteroidetes is a major member of animal gut 

microbiota and is shown to have a mutualistic symbiotic relationship with its animal host since both parties 

benefit from the interaction (Bäckhed et al., 2005; Thomas et al., 2011).  Similar to Firmicutes, the 

Bacteroidetes phylum also contributes toward metabolic pathways within the gut.  The study done by Polansky 
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et al. (2015) indicated that Bacteroidetes microbiota were capable of producing enzymes for propionate 

production as well as enzymes such as xylose isomerase and others required for polysaccharide degradation. 

The third most abundant phylum among the samples from this study was the gram-negative 

Proteobacteria which is regarded as the largest and most diverse phylum of bacteria (Kersters et al., 2006).  

Although Proteobacteria are typically present in low numbers, pathogens found in the human gut such as 

Brucella, Rickettsia, Escherichia and Salmonella are classified as part of this phylum (The Human Microbiome 

Project, 2012).  The review performed by Shin et al. (2015) found several studies revealing a correlation 

between the abundance of Proteobacteria and the host’s ability to maintain a stable and balanced community 

of gut microbiota, suggesting that an increased prevalence of the phylum could be a potential marker for 

diagnosing dysbiosis and disease risk. 

5.3 Age and anatomical effects 
In both the ileal and the caecal results obtained from this study, most of the significant differences (P 

≤0.05) in microbiome composition can be attributed to age.  This is similar to the results of other studies where 

chicken development (age) is described as a major contributor to changes in gut microbiome composition (Lu 

et al., 2003; Gong et al., 2008; Lumpkins et al., 2010; Ballou et al., 2016).  The gut microbiome establishes 

itself by initial colonisation, growth and difersification, and then finally stabilisation (Pedrosa, 2009; Mountzouris 

et al., 2010; Rinttila & Apajalahti, 2013).  Other studies also report the distinctiveness of the microbiota’s 

composition and abundance between each anatomical region of the GIT e.g. the gizzard, the small intestine 

and the caeca (Shang et al., 2018). 

For the ileal samples, all the older birds had more abundant (P ≤0.05) Lactobacillus spp. and E. hirae 

and the 21-day samples had more (P ≤0.05) Streptococcus, Listeria and E. coli.  This pattern remained up to 

35-days of age.  From the bacteria relevant in this shift, only Lactobacillus is shown to be beneficial to broiler 

health and production (Kalavathy et al., 2003).  Outbreaks of E. hirae have been shown to be accompanied by 

septicaemia and endocarditis, indicating the bacteria’s potential pathogenic nature (Chadfield et al., 2005; 

Kolbjornsen et al., 2011).  The Streptococcus, Listeria and E. coli as found in increased abundance in the 

younger ileal samples are known as pathogenic organisms within gut microbiota (Glaser et al., 2001; 

Hedegaard et al., 2009; Oakley et al., 2014). 

From the caecal results, it was shown that older birds had significantly more (P ≤0.05) Rikenellaceae 

alistipes 2, E. coli and Bacteroides dorei.  The 21-day samples on the other hand had significantly more (P 

≤0.05) Bacteroidales, Ruminococcaceae, Rikenellaceae alistipes 1, Lachnospiraceae, Lactobacillus spp., 

Citrobacter, Bifidobacterium gallinarum and Holdemania.  This makes it apparent that for the caeca, the 

younger birds’ microbiome was more diverse.  The results of other studies where chickens were not challenged 

with C. perfringens showed otherwise and reported an increase in microbial diversity as birds aged (Lu et al., 

2003; Ballou et al., 2016).  However, the results from this current study indicated that the bacteria that 

significantly decreased in abundance as the birds aged were prominently butyrate-producing bacteria (Vital et 

al., 2014; Rivière et al., 2016) and agrees with the findings of Wu et al. (2014) that reported a reduction of 

butyrate producing bacteria in correlation with the proliferation of C. perfringens.   

These shifts in general imply that even though birds were challenged with C. perfringens infection, the 

gut microbiota was still a dynamic ecosystem susceptible to change.  Its ability to change serves as a 
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foundation for the current feeding practices of feed additives that function primarily through manipulation of the 

gut microbiome and will be discussed later in this chapter. 

The gut microbiome is a dynamic system that varies due to factors induced by the host and the 

environment (Stanley et al., 2014a).  The GIT of chicks are colonised as early as during the incubation phase 

(Kizerwetter-Świda & Binek, 2008; Pedrosa, 2009; Roto et al., 2016).  Although all chicks will not necessarily 

be exposed to the same kind of microbes from their environment and diet during early colonisation, the basic 

physiological condition of the colonised hosts will vary to a lesser degree.  Most chicks of the same genetic 

line exposed to similar feeding and housing conditions will have a similar intestinal environment that the 

microbes are exposed to when they colonise the intestinal tract (Schokker et al., 2015).  The young chick’s 

intestinal tract is considered aerobic and therefore should allow for the colonisation of facultative aerobes such 

as Streptococcus and Enterobacteriaceae which includes E. coli (Rinttila & Apajalahti, 2013).   

The results from the 21-day ileum samples of this study had more (P ≤0.05) Streptococcus and E. coli 

and are thus in agreement with the results obtained from other studies that similarly found these bacterial 

groups to dominate the ileum of young broilers (Lu et al., 2003; Wise & Siragusa, 2007).  The older ileum 

samples had relatively more (P ≤0.05) of the anaerobic bacteria E. hirae which coincides with a number of 

studies reported this increase with age (Mountzouris et al., 2010; Rinttila & Apajalahti, 2013).  According to 

Smyth & McNamee (2008), E. hirae infections cause phalomalacia, septicaemia and endocarditis in chickens.  

Although part of the normal intestinal microbiome, Enterococci are considered as “opportunistic pathogens in 

birds and mammals” (Kolbjornsen et al., 2011).  Older birds also had more (P ≤0.05) Lactobacillus spp. in their 

ileum, consistent with the findings of Lu et al. (2003).  Lactobacillus spp. are beneficial for improving feed 

conversion ratio and reducing abdominal fat deposition in broilers (Kalavathy et al., 2003).  On the contrary, 

Engberg et al. (2000) found that high levels of Lactobacilli might be involved with growth depression in broilers 

mainly due to competition for nutrients with the host and/ or decreased fat absorption via deconjugation of bile 

acids.  In the caeca, the microbiome made a shift from predominantly low G+C, gram positive bacteria (also 

known as Firmicutes) in the younger chicks, to a microbial population that had more abundant high G+C, gram 

positive bacteria and Proteobacteria.  Lu et al. (2003) also reported that the microbiome of the caeca changed 

with age, although their study found that the significant change occurred during the first two weeks of life. 

This study’s results also indicate the distinctiveness of the separate gastrointestinal locations namely 

the ileum and the caeca, which is in agreement with the studies performed by Gong et al. (2007) and Lu et al. 

(2003).  From the bacteria on the customised chip, the amount of significant bacterial spp. found in the ileum 

and caecum were 49 and 16 respectively.  The ileum has more readily available nutrients compared to the 

caeca (Apajalahti & Vienola, 2016) and could be a possible explanation for the observation that the ileum had 

a much more diverse microbial profile when compared to the caecum’s microbial profile.  This is contrasted by 

the results of Gong et al. (2002) that found the ileum to harbour a less diverse microbial community compared 

to the caeca.  The descriptive study performed by Bjerrum et al. (2006) similarly concluded that the caecum 

was host to a more diverse community of microbiota compared to the ileum.   

It is important to note that the sequencing method in the trial for this research was semi-quantitative and 

was only performed for a specific predefined set of bacteria deemed as significant to broiler health and 

production.  This along with other limitations of current identification techniques could explain the difference 

observed between this study and those of the authors previously mentioned with regards to the microbial 
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diversity in the ileum and caecum.  The effect of age and anatomical location on the microbiome is therefore 

a function of the effects and interactions of the physiology and morphology of the host’s gastrointestinal 

environment, and the characteristics of the microbes’ metabolism (Shang et al., 2018). 

5.4 Treatment effects 
In this study, DFMs, essential oils, organic acids and prebiotics were tested as replacements for an AGP 

by observing the effects from the different treatments on the gut microbiota.  AGPs have been the general 

ingredient of choice worldwide to stimulate growth and to prevent bacterial infections from pathogens such as 

C. perfringens (Caly et al., 2015).  Due to build-up of antimicrobial resistance, antibiotics have recently been a 

subject of scrutiny among public consumers resulting in the ban of its use in Europe (feed additives regulation 

1831/2003/EC) since January 2006 (Caly et al., 2015).  This has created a domino effect worldwide and led 

to the increased interest in AGP alternatives such as DFMs, also known as probiotics. 

All the feed additives tested in this study work primarily through interacting with or manipulating the 

host’s commensal gut microbiota.  Probiotics for example have been shown to contain strains with in vitro anti-

C. perfringens  activity (Caly et al., 2015).  A study performed by Song et al. (2014) found that broilers 

supplemented with probiotics had increased levels of Lactobacillus and Bifidobacterium in the small intestine 

and improved their feed to gain ratio.  Probiotics can induce beneficial effects such as improved growth 

performance and improvement of gastrointestinal health (Bozkurt et al., 2009; Blajman et al., 2014). Other 

feed additives such as essential oils, organic acids and prebiotics function through inhibiting certain pathogenic 

bacteria and/ or stimulating the growth of other beneficial bacteria and achieve this through different modes of 

action (Huyghebaert et al., 2011). 

All 21-day samples were compared between treatment groups for the ileum and the caeca respectively 

and similarly so with the 35-day samples and with all the samples regardless of age.  In contrast to age, the 

different treatments exhibited limited significant differences on diversity of gut microbiota.  For the results from 

the ileum, when comparing all the treatment groups to one another regardless of age, no significant differences 

(P ≤0.05) were observed for microbial diversity.  Due to the effect of age on the microbial profile as discussed 

earlier, it is important to differentiate and compare the treatment groups within the same age category.   

The 21-day samples mostly showed no significant differences (P ≤0.05) between the different treatment 

groups.  There were however two exceptions.  The group treated with BN_ZB had more (P ≤0.05) abundant 

E. hirae, which is part of the Firmicutes phylum (Gibbons & Murray, 1978; Farrow & Collins, 1985), but had 

less (P ≤0.05) Clostridium disporicum, Bifidobacterium and Brenneria than the Biacid treated group.  It is 

expected that the treatment including ZB would lead to a significant decrease in certain microbes’ abundance.  

One of the mechanisms of action of AGPs is inhibition of the growth of microbiota (Hughes & Heritage, 2004; 

Dibner & Richards, 2005).  This in combination with the antimicrobial activity of the essential oils (Diaz Carrasco 

et al., 2016) in the BN could be responsible for the reduction in abundance of the mentioned microbes.  These 

results also imply that the Biacid was more effective in reducing E. hirae than the BN_ZB group.  This may 

however also be an effect of the BN_ZB treatment that allows for more abundant E. hirae due to the absence 

or lower abundance of the other microflora mentioned above.  The studies previously mentioned indicate that 

E. hirae infection might cause phalomalacia, septicaemia and endocarditis and should be regarded as a 
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potential pathogen even though it forms part of the normal gut microbiota (Chadfield et al., 2005; Smyth & 

McNamee, 2008; Kolbjornsen et al., 2011). 

With this in mind, the other observed significant difference among the 21-day ileum samples was the 

BN_ZB treated group where more (P ≤0.05) E. hirae was observed compared to the group treated with ZB 

alone.  This highlights the role that the BN has in this combination.  This observation is in alignment with the 

findings of Li et al. (2018) who reported that supplementation with essential oils increased the abundance of 

Firmicutes organisms.  This is relevant since E. hirae is classified as part of the Firmicutes Phylum (Gibbons 

& Murray, 1978; Farrow & Collins, 1985).   

Among the 35-day samples, three significant differences were observed.  Firstly, the Clostat treated 

group had more (P ≤0.05) Lactobacillus than the negative control group.  This is in agreement with the study 

performed by Song et al. (2014) who also found that a supplemental probiotic increased Lactobacillus levels 

in the small intestine.  Although Clostat is a probiotic containing a Bacillus subtilis strain, Hosoi et al. (2000) 

found that B. subtilis can enhance growth and viability of Lactobacillus strains.  Lactobacillus has shown to be 

beneficial for broiler FCR and body weight gain (Kalavathy et al., 2003).  The Clostat group also had more (P 

≤0.05) Lactobacillus than the group treated with the Biacid.  This might be an indication of the antimicrobial 

properties of the EO + OA mixture as compared to the probiotic effects of the DFM.  Essential oils and organic 

acids have the ability to inhibit the proliferation of certain bacteria by disrupting bacterial cell metabolism and 

causing cell lysis (Huyghebaert et al., 2011).  The third significant difference among the 35-day ileum samples 

was that the BN group had more (P ≤0.05) of the Lachnospiraceae family than the negative control group.  A 

study done by Stanley et al. (2016) showed that increased presence of the Lachnospiraceae family in the GIT 

of chickens was correlated to lower (better) FCR values.  Lachnospiraceae possibly contribute toward 

efficiency of feed utilisation due to its capacity for butyrate production (Meehan & Beiko, 2014).  The BN was 

therefore able to manipulate the microbiome of the broiler’s ileum towards a better profile that could positively 

impact performance when compared to the control group. 

For the caecal samples, comparing all the treatment groups regardless of age also yielded no significant 

differences (P ≤0.05) for microbial diversity.  Within the 21-day age group of samples, no treatment group 

differed from another with regard to diversity of microbiota.  When the 35-day samples were compared, one 

significant difference was observed.  The Biacid treated group had more (P ≤0.05) Bacteroides dorei present 

than the group treated with the combination of Biacid and ZB.  The minireview performed by Oakley et al. 

(2014) reported that the microbiota of the chicken’s caeca mainly consists of Firmicutes and Bacteroidetes at 

the phylum level.  It is therefore possible that this observation was due to the ZB’s added antimicrobial effect 

on Bacteroides dorei.  In humans, Bacteroides spp. were shown to be possible inhibitors of Clostridium difficile 

infection (Hopkins & Macfarlane, 2002, 2003).  Since the Bacteroides dorei was the only significant difference 

between these two groups, it is clear that providing the ZB as an addition to the Biacid provided no extra benefit 

to the host’s gut microbiota.  However, the unit of measurement was relative abundance and it might be 

possible that absolute microbial numbers changed while ratios of organisms remained relatively constant. 

All results from this study was observed from broilers challenged with C. perfringens.  It is not possible 

to account for the effect of this challenge or to know its impact on the results since no group were included in 

this study that were not challenged with C. perfringens. 
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Chapter 6 – Conclusion 

The aim of this study was to assess the ileal and caecal microbiome, using 16S rRNA sequencing 

methods, of C. perfringens challenged broilers that received different feed additives and an AGP, alone and in 

combination, while also evaluating the difference in microbial diversity for the ileum and the caecum between 

21 and 35 days of age. 

Age had the most significant effect on the microbiome in both the ileum and the caeca.  The Firmicutes 

phylum was the most abundant regardless of age, followed by Bacteroidetes and Proteobacteria.  Most of the 

feed additive effects were non-significant.  However, it was observed that the microbiome did differ between 

some of the treatment groups.  Only Clostat and Biacid Nucleus significantly changed the ileal microbiome of 

the 35-day old broilers when compared with the negative control group.  The Clostat and Biacid Nucleus 

treatments led to increased levels of Lactobacillus and Lachnospiraceae respectively, of which both are 

beneficial for broiler feed efficiency and health.  Other differences in microbial abundance were observed 

between 21-day ileal samples of BN_ZB and Biacid, and also BN_ZB and ZB.  Among the 35-day ileal samples 

(in addition to those already mentioned), the Clostat group differed from the Biacid group.  From the caecal 

samples, only the 35-day Biacid and Biacid_ZB groups differed significantly and was probably due to the added 

antimicrobial effect of the ZB.  In comparison with the negative control, Clostat and Biacid Nucleus were able 

to beneficially manipulate the commensal microbiome of the broilers’ ileum. 

Although the objectives were accomplished for this study, future studies could gain further insight into 

the effect of these additives on the gut microbiome if tested on broilers that are not exposed to C. perfringens 

infection.  Alternatively, future research could also test the effect of a blend of the DFM, EO and OA on the gut 

microbiome.  This study used the DFM alone and the EO and OA either alone or in combination with the AGP 

respectively, but no treatment with the three possible alternatives in combination with each other was tested. 

Studying this could provide insight into possible synergistic effects between those additives as seen by other 

studies (Bomba et al., 2002; Bozkurt et al., 2009; Abudabos et al., 2017).  The beneficial effects of probiotics 

include improved growth performance and betterment of gastrointestinal health (Bozkurt et al., 2009; Blajman 

et al., 2014; Song et al., 2014). 

The South African broiler industry is moving towards the removal of AGPs from commercial broiler diets.  

With Europe already comfortably past this point and local middle class consumers rapidly increasing, the 

pressure will only continue to mount on the local industry to ban the use of in-feed antibiotics.  Therefore, more 

research on the chicken microbiome’s role and interaction with its host’s health and nutrition is necessary. 
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Appendix A 

DNA extraction protocol 
This protocol is designed for the extraction of gut microbiota and for PCR analysis amplifying the 16S 

rRNA region.  Before extraction could commence, the following necessary preparations and mixtures were 

made beforehand.  100mL Phenol: chloroform: isoamyl alcohol mixture was mixed in the ratio of 25: 24: 1 

under a fume extractor hood out of direct sunlight.  1000mL Galleon Lysis buffer was prepared by mixing 

44.5mL TE buffer (created by mixing 100mL Tris, pH 8 1M, 20mL EDTA 0.5M and filled up to 1L with distilled 

water), 50mL 10% SDS and 5mL Triton 100.  Galleon binding buffer created by mixing equal parts Buffer AL 

(from Qiagen DNEasy Blood & Tissue kit) and 100% Ethanol.  All pipette tips and tubes were sterilised via an 

autoclave and all tools and equipment was sterilised with 70% ethanol solution before extraction.  All 

procedures took place within a climate-controlled laboratory. 

After the abovementioned preparations were made, DNA extraction could commence with the following 

procedure.  2mL Screw cap tubes were labelled and placed in order of samples.  Samples were removed from 

the freezer so that they can defrost during this time.  250µL (0.56 grams) of 0.1mm Zirconium beads were 

weighed into each tube.  400µL Galleon Lysis buffer and 500µL Phenol: chloroform: isoamyl alcohol (pH8) 

solution were added to each tube.  By this time samples have been thawed and 500g of each sample was 

weighed out into each relevant tube.  Tubes were then placed in a bead beater for 3 minutes at top speed to 

allow cell wall disruption and release of the nucleic acids within the cell’s cytoplasm (Fujimoto et al., 2004).  

After bead beating, tubes are placed in a centrifuge and spun at 10,000 rotations per minute (rpm) for a duration 

of 5 minutes.  New 1.5mL Eppendorf tubes are labelled the same as the 2mL screw cap tubes during this time.  

The sample mixture tubes are carefully removed from centrifuge so as to not mix the precipitate with the 

aqueous phase that was formed on the top.  Carefully using a pipette, 250µL of the aqueous phase is 

transferred from each tube to its newly assigned Eppendorf tube.  1µL RNase A (17,500 U) was then added 

to each sample before they were mixed by vortex and incubated at 37°C for 1 hour.  After the incubation period, 

samples were placed in the centrifuge for 5 minutes at 10,000 rpm to avoid cross-contamination when opening 

the Eppendorf tubes.  500µL of the pre-mixed Galleon binding buffer was added to each tube and samples 

were mixed thoroughly by vortex and placed in centrifuge for 1 minute.  Using a 1mL pipette tip, this entire 

sample/ buffer solution was then transferred to the DNEasy spin column (from the Qiagen DNEasy Blood & 

Tissue kit) placed in a 2mL collection tube.  Each spin column was also labelled accordingly.  Samples were 

placed in centrifuge for 1 minute at 11,000 x g and the flow-through and collection tubes were discarderd.  Spin 

columns were placed in new collection tubes and samples were then washed once by adding 500µL of the 

Qiagen buffer AW1 and centrifuged for 1 minute at 11,000 x g.  Flow-through and collection tubes were 

discarded.  Spin columns were placed in new collection tubes and washed again by adding 500µL of the 

Qiagen buffer AW2 decanting wash solution.  Samples were then placed in a centrifuge for 3 minutes at 11,000 

x g to also dry the spin column.  Flow-through and collection tubes were discarded and spin columns were 

placed in labelled new 1.5mL microcentrifuge tubes.  Elution of DNA was performed by adding 100µL of Qiagen 

buffer AE to the centre of the spin column membrane.  Samples were then incubated for 12 minutes at room 

temperature and thereafter placed in the centrifuge for 1 minute at maximum speed to collect DNA in 
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microcentrifuge tubes.  Once extraction was completed, DNA samples were immediately placed in a freezer 

at -40°C to inhibit loss via evaporation or further chemical degradation of DNA if denaturing chemicals 

remained after washing.  Extracted DNA samples were selected at random to spot-check effectiveness of DNA 

extraction protocol via gel electrophoresis. 
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Appendix B 

Ileal results (21-days old) 

a  b  

 

 

Ileal results (35-days old) 

a  b  
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Ileal results (all treatments) 

a  b  

c  d  

e  f  
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Caecal results (35-days old) 

a  
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Caecal results (all treatments) 

a  b  

c  d  
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