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Abstract  
Necrotic enteritis is a serious disease in the global poultry industry, estimated to cost 
US$6 billion per annum due to control strategies and loss of production. It is a 
multifactorial disease which is most commonly associated with the increased growth of 
Clostridium perfringens in the chicken’s gastrointestinal tract.

Due to the increasing risk of antibiotic resistance globally, numerous countries have 
prohibited the prophylactic use of antibiotic growth promoters (AGPs) in the poultry 
industry, resulting in an increase in infections. Probiotics offer a potential solution; live 
bacterial feed supplements which aid the maintenance of a healthy microbiota and 
reduce pathogen morbidity and mortality. This study aimed to investigate whether soil is 
an appropriate sample source for the commonly used probiotic genera, Lactobacilli. A 
range of in vitro antagonistic assays were conducted to detect inhibitory activity 
towards the poultry pathogen C. perfringens.

A total of 600 soil samples from around Lincoln, UK and 381 samples sourced from 
chicken gastrointestinal tracts were screened for 11 Lactobacillus spp. using a 
multiplex polymerase chain reaction (PCR). From these, 21 Lactobacilli isolates were 
identified as five different species (L.fermentum, L. paracasei, L. gasseri, L. delbrueckii 
and L. salivarius). These samples were then tested for antagonistic effect against C. 
perfringens ATCC 13124, using a range of assays. Two of the assays (antagonistic 
plug and co-culture assays) displayed quantitative data which indicated samples 
NHFS045 and HP199T had the greatest antagonistic effect. These isolates were then 
tested against 11 different strains of C. perfringens sampled from chicken intestines 
from a previous study so as to test antagonistic range. Lactobacillus samples 
(NHFS045 and HP199T) were able to inhibit the growth of all 11 C. perfringens strains. 
The tolerance of the Lactobacillus isolates to low pH conditions was also tested. Both 
were able to grow at pH 4, indicating that they would tolerate intestinal pH conditions.

The results of this study show that potential probiotic bacteria with an inhibitory effect 
towards the poultry pathogen C. perfringens can be found in soil. This is a far quicker 
and easier sample source compared to a chicken’s intestine; the current most common 
source for probiotic bacteria. Additionally, this study has identified the two antagonistic 
assays which should be conducted before in vivo trials (antagonistic plug and co-
culture assays) so as to quantify and compare antagonistic effectiveness. 
Subsequently, the antagonistic range assay demonstrated that the Lactobacillus 
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isolates inhibited C. perfringens isolates which were resistant against five widely used 
antibiotics (tetracycline, bacitracin, tylosin, penicillin and erythromycin). This indicates 
that these Lactobacillus isolates would be a more suitable treatment. All 
experimentation has shown that HP199T and NHFS045 isolates are suitable 
candidates for a poultry probiotic and should therefore move onto in vivo trials.
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Chapter 1 - Introduction 
Background 
The chicken industry has grown drastically since the 1960s, when the global slaughter 
of chickens was estimated to be just under 10 billion per year (Aho, 2002). 2016 saw 
this increase to more than 66 billion, with China alone slaughtering an estimated 9.5 
billion chickens (UNdata, 2018). In 2008, 40 billion birds were produced whether for 
meat or egg production, generating 61 million metric tons of meat and more than 55 
million tons of eggs (Muir et al., 2008). 


Since humans first started consuming and producing meat in large quantities, the 
process has been developed to increase efficiency. This began with the selective 
breeding of animals to optimise yields of meat and egg production (Weis, 2013; 
Hocking, 2010). Through this process, productivity was increased at a lower cost. The 
cheap and fast production of meat has allowed this industry to become one of the 
most reliable food sources for many countries (Mottet and Tempio, 2017). The 
increased demand for meat production has led to both selective and inbreeding of 
chickens to produce more meat at an increased rate. 


Selective breeding of chickens began in the mid-20th century, at which point chickens 
yielded a very low volume of meat, compared to the chickens of today. From 
1940-1980 the time required to grow a broiler chicken to 2 kg body weight decreased 
by about one day per year (Portsmouth and Hand, 1987). The modern broiler chicken 
can now grow 4.6 times faster than a random bred 1957 chicken (Havenstein et al., 
2003a). This difference when comparing birds of 1957 to 2001 is partly fueled by 
changes in diets (10-15 % of the weight increase) but is heavily affected by the 
genetic differences (85-90 % of the weight increase) (Havenstein et al., 2003b). 
However, selectively breeding chickens has resulted in a decrease in the functionality 
of their adaptive immune system (Cheema et al., 2003). Therefore, despite higher 
yields, birds are now more prone to potentially life threatening diseases.


In order to combat this higher susceptibility to disease, many farmers choose drug 
administration to prevent infection (El-Rami et al., 2012). Antimicrobial growth 
promoters (AGPs) are a range of antibiotics used at low levels to increase the average 
health of birds, improving daily weight and feed efficiency (Frost and Woolcock, 1991). 
Due to consumers desire for larger birds, farmers have tried to produce more meat per 
bird, at a lower cost. Since the 1950s, a combination of different AGPs have been 
used extensively throughout the poultry industry to maximise yields (Marshall and 
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Levy, 2011). Common AGPs were salinomycin, bacitracin and virginiamycin (Lin et al., 
2013). In 2006, the use of AGPs in animal feed was banned in the EU, to lower the risk 
of developing antimicrobial resistance (AMR) in zoonotic bacteria (Marshall and Levy, 
2011; Anadon et al., 2006). Therefore, a need for a sustainable replacement to AGPs 
which does not negatively affect the host is required in order to combat bacterial 
disease in poultry. 


Globally, large investments in the chicken industry by government and private 
businesses have allowed vertical integration in the chicken production process 
(Karthikeyan and Nedunchezhian, 2013). Vertical integration is the ownership or 
control of various parts of a process. In relation to the chicken industry, vertical 
integration may involve the production of feed, the operating of hatcheries and 
processing plants, to the eventual marketing and management of sales; all within one 
business. Through vertical integration quality can be assured throughout every step of 
the process and an optimum quantity can be produced. For businesses which are not 
vertically integrated, feed mills, hatcheries and processing plants sell independently of 
each other. They each have different goals in terms of production and are not tailored 
to one another. Because each business has independent aims to generate profit, the 
entire process does not achieve optimum efficiency. By comparison, the streamlined 
nature of vertically integrated businesses have allowed the chicken industry to 
produce more meat, in a cost-effective manner (Aho, 2002). A further benefit is 
reducing the quantity of waste produced, whilst increasing efficiently and profitability 
(Renema et al., 2007).


‘Compensatory growth’ describes an abnormal rapid growth relative to age (Wilson 
and Osbourn, 1960). Growth rate can be tailored throughout a chicken’s life to 
increase growth, by administering growth promoters. Altering the growth rate of the 
bird helps achieve the most effective growth curve, which can maximise yields and 
lower costs (Zhan et al., 2007). The ideal growth rate which farmers try to maintain is 
one of slow initial growth, exponentially increasing over time until the target weight is 
achieved (Zubair and Leeson, 1996). This means that no feed is wasted on maintaining 
a larger body mass for long periods of time, reaching their ideal weight just before 
slaughter.
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Chicken Disease  
As a result of high production rates and the high stocking densities of chickens (up to 
39 kg/ m2; approx. 15-20 birds/ m2) (DEFRA, 2018), diseases are common and can 
spread through a flock rapidly (Allen and Lavau, 2015). Diseases can cause large costs 
for farmers due to the loss of birds and inefficient feed conversion ratios (Jones et al., 
2019). In the past, farmers would administer AGPs throughout a chickens life to 
reduce disease morbidity (Lin et al., 2013). However, since the prohibition of AGPs, 
bacterial diseases are becoming more prevalent as there are few effective treatments 
(Caly et al., 2015; Dibner and Richards, 2005). 


Modern farming techniques have reduced the living space per chicken in order to 
increase the number of individuals per house (Arnould and Faure, 2003). This can lead 
to erratic behaviour including excessive pecking and bullying of other chickens 
(Dawkins, 2018). This not only has ethical issues, but can encourage the spread of 
disease, especially if a deceased bird is not removed promptly. Current control 
measures for this include inspecting houses at least twice a day. Some farmers still 
opt to ‘beak trim,’ whereby a third of a bird’s beak is trimmed soon after hatching to 
prevent excessive pecking (DEFRA, 2018), however this is usually carried out in laying 
birds. However, these solutions have not solved the issues associated with poultry 
disease transmission. 


Control measures, such as the cleaning of houses and replacement of litter between 
batches, helps reduce bacterial contamination between flocks (Kabir, 2009). If done 
thoroughly this can reduce the risk of disease through the perpetual infection of birds 
from one batch to the next (Davies, 2005). However, the sterile environment which this 
creates means that chicks’ microbiota is sometimes under developed and can easily 
allow pathogens to proliferate, resulting in large morbidity and mortality (Lan et al., 
2005).


Viral Diseases 
Viruses can cause large flock deaths, so are an important area of study in chicken 
disease (Osterrieder et al., 2006). The avian influenza virus is an airborne virus which 
can infect both domestic and wild birds and causes a systemic infection affecting 
multiple organ systems including nervous and cardiovascular. Milder symptoms 
include respiratory distress, depression, excessive eye discharges, swelling of the 
head, ruffled feathers and diarrhoea (Dhama et al., 2013), but in some cases this can 
also cause 100 % flock mortality within 48 h (Swayne and Suarez, 2000; Capua and 
Marangon, 2006). This virus is particularly dangerous because it can infect humans, 
making control of the disease crucial (Swayne and Suarez, 2000). Similarly, 
Newcastle's disease is an airborne virus which can again infect both domestic and 
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wild birds (Fuller, 1989) causing gastrointestinal, respiratory and nervous disorders, 
with varying levels of mortality (Musa et al., 2010). This has economic significance 
because an inefficient feed conversion ratio with high morbidity and mortality impairs 
profits (Yan et al., 2011). Vaccines have been developed however both of these viruses 
still prevalent throughout the poultry industry (Capua and Marangon, 2006; Chukwudi 
et al., 2011; Swayne et al., 2013).


Marek’s disease is a viral infection of poultry which can cause T-cell 
lymphomagenesis, causing tumors to develop in the visceral organs and skeletal 
muscles (Osterrieder et al., 2006). A vaccine was produced in the 1960s which 
reduced the number of cases. Despite this, the virus has recently become more 
virulent (Biggs and Nair, 2012). Although vaccines are used to neutralise clinical 
infections, transmission still occurs causing ongoing issues (Singh et al., 2012). 


Infectious bronchitis virus (IBV) is a gamma coronavirus that causes an acute disease 
in poultry, affecting the kidneys and upper respiratory and reproductive tracts (Bande 
et al., 2017). Variants can spread easily causing local and regional issues, as well as 
having worldwide implications (Jackwood, 2012). Vaccination programmes are used to 
combat this disease, however high mutation and recombination events generate 
numerous variants which can infect immunised individuals (Wit et al., 2017).


Bacterial Diseases 

Campylobacter 
Campylobacter is a bacterial species which causes infections in both poultry and 
humans, and is responsible for the highest number of food born zoonoses in 
developed countries (Kaakoush et al., 2015). Poultry act as reservoirs to members of 
this bacterial genus, including Campylobacter jejuni, which is pathogenic to humans 
causing severe food poisoning (Friis et al., 2010). Multiple measures are recommended 
to lower the ceacal load of Campylobacter and therefore lower the risk to the public. 
These include feed additives, vaccination, competitive exclusion, prebiotics and 
probiotics (Rosenquist et al., 2009; Hermans et al., 2011; Buckley et al., 2010; 
Tsubokura et al., 1997; Svetoch and Stern, 2010; Baurhoo et al., 2009).


Avian Pathogenic Escherichia coli  
Avian Pathogenic Escherichia coli (APEC) can cause colibacillosis; a general term for a 
number of predominately systemic diseases which coupled with intense poultry 
farming, have led to high morbidity and mortality rates (Croxen and Finlay, 2010) and  
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large economic repercussions worldwide (Ewers et al., 2003). Antibiotics are heavily 
relied upon to control the spread of E. coli variants, however relentless use has 
generated multi-drug resistant strains (Duo et al., 2016). Consequently, this disease is 
now a focus of global scientific research to combat resistant strains and to reduce 
infection rates (Dheilly et al., 2013).


Salmonella 
Salmonella is one of the most publicly known bacterial species because it can cause 
severe food poisoning in humans (Chimalizeni et al., 2010). The Salmonella genus 
contains Gram-negative bacilli belonging to the family Enterobacteriaceae (Tindall et 
al., 2005). This can induce an acute or chronic clinical disease in poultry, resulting in 
high mortality rates (Chambers and Gong, 2011). There are over 2500 different 
serotypes of Salmonella, some of which are able to infect a large range of domestic 
animals, including chickens (Brenner et al., 2000). Species such as, Salmonella 
gallinarum and Salmonella pullorum are host specific to poultry and can cause typhoid 
fever and pullorum disease, respectively. Symptoms include diarrhoea, dehydration 
and occasionally leads to death (Calenge et al., 2010). Salmonella infection is 
extensively treated using antibiotics, such as ampicillin, chloramphenicol, 
streptomycin, sulfamethoxazole, florfenicol, ciprofloxacin and tetracycline (Davies, 
2005; Aksakal et al., 2009; Willford et al., 2007). This has led to a rise in specific strains 
becoming antibiotic resistant (Chambers and Gong, 2011). This is of great concern as 
Salmonella is a zoonotic pathogen, and control of outbreaks in poultry usually requires 
large financial investment (Gast and Porter, 2019). Salmonella contamination 
throughout chicken production facilities can be long-lasting and therefore treatment 
needs to be long-term with facilities sterilised thoroughly (Rabsch et al., 2001). 
Probiotics have been used to help control Salmonella infections for the past 50 years 
(Nurmi and Rantala, 1973), gaining more popularity with the decline in general 
antibiotic use (Forkus et al., 2017).


Necrotic Enteritis 
Necrotic enteritis is one of the most significant diseases affecting poultry, currently 
causing economic losses estimated to be around US$6 billion per annum. Costs are 
accrued due to decreased weight gain, poor feed conversion ratios, loss of production 
and implementing control strategies (Timbermont et al., 2011; Hofacre, 2001; Broom, 
2017). This disease is caused by Clostridium perfringens, which is a Gram-positive 
bacillus, spore-forming anaerobic bacterium (Songer, 1996). Necrotic enteritis can be 
displayed in two distinct forms; clinical and sub-clinical. The clinical infection can be 
diagnosed by sudden high mortality, usually when exhibiting no previous symptoms 
(Kohler, 1973). Internally, large damage of the intestinal cell wall causes inflammation 
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and lesions (Fig. 1). Some clinical symptoms of necrotic enteritis are diarrhoea, 
anorexia, dehydration and depression (Brennan et al., 2003; Van Immerseel et al., 
2004). This predominantly acute disease can cause death within hours, with mortality 
rates reaching 50 % (Helmboldt and Bryant, 1971; Wijewanta and Senevirtna, 1971; 
Riddell and Kong, 1992). The sub-clinical form has no outward symptoms resulting in 
no peak mortality and usually goes undetected (Kaldhusdal and Hofshagen, 1992). 
Internally, chronic intestinal mucosal damage is caused, which leads to reduced 
nutrient absorption and therefore a higher feed conversion ratio. Clostridium 
perfringens can sometimes reach the bile duct of the bird as a result of the intestinal 
damage caused. If the bacteria reach and colonise the liver, cholangiohepatitis can 
occur, resulting in an enlarged, pale liver with red or white foci (Onderka et al., 1990; 
Lovland and Kaldhusdal, 1999; Sasaki et al., 2000).




Figure 1. Cross section of jejunum from a chicken suffering from clinical necrotic 
enteritis. Intestinal wall is inflamed, reducing the lumen diameter (Cooper et al., 2013).


Sub-clinical necrotic enteritis can only be diagnosed at slaughter by a gross lesion 
score, and affected carcasses must be subsequently discarded, resulting in large 
financial costs (Cooper and Songer, 2009). It has been estimated that sub-clinical 
necrotic enteritis results in a total global loss of US$2 billion per year (Van Der Sluis, 
2000). Thus, it is widely accepted that the sub-clinical infection is more damaging than 
the clinical infection, because no overt symptoms are present, and so cannot be 
identified and treated (Kaldhusdal and Hofshagen, 1992). 
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In healthy broilers, C. perfringens counts can reach 1x105 CFU/ g of intestinal content, 
which can rise to 1x108 CFU/ g of intestinal content in birds suffering with necrotic 
enteritis (Long et al., 1974; Si et al., 2007). However, C. perfringens alone has not been 
shown to directly induce necrotic enteritis, even at high cell counts (Long and Truscott, 
1976; Cowen et al., 1987; Craven, 2000). A coccidia infection usually acts as a 
precursor to the onset of C. perfringens replication which then causes necrotic 
enteritis (Jackson et al., 2003).


Many different predisposing factors exist which can lead to necrotic enteritis, such as 
inadequate nutrition, stress and coccidiosis pathogens (Branton et al., 1987; McDevitt 
et al., 2006; Williams, 2005). Coccidiosis is a parasitic disease caused primarily by 
Eimeria species in chickens; an intracellular protozoan which reproduce in the 
epithelial and sub epithelial cells, usually in the gut (Amer et al., 2010). The disruption 
to the epithelial cells causes a decrease in weight, as nutrient absorption is 
compromised (McDougald and Reid, 1997). Damage to the epithelial cell wall causes 
plasma to enter the lumen of the gut. This can act as a growth substrate for C. 
perfringens, which then undergoes rapid proliferation with a steady source of nutrients 
from the intestinal damage (Van Immerseel et al., 2004). Furthermore, in many field 
outbreaks of necrotic enteritis, coccidiosis precedes or appears with the infection 
(Long, 1973; Porter, 1998).


Clostridium perfringens 

Clostridium perfringens is considered one of the most widely occurring pathogenic 
bacteria, especially in relation to poultry (Songer, 1996). Associated poultry diseases 
include necrotic enteritis, necrotic dermatitis, cholangiohepatitis and gizzard erosion 
(Hafez, 2011; Lovland et al., 2004). C. perfringens is ubiquitous throughout many 
animal’s gastrointestinal tract (GIT), allowing common isolation from numerous 
environments which contain faeces (Porter, 1998). C. perfringens is divided into five 
groups (A-E) based on the major toxins that they produce (alpha, beta, epsilon, and 
iota; Table 1) (Silva and Lobato, 2015). They can also produce 15 other toxins, which 
act as virulence factors, due to some of these playing a role in C. perfringens-
associated diseases (Popoff and Bouvet, 2013). One of these minor toxins is NetB, 
which is argued to be one of the main toxins to induce necrotic enteritis. NetB is a 
pore-forming toxin, creating holes in the intestinal cell membranes, causing cell death 
(Prescott et al., 2016). Alpha toxin causes additional mucosal damage which in turn 
causes necrosis of epithelial cells (macroscopic lesions); a hallmark of necrotic 
enteritis (Yan et al., 2013; Fukata et al., 1988).
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Table 1. Toxin-types of C. perfringens, adapted from (Cooper and Songer, 2009)


The prevalence of C. perfringens not only has important financial implications, but also 
is a significant public health risk (Van Immerseel et al., 2004). Clostridium perfringens 
is the leading cause of gas gangrene in humans and can cause major foodborne 
illnesses, ranking as the second highest bacteria to cause food poisoning (Grass et al., 
2013). Another severe disease caused by C. perfringens is enteritis necroticans, which 
is often fatal (Uzal et al., 2014). 


The spread of C. perfringens is further exacerbated by easy sporulation, occurring in 
unfavourable conditions such as high temperatures and acidic conditions (Kiu and 
Hall, 2018). This aids in the spread of the bacteria to different hosts resulting in 
infection (Orsburn et al., 2008). Upon making contact with specific molecules 
(germinants) including single amino acids, sugars or purine nucleosides, C. 
perfringens can germinate and begin to proliferate (Setlow, 2003). Contaminated food 
acts as a vector for C. perfringens to reach the intestine, subsequently germinating. 


Due to the prevalence of this bacteria, antibiotic growth promoters became the 
common treatment and preventative measure of necrotic enteritis. However, due to 
changes in legislation only selected antibiotics can now be prescribed to treat 
infections (Dahiya et al., 2006). This is to limit the risk of antimicrobial resistance, a 
significant risk with this bacteria because of its ability to generate a wide range of 
lethal toxins (Kiu and Hall, 2018).


Antimicrobial Resistance 
Antimicrobial resistance is the tolerance of a bacterium towards a treatment, rendering 
the therapy compromised (Davies and Davies, 2010). This causes issues when 
attempting to treat a range of disease, in both poultry and humans (Bell et al., 2014). 
This has resulted in elevated morbidity, mortality and treatment costs of infectious 
diseases in human medicine (Warren et al., 2008). Over the past 50 years humans 

C. perfringens 
groups

Alpha (CPA) Beta (CPB) Epsilon (ETX) Iota (ITX)

A X

B X X X

C X X

D X X

E X X
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have extensively used antibiotics, which have in turn exerted a selection pressure in 
favour of the survival of resistant strains (Summers, 2002). Continuing their 
administration will result in the emergence of more resistant strains, leading to 
increased treatment failures (Gyles, 2008; El-Rami et al., 2012).


Multiple species of bacteria have become resistant to antibiotics, which is a serious 
issue for global health (Tenover, 2006). Methicillin-resistant Staphylococcus aureus 
(MRSA) is difficult to treat because it is resistant to most β-lactam antibiotics 
(Patterson et al., 2014). It typically only causes nosocomial infections, however it has 
recently been found in farm animals (Chambers, 2001). Clostridium difficile is resistant 
to a range of antibiotics, including ampicillin, amoxicillin, cephalosproins, clindamycin, 
and fluroquinolones (Leffler and Lamont, 2015). Infections caused by C. difficile, 
usually occur when antibiotics are administered which are not active against C. 
difficile. The imbalance in the microflora of the host’s gut, as a result of the antibiotics, 
allows C. difficile to take advantage and proliferate with limited competition (Sun and 
Hirota, 2015). Salmonella has also become less susceptible to newer antimicrobials, 
such as fluoroquinolone and extended-spectrum cephalosporins (Rabsch et al., 2001), 
causing issues throughout the poultry industry and impacting human health 
(Gieraltowski et al., 2016). 


Despite this, simply reducing the prescription of antibiotics is not an ideal solution as 
this can result in an immediate increase in infections, as seen across Europe with 
necrotic enteritis (Nowell et al., 2010). However, this was to be expected as Sweden, 
Denmark, Norway and Finland had already banned AGPs to counter antimicrobial 
resistance (Bengtsson and Wierup, 2007) resulting in a rapid decline in poultry health, 
with many becoming infected with C. perfringens (Kaldhusdal and Lovland, 2000). 
Halting or significantly decreasing the use of antibiotics reduces produce quality, 
yields and microbiological safety (Sulakvelidze, and Barrow, 2005). 


However current alternatives, including increasing biosecurity on farms to control 
outbreaks, can be expensive and difficult to maintain (Davies, 2005). An alternative 
therapy needs to be developed in order to reduce reliance on antibiotics (Atterbury, 
2006). Probiotics may be the solution to reduce bacterial infections and aid in the 
general health of chickens (Patterson and Burkholder, 2003).


Probiotics 
As described by Fuller (1992), a probiotic is defined as a live microbial feed 
supplement which beneficially affects the host animal by improving its intestinal 
microbial balance. Humans have most likely been using probiotics for thousands of 
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years, as far back as the Sumarians (2500 B.C.) drinking fermented milk (Kroger et al., 
1989). The health benefits associated with the consumption of probiotics was first 
developed by Elie Metchnikoff at the beginning of the 20th century. He observed that 
the consumption of certain bacteria lead to a longer life (Fuller, 1992). Subsequent 
work has shown that the consumption of specific bacteria can aid in digestion and 
immune response against diseases in both humans and animals (Adhikari and Kim, 
2017; Madsen et al., 2001).


The GITs of animals are colonised by microflora which play vital roles in digestion and 
maintaining host health (O’Hara and Shanahan, 2006; Oakley et al., 2014). The 
addition of a probiotic can help keep a healthy balance of microbiota in the gut (Song 
et al., 2000). Once ingested, probiotics begin to colonise the intestine by adhering to 
the mucosal wall and competing with pathogenic bacteria for nutrients and space to 
proliferate (competitive exclusion) (Nurmi and Rantala, 1973). Probiotics can provide 
the host with additional nutrients by increasing the diversity of digestive enzymes in 
the GIT (Svihus et al., 2003). Volatile fatty acids (VFAs) and hydrogen peroxide can also 
be produced further inhibiting the growth of pathogenic bacteria, enhancing the host’s 
immune system against enteric pathogens (Chichlowski et al., 2007). These VFAs are 
naturally produced by probiotics to metabolise nutrients in the gut (Khan and Naz, 
2013). The production of VFAs lowers the pH in the gut below optimum for replication 
of some pathogenic bacteria such as E. coli, Salmonella spp., and C. perfringens 
(Sakurai and Duncan, 1979; Choudhari et al., 2008). It is now well understood that 
lowering of pH is one of the main aspects that gives probiotics their beneficial effects 
(Fuller, 1989; Pascual et al., 1999; O’Dea et al., 2006; Chichlowski et al., 2007). 
However, some strains of pathogenic bacteria have demonstrated acid tolerance 
mechanisms, allowing them to proliferate in low pH environments (Hu et al., 2018; 
Guan and Liu, 2020).


The species density in the GIT means that bacteria have to compete against other 
bacterium, using antagonistic behaviours, which have evolved due to the constant 
battle for limited resources (Soler et al., 2010; Pan and Yu, 2014). However, within the 
GIT, many species which are beneficial to the host work synergistically together and 
regulate the growth of one another, creating a harmonious microbiome (Pan and Yu, 
2014). The host also plays a key role in microbiota regulation, by producing a mucus 
layer (Hansson and Johansson, 2010). This repels most bacteria, and prevents 
adherence and penetration into the epithelium (Brisbin et al., 2008).


An important mechanism in which probiotics benefit a host is through stimulating the 
host’s immune system (Musa et al., 2009). An increase in humoral and cellular immune 
responses is mainly caused by a combination of increased T-lymphocytes and 
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production of anti-inflammatory cytokines and antibodies (Panda et al., 2003; Oyetayo 
and Oyetayo, 2005; Ohashi and Ushida, 2009). Probiotics can also increase host 
antibody titre, which is effective against poultry viruses such as Newcastle disease 
virus (Sadeghi and Shawrang, 2014). Probiotics have been shown to increase all of 
these aspects of their host, allowing for a stimulated immune system, which lowers 
morbidity of disease, thus, reducing costs to the farmer (Caly et al., 2015).


Some probiotics have also demonstrated their ability to produce antimicrobial 
molecules which stop pathogenic bacteria adhering to the epithelial cell wall and 
proliferating (Fuller, 1989; Vandenbergh, 1993). These are known as bacteriocins, 
which are small protein or protein complexes which display an antagonistic effect 
towards a pathogenic species (Madsen et al., 2001). They can inhibit growth of a 
pathogen in multiple ways, including adhesion to the GIT wall (Chichlowski et al., 
2007). This limits proliferation, thus reducing infection rate. Extracellular factors (ECF) 
include all molecules that can be produced by a sample, including antibiotics, 
bacteriocins and VFAs (Khan and Naz, 2013; Chichlowski et al., 2007).


Competitive exclusion is a term defining the introduction of, sometimes undefined or 
partially defined, cultures sourced from an adult’s intestinal flora. In 1973, Nurmi and 
Rantala used competitive exclusion to increase resistance in young chicks against 
Salmonella infections. This was achieved by inoculating chicks with intestinal content 
from an adult bird. This resulted in 77 % of birds being infection free and paved the 
way for future competitive exclusion studies. After hatching, ecological succession 
occurs, whereby the chicks’ intestine undergoes rapid microbial colonisation (Lan et 
al., 2005; Schneitz and Mead, 2000). This method results in a range of beneficial 
bacteria colonising the gut (including Enterococcus and Lactobacillus spp.) inhibiting 
pathogenic bacteria (such as Clostridium) which at a young age can quickly lead to 
death (Guan et al., 2003).


Probiotic bacteria compete for adhesion sites on the epithelial wall of the GIT (Tellez et 
al., 2012), thus preventing the formation of pathogenic bacterial colonies (Guillot, 
2003). The probiotic bacteria colonise favourable sites in the GIT, such as villi and 
colonic crypts, which leaves little space for pathogens to replicate (Hofacre et al., 
2003). The effectiveness of a probiotic to adhere to gut epithelial cells is host specific, 
and can vary between species and strains (Fuller, 1989). Many Lactobacillus spp. have 
been documented to adhere to caecal tissue in chickens, in which competitive 
exclusion has provided significant beneficial effect to the host (Starvic, 1987; Yoruk et 
al., 2004). Gut adherence is important when deciding a suitable probiotic, because it is 
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required in order to proliferate and sustain colonies, thus can act antagonistically 
toward pathogenic bacteria (Sissons, 1989).




Figure 2. Conceptual diagram of probiotic administration, from (Kabir, 2009)


‘Competitive exclusion’ is underpinned by the premise that mortality is high in young 
chicks infected by a small number of pathogenic bacterial cells. This does not occur in 
adult birds because of their autochthonous (endemic bacteria to the host) gut flora. 
Newly hatched chicks from sitting hens (in the wild) would be inoculated by 
autochthonous bacteria from the adult. However, in order to increase output and lower 
infections, hatcheries keep adults and chicks separate in sterile conditions. By 
introducing intestinal flora from adult birds, chicks became more resistant to infectious 
doses of 103-106 Salmonellae bacterial cells (Fig. 2; Pivnik and Nurmi, 1982; Milner 
and Shaffer, 1952). This shows that by allowing early colonisation of beneficial bacteria 
into chick GIT, the morbidity of disease can be reduced.


Enterotoxins are toxins produced by a pathogen which can affect the host and cause 
a range of symptoms which usually have negative effects for the host (Joya et al., 
1990). Multiple studies have shown Lactobacillus bulgaricus produces metabolites 
which have a neutralising effect on enterotoxins, specifically those released from 
coliforms (Mitchell and Kenworthy, 1976; Schwab et al., 1980). This can result in 
infections having a reduced impact on the host.


Probiotics not only can decrease infection rates, but can also improve the general 
health of the host. Digestive enzymes are one way in which a probiotic can benefit its 
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host (Alagawany et al., 2018). In vitro experiments have shown the production of 
digestive enzymes which enrich the already present intestinal digestive enzymes 
(Szylit et al., 1980). By adding a probiotic to help digest and break down complex 
molecules, chickens are able to extract more nutritional value from the same food 
source. Lactobacillus spp. which have been isolated from cheese, show amylolytic, 
lipolytic and proteolactic enzymatic activities (Moon and Kim, 1989). Amylase activity 
from Lactobacillus isolates have been shown to increase when introduced to broilers 
(Jin et al., 1996). This better utilises any food which passes through the chicken’s GIT, 
resulting in a more efficient feed conversion ratio (Svihus et al., 2003). 


The intestinal flora of animals is very important in the digestion and absorption of food. 
It aids in the digestion of all macronutrients and minerals, as well as in the production 
of vitamins (Nahanshon et al., 1992). One study found the addition of Lactobacillus 
spp. increased appetite and nitrogen, fat, calcium, phosphorus, copper and 
manganese retention in laying hens (Nahanshon et al., 1996). 


The diversity of probiotic bacteria, allows for tailored probiotics by selecting specific 
bacterial species, or combining them to achieve multiple characteristics (Zhang et al., 
2012; Dankowiakowska et al., 2013), this can include aiding digestion and lowering 
intestinal pH (Von Wright and Axelsson, 2012). This means the health benefits gained 
by taking a probiotic can differ greatly, depending on the species and strain (Song et 
al., 2000). Work by Kalavathy et al. (2003), explains how the addition of Lactobacillus 
spp. can reduce the abdominal fat of broilers. This increases meat productivity 
because waste fat was not accumulated, therefore a more efficient feed conversion 
ratio was achieved. This tailoring process possesses challenges and often involves 
significant financial investment in order to carry out large in vivo experiments. Thus, in 
vitro assays of antagonism and gut models allow probiotic species to be tested 
cheaply compared to the expensive in vivo trials (Latorre et al., 2015; Chapman et al., 
2012).


Probiotics are commonly used in the chicken industry for both egg laying and broiler 
production (Dankowiakowska et al., 2013). Common bacteria used as poultry 
probiotics are Lactobacillus, Bifidobacterium, Enterococcus, Bacillus, Pediococcus, 
and yeasts (Gaggia et al., 2010; Anadon et al., 2006; Yoruk et al., 2004; Choudhari et 
al., 2008; Hassanein and Soliman, 2010). The administration of probiotics is financially 
beneficial as they improve the health of chickens as well as feed conversion ratios 
(Kalavathy et al., 2003; Kral et al., 2012). Many species utilised in poultry probiotics are 
from the genus Lactobacillus; including species such as Lactobacillus bulgaricus, 
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Lactobacillus plantarum, Lactobacillus acidophilus, Lactobacillus salivarius, 
Lactobacillus fermentum and Lactobacillus paracasei. (Khan and Naz, 2013).


In poultry, probiotics species are commonly sourced from the GIT of a chicken 
(Bhaskaran et al., 2011; Lan et al., 2005). This method is also used when developing 
competitive exclusion products whereby, healthy adult birds’ GITs are sampled, any 
pathogens present are removed (specific-pathogen free), and inoculated into chicks 
(Klose et al., 2006). A healthy microflora can then be established in the chick, as if 
raised with adults (Fig. 3; Schneitz, 2005). This use of endemic microflora found in the 
adult (autochthonous), ensures the product will reach and colonise the host’s GIT 
(Schneitz and Mead, 2000). However, this method makes it difficult to isolate novel 
probiotic bacteria, if the farm already administers a probiotic. Thus, a source of 
bacteria which would be an effective probiotic species, but allows novel strains to be 
isolated, needs to be investigated.


Lactobacillus  
Lactobacillus spp. have been utilised by humans for thousands of years (Fuller, 1992). 
They were first utilised in the fermentation of foods; arguably the first food 
preservation technique (Hayek and Ibrahim, 2013). Lactobacillus is the largest genus 
of lactic acid producing bacteria, containing over 170 different species (De Angelis et 
al., 2016). They are Gram positive, non-spore forming, catalase negative bacilli 
(Salvetti et al., 2012). Literature surrounding Lactobacillus explains its beneficial 
metabolic activities, including producing many compounds such as organic acids, 
antimicrobial compounds and enzymes which can breakdown complex structures 
(Von Wright, and Axelsson, 2012; Bringel, 1998). Furthermore, lactic acid bacteria 
(LAB) have been shown to have anti-oxidative potential (Kullisaar et al., 2002; Evivie et 
al., 2017). This characteristic gives Lactobacillus spp. the ability to colonise the 
intestine alleviating inflammation caused by excessive oxidative stress (Truusalu et al., 
2004). The majority of Lactobacillus spp. are also ‘generally regarded as safe’ (GRAS; 
Food and drug administration term used in USA), and can confidently be used without 
generating negative affects to the host (Gusils et al., 1999; Schneitz, 2005; 
Kizerwetter-Swida and Binek, 2009; Salvetti et al., 2012).


This has resulted in the reduction of numerous pathogenic bacteria from poultry 
intestines, including Campylobacter spp. and C. perfringens in broilers (Chichlowski et 
al., 2007; Tellez et al., 2012; Cao et al., 2012; Askelson et al., 2014; Shazali et al., 
2014; Saint-Cyr et al., 2016; Knap et al., 2010). Current commercial poultry probiotics 
use Lactobacillus because they can produce low pH conditions (Biomin, 2020; 
Protexin, 2020; Gusils et al., 1999). Pathogens, such as C. perfringens and Salmonella, 
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struggle to survive in low pH conditions, resulting in a reduction in diseases caused by 
such bacteria (Sakurai and Duncan, 1979; Choudhari et al., 2008).


Lactobacillus can be found in numerous environments, predominantly in animal GITs, 
but also in soil, food products, and milk (Hunt and Rettger, 1930; Chen and Yanagida, 
2006). Lactobacillus are endemic to chicken GIT (autochthonous) and aid in starch 
breakdown and lactate fermentation (Fig. 3; Stanley et al., 2014; Lei et al., 2014).


Figure 3, Diagram of a chicken’s gastrointestinal tract with accompanying major 
bacterial taxa, from (Yeoman et al., 2012). The microbiota can alter based on a number 
of factors and alternative GIT bacterial compositions have been demonstrated (Han et 
al., 2016; Borda-Molina et al., 2018).


Lactobacillus can colonise a range of animal GITs, and it can be assumed that, 
through faecal contamination, Lactobacillus may be present in soil. Samples from the 
animals GIT would be beneficial because it would provide prior-knowledge that the 
bacteria would reach and be able to colonise the GIT, with no in vitro experimentation 
required (Khan and Naz, 2013). However, the risk of isolating a currently available 
probiotic, may be present. Little work has been conducted isolating Lactobacillus from 
soil and when soil has been sampled, it is within close proximity to a dairy product 
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manufacturing building (Pal and Srivastava, 2013; Aghajani et al., 2018; Moon et al., 
2012). However, Lactobacillus should be present in a range of soil types and locations, 
especially if the site has a frequent source of faeces (Porter, 1998; Ercumen et al., 
2017). Lactobacillus spp. that are sampled for eventual probiotic use, must be a novel 
strain compared to other probiotic manufacturers, so as to maintain commercial 
viability. To achieve this, a source of Lactobacillus must be found that can generate 
novel strains. Soil may provide a quick and easy method in which to sample relevant 
novel Lactobacillus samples, which can then be developed into a poultry probiotic.


Probiotic Development 
To develop any probiotic, in vitro testing must be performed in order to distinguish the 
antagonistic traits each isolate possesses against a specific pathogen (Jensen et al., 
2012). Other traits including epithelial cell adhesion, pH and bile salt tolerance, and 
metabolite production can all be explored, allowing for comparisons to be made 
between individual isolates (Patterson and Burkholder, 2003; Choudhari et al., 2008). 
Tolerance of the different stresses of commercial manufacturing, processing and 
distribution is also key when designing a probiotic, however can be difficult to test in 
vitro (Patterson and Burkholder, 2003). The aim of in vitro testing is to identify the most 
effective isolate before proceeding onto expensive in vivo trials (Bielke et al., 2003; 
Klose et al., 2006).


Although in vitro testing is routinely conducted on potential probiotic samples and 
their antagonistic effect towards a specific pathogen (Vineetha et al., 2016), there is 
little literature on method evaluation (Messaoudi et al., 2012; Tsai et al., 2005; Klose et 
al., 2010). In vitro testing allows information to be gathered on probiotic isolates before 
beginning expensive in vivo trials (Latorre et al., 2015; Chapman et al., 2012). 
However, most study results are rudimentary and usually only consist of one 
antagonistic assay (Nallala et al., 2017; Jensen et al., 2012; Khan et al., 2019). Studies 
usually describe differing and limited antagonistic methods, making comparisons 
difficult both in regard to methods and results (Applegate et al., 2010; Schoster et al., 
2013). Additionally, data between probiotic products can also be difficult to compare 
because each product uses strain specific anti-clostridial effects (Culligan et al., 2009).


In vivo trials can be expensive and take a long time, therefore the more information 
collected in vitro, the higher the assurance is for a product to be successful (Latorre et 
al., 2015; Chapman et al., 2012). Outlined by Chambers and Gong (2011), 
characteristics for a good probiotic are: 1) the ability to colonise the intestine, 2) high 
growth rate and low nutrient requirements, 3) the ability to suppress a pathogen(s), 4) 
can be grown easily on a large scale, 5) and can survive throughout the manufacturing 
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process and transportation. Within the limits of in vitro testing, these characteristics 
can be evaluated, resulting in isolates that will be appropriate for in vivo testing. 


Aims 
Lactobacillus spp. are routinely used as probiotics in the poultry industry and is 
predicted to increase as greater antibiotic prohibition is enforced. In order to generate 
more effective probiotics, a range of samples must be collected to ensure novel 
strains. Additionally, methods evaluating antagonistic effect of isolates must be 
utilised to determine which isolates will have the most success in in vivo trials. 


The first aim of this study is to determine whether relevant Lactobacillus spp. can be 
obtained from soil samples and other sources. Commonly used probiotic Lactobacillus 
spp. will be isolated and identified to determine if sampling soil around Lincoln, UK, 
can provide a source for potential poultry probiotic bacteria.


Secondly, this study aims to compare antagonistic methodologies and the 
antagonistic effects of Lactobacillus isolates using in vitro assays to determine 
whether they can inhibit C. perfringens. The collected isolates will be used to establish 
if these methodologies can extract data regarding which of the isolates are 
antagonistic against C. perfringens and which has the largest effect. This can 
determine the most suitable candidate for use in in vivo trials. 
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Chapter 2 - Methods  
Collection 
Collection of Lactobacillus isolates were from soil samples. A total of six sites in 
Lincolnshire, UK were used to collect varying soil samples: West Common (n=150), 
South Common (n=100), Hartsholme Park (n=150), Lincoln Arboretum (n=50), 
Boultham Park (n=100), and Lincoln Canal (50) (Fig. 4). A total of 600 soil samples 
were collected. These sites were situated within three miles of the laboratory where 
the samples were to be processed, providing quick turnover from sample collection to 
isolation. The West and South Common frequently have horses present, and all other 
sites have many visitors and dog walkers.


Figure 4. A map of Lincoln, points indicate where each sample site was located. The 
West Common (1; 53.2376°N, -0.5574°W), South Common (2; 53.2171°N, -0.5335°W), 
Lincoln Arboretum (3; 53.2312°N, -0.5268°W), Hartsholme Park (4; 53.2099°N, 
-0.5915°W), Boultham Park (5; 53.2089°N, -0.5581°W), and Lincoln Canal (6; 
53.2329°N, -0.5646°W) (Apple Maps, 2020). 


 of 24 92

1

2

3

4
5

6

1 mile



A survey of each collection site was carried out prior to sampling, and again on 
collection day. The survey provided a designated route and sampling intervals to 
generate a systematic sampling technique. Factors which could have impacted the 
samples were noted from the following categories: tree, grass, shrub, water, sand, 
path, or molehill. Soil samples were collected in 15 mL centrifuge tubes (Fisher 
Scientific). Samples consisted of 5-10 g of soil, and were taken approximately every 
15-20 m, along the designated route. Collection included scooping soil into a 
centrifuge tube, without touching the soil, so as to not contaminate sample. 
Additionally, samples were always taken in front of collector, so as to not contaminate 
the new sample area from the previous. 


Additionally, Lactobacillus species were attempted to be isolated from different 
sources, including chicken necropsies (n=344) and soil located around commercial 
chicken houses (n=37). Some chicken necropsy samples were collected from the 
same birds, some of which were suspected of having necrotic enteritis. The chicken 
necropsies and chicken house soil samples allow Lactobacillus spp. to be sampled 
that were present within a chicken’s GIT. This can be used for comparison against the 
soil samples for antagonistic effects. These samples were collected by Dr Joseph 
Brown from a previous study. The chicken necropsy samples were originally streaked 
onto Columbia blood agar (CBA; Oxoid, UK) from different sections of a chicken’s GIT, 
including ileum, jejunum and caeca, and incubated anaerobically for 48 h. Any colony 
which grew was stocked at -80 °C in Brain Heart Infusion (BHI; Oxoid, UK) stocking 
media (30 % glycerol). In total, 981 samples were collected from which to extract 
Lactobacillus samples. 


Isolation 
The agar De Man, Rogosa, Sharpe (MRS; Oxoid, UK), which is selective for lactic acid 
bacteria (LAB), was used to isolate bacteria from the soil samples. Once LAB were 
screened, samples then moved onto the identification step, to identify Lactobacillus 
species. All 981 samples were subjected to the isolation process to retrieve 
Lactobacillus species. 


From each soil sample, approximately 1 g of soil was suspended in to 10 mL peptone 
water (0.1 %; Oxoid, UK) to hydrate the sample. The hydrated samples were agitated 
by inversion, to ensure each sample was homogenised. Samples were subsequently 
streaked onto MRS agar (Oxoid, UK: made to manufacturers specifications), using 10 
µl sterile plastic loops (Microspec, UK). The plates were anaerobically incubated at 37 
°C for 48 h (Don Whitley, DG250 anaerobic workstation). The chicken necropsy stocks 
were streaked onto modified MRS agar (supplemented with 0.05 g/ 500 mL 
bromocresol purple: Fisher Scientific, adjusted to 5.5 pH; 1 mol HCl, using Accumet 
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AE150 pH meter), and anaerobically incubated for 48 h at 37 °C (Don Whitley, DG250). 
The samples from the soil surrounding chicken houses had been hydrated in a 0.1 % 
peptone water solution (Oxoid, UK), at the time of collection. These samples then 
followed the same streaking method onto MRS agar. The modified MRS was originally 
used to isolate LAB, however after testing, standard MRS (no supplementation or pH 
adjustment) proved to be just as reliable, without additional steps. Thus, modified 
MRS was used for the chicken necropsy isolation and then replaced by standard MRS 
agar for the soil sample isolation.


Colonies which displayed a single colony morphology on the MRS agar plate, usually 
2-5 mm, pale cream or white colonies, were immediately stocked in brain heart 
infusion stocking media (BHI broth; 30 % glycerol: Oxoid, UK), and frozen at -80 °C. 
Plates which displayed multiple different colony morphologies, began a cleaning 
process, whereby individual colonies were re-streaked onto MRS agar. Once satisfied 
the isolates were free from contamination, displaying a single colony morphology, they 
were stocked in the same manner as the previous isolates.


Identification 
To determine whether colonies that grew on MRS agar were Lactobacillus spp., further 
testing identified of species, by means of Gram staining and a multiplex polymerase 
chain reaction (PCR). A total of 338 colonies grew on MRS and were subjected to the 
identification process.


Stocks from the isolation, were streaked onto MRS agar and anaerobically incubated 
at 37 °C for 48 h (Don Whitley, DG250). Samples that were considered potential 
Lactobacillus isolates, based on their colony morphology, went directly to the 
multiplex PCR. Colony morphology can differ between Lactobacillus species, however 
in this case were characterised by a circular, pale cream colony with a 2-5 mm 
diameter (Carr et al., 2002; Sakai et al., 2010). 


Colonies which did not follow this colony morphology were Gram stained, prior to 
PCR. The Gram staining step allowed isolates that had alternate colony morphologies 
to be identified as Gram-positive or -negative. Light microscopy was used to identify 
cell morphology and whether the sample was Gram-positive or -negative. Samples 
which were Gram-positive bacilli subsequently subjected to the multiplex PCR.
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PCR

The identification to species level was achieved through multiplex PCR. A total of 222 
isolates were subjected to the multiplex PCR because they had grown on MRS or 
been positively identified as Gram-positive bacilli. A multiplex PCR allows more than 
one locus to be amplified in the same reaction, allowing rapid identification of samples 
(Chamberlain et al., 1988). This multiplex PCR identifies 11 Lactobacillus species, 
which are used within probiotics products, or have been used in antagonistic studies 
(Cao et al., 2012; Askelson et al., 2014; Shazali et al., 2014). This multiplex uses 
primers which amplify the 16S-23S rRNA sequences. Using rRNA genes to identify 
bacteria is an accurate means of identification and can distinguish between bacteria, 
which is useful when generating a phylogenetic tree (Amann et al., 1995). The 16S-23S 
rRNA-targeted hybridisation probes and PCR primers are useful to detect and identify 
the Lactobacillus genus (DiMichele and Lewis, 1993). However, the 16S rRNA primers 
cannot distinguish between Lactobacillus species, due to little variation between 
similar bacteria (Schleifer et al., 1995). The 16S-23S rRNA intergenic spacer region 
(ISR), however, does display high variation amongst closely related species (Barry et 
al., 1991). This allows a species level identification to be obtained by displaying 
different length amplicons of the same region, eluding to the samples species (song et 
al., 2000).


A single colony of each bacterial sample was suspended in 50 µL of distilled water. 
This was then heated at 95 °C for 10 minutes, followed by centrifugation at 21,964 xg 
(Hereaus megafuge 8) for 10 minutes. This process breaks down the bacterial cells 
and pellets cell debris, leaving the bacterial template DNA in solution. This was 
subsequently added to the PCR reaction mix (10 µL of 5x Taq polymerase; Thermo 
Scientific, 7.5 µL of primer stock, 31.5 µL of deionised water, and 1 µL of template 
DNA, to make a reaction mix of 50 µL), before entering the thermal cycler. 


This reaction mix was used for all PCRs, however, the primer stock was adjusted 
depending on the PCR. Each primer was diluted in deionised water 1:10, with a 1:1 
ratio of forward and reverse primer. Some reactions utilised the same reverse primer 
for multiple forward primers (Fig. 5; Table 2).


This multiplex PCR is comprised of two stages: grouping determination, and species 
identification. Samples first went through PCR-G, which allocated samples into groups 
based on band size, Group I (450 bp), Group II (300 bp), Group III (400 bp), and Group 
IV (350 bp) (Fig. 5). Once categorised, the sample used the primers allocated to that 
group. Based on the banding pattern of the species identification stage, species was 
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achieved. Samples positive for PCR-II, went through two species identification PCRs 
(PCR-II-1 and PCR-II-2). 


The following thermal cycler (SimpliAmp, ThermoFisher) conditions were used: an 
initial denaturation of 95 °C for 2 minutes then 35 cycles of a denaturation stage 95 °C 
for 20 secs, followed by an annealing and extension stage which was performed for 2 
mins at 55°C for PCR-G, 68 °C for PCR II-1, 65 °C for PCR III-2, 62 °C for PCR-III, and 
60 °C for PCR-IV. A final extension of 74°C for 5 mins was completed at the end of the 
protocol.


Figure 5. The primers involved in all multiplex PCRs. PCR-G displays banding and 
places samples into groups, subsequent PCRs to carry out the secondary (species) 
PCR. The species PCRs show the primers used, the size of the band, and the 
appropriate species (Song et al., 2000).
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Table 2. Primer sequences used in the multiplex PCR.


After the PCR, samples were analysed using gel electrophoresis on a 2 % TAE 
agarose gel (Oxoid, UK). The gel was ran in TAE buffer (made up using Sambrook et 
al., 1989) using Bio-Rad power pack, at 100 v, 400 mA for 1 hour. Ethidium bromide 
was used to visualise the bands under ultraviolet light. A 100 bp gene ladder (Fisher 
Scientific) was used to measure amplicons. A gel imager (Sygene) was used to 
capture the gel digitally, and added to software for further analysis (imageLab Bio-
Rad). Once images were annotated and evaluated, the band size of each sample 
identified the sample into a group (PCR-G), or to a specific species (PCR-II-1; PCR-
II-2; PCR-III; PCR-IV; Fig. 5).


Primers Sequence 5’-3’ Reference

23-10C CCTTTCCCTCACGGTACTG Gurtler and Stanisich, 1996

Ldel-7 ACAGATGGATGGAGAGCAGA Song et al., 2000

LU-1’ ATTGTAGAGCGACCGAGAAG Song et al., 2000

LU-3’ AAACCGAGAACACCGCGTT Song et al., 2000

LU-5 CTAGCGGGTGCGACTTTGTT Song et al., 2000

Lac-2 CCTCTTCGCTCGCCGCTACT Song et al., 2000

Laci-1 TGCAAAGTGGTAGCGTAAGC Song et al., 2000

Ljen-3 AAGAAGGCACTGAGTACGGA Song et al., 2000

Lcri-3 AGGATATGGAGAGCAGGAAT Song et al., 2000

Lcri-2 CAACTATCTCTTACACTGCC Song et al., 2000

Lgas-3 AGCGACCGAGAAGAGAGAGA Song et al., 2000

Lgas-2 TGCTATCGCTTCAAGTGCTT Song et al., 2000

Lfer-3 ACTAACTTGACTGATCTACGA Song et al., 2000

Lfer-4 TTCACTGCTCAAGTAATCATC Song et al., 2000

Lpla-3 ATTCATAGTCTAGTTGGAGGT Song et al., 2000

Lpla-2 CCTGAACTGAGAGAATTTGA Song et al., 2000

Lreu-1 CAGACAATCTTTGATTGTTTAG Song et al., 2000

Lreu-4 GCTTGTTGGTTTGGGCTCTTC Song et al., 2000

Lsal-1 AATCGCTAAACTCATAACCT Song et al., 2000

Lsal-2 CACTCTCTTTGGCTAATCTT Song et al., 2000

Lpar-4 GGCCAGCTATGTATTCACTGA Song et al., 2000

RhaII GCGATGCGAATTTCTATTATT Song et al., 2000
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Antagonistic Methods 
The following methods first aim to determine if samples have an antagonistic effect. 
This is not to compare, but simply identify an antagonistic isolate in which to further 
investigate. Secondly, Lactobacillus isolates are quantitatively compared using more 
precise methodology. Thirdly, the antagonistic effects of isolates will be tested against 
a variety of circulating C. perfringens isolates. Lastly, the tolerances of the best 
antagonistic isolates will be assessed for their ability to grow in low pH conditions, 
similar to the pH of a chicken’s intestine. 


Literature on testing antagonism is extensive, but none outline all necessary in vitro 
tests, before moving to in vivo testing (Schoster et al., 2013; Tsai et al., 2005; 
Bhaskaran et al., 2011). All methods are adapted from studies testing antagonism, to 
allow a range of different experiments in which to assess Lactobacillus isolates. All 
anaerobic incubation was carried out in a Don Whitley DG250 anaerobic workstation. 
All broth cultures throughout the following methods were inoculated into fluid 
thioglycollate (FTG), made to manufacturer’s instructions (Oxoid, UK). Additionally, 
Tryptose Yeast extract agar (TY; made to manufacturer’s instructions, Oxoid, UK) was 
used throughout experiments. All methods used the C. perfringens strain ATCC 
13124, which only differed when testing antagonistic range, as multiple C. perfringens 
isolates were used. A reference strain of Bacillus subtilis was used throughout the 
preliminary experiments which showed a high antagonistic effect to C. perfringens. 
This allowed an antagonistic reference strain to be used, in order to evaluate the 
assays. This ensured the methodology would help describe antagonistic behaviour, as 
it would document an antagonistic effect of this isolate. Lactobacillus isolates that 
were positively identified in Chapter one (n=21), were used in the following 
experiments. A reference strain of Lactobacillus plantarum (referred to as positive 
Lactobacillus) was used throughout methods as a non-antagonistic control, which 
would simulate other commensal bacteria. 


Agar Assays 

Cross Streak Assay

This method is well established within the literature and allows direct contact between 
the probiotic and pathogenic bacteria (Christiansen et al., 2005; Chapman et al., 
2012). This method helps find any antagonistic isolates which can then be moved on 
to larger experiments. This method is only used to test antagonism and does not 
describe comparative quantitative data of antagonistic effect against C. perfringens. 
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Preliminary experiments streaked the Lactobacillus and C. perfringens samples at the 
same time. However, the results were inconclusive because the C. perfringens growth 
rate is much faster than Lactobacillus (data not shown). Allowing initial growth of 
Lactobacillus overnight accounted for the differences in growth and allowed for a 
more realistic antagonistic effect to be shown as a probiotic is a preventative measure 
and not a treatment. 


All of the confirmed Lactobacillus isolates (n=21) were cross streaked against the C. 
perfringens strain ATCC 13124. The Lactobacillus isolates were first inoculated in an 
FTG broth overnight, before being inoculated onto Brain Heart Infusion agar plates 
(BHI; made to manufacturer’s instructions; 1 % agar; Oxoid, UK). Two parallel lines of 
the overnight Lactobacillus culture were streaked the length of the plate and were 
anaerobically incubated for 24 h at 37 °C. This resulted in two lines of colony growth. 
Using a turbid culture of C. perfringens, grown in FTG for five h, two further parallel 
lines were streaked perpendicular to the probiotic lines (Fig. 6). This resulted in four 
lines, two probiotic and two C. perfringens (Fig. 6). This was then anaerobically 
incubated for 24 h at 37 °C. Sterile FTG and the positive Lactobacillus isolate acted as 
negative controls. A sample was considered antagonistic if inhibited growth was 
observed nearing contact with the probiotic lines. 


Figure 6. Schematic of the cross streak method which displays Lactobacillus and C. 
perfringens, streaked and growth lines. 


Well Diffusion Assay

All Lactobacillus isolates from chapter one were used in this experiment. The well 
diffusion assay involves a C. perfringens inoculated agar (TY, 1 % agar), each plate 
contained approximately 1x105 C. perfringens cells/ mL. This was achieved by 
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adjusting a turbid C. perfringens FTG broth and adding it to molten agar in a 1:50 
dilution, of which 20 mL was poured for each agar plate. This ensured the same 
number of cells in each plate and consistent well depth. Once plates were set, three 
wells were bored using a sterile 1 mL micropipette tip. The wells were then filled (100 
µl) with an overnight culture of Lactobacillus (1x108 cells/ mL). Sterile FTG and the 
positive Lactobacillus isolate acted as negative controls. This was then anaerobically 
incubated for 24 h at 37 °C. If the sample was antagonistic the plate revealed zones of 
inhibition of C. perfringens around each well. This method allows for quantifiable 
antagonistic effect, which is calculated by subtracting the well diameter, from the 
diameter of the zone of inhibition. 


This method first used BHI agar in which to inoculate C. perfringens, however TY was 
later used because the C. perfringens isolate produced less gas in TY agar, but still 
showed turbidity throughout the agar. The volume of Lactobacillus broth in the wells 
was also adjusted through preliminary investigations, using 30, 50, 70 and 100 µL. 
Studies had displayed success for all of these volumes, as well as using a cell free 
supernatant, which was also tested in preliminary experiments (data not shown) 
(Reuben et al., 2019; Lima et al., 2007; Lin et al., 2007; Vineetha et al., 2016).


Extra Cellular Factors Assay

This method has been adapted from Lima et al., (2007), which was altered throughout 
preliminary investigations. Changes to the filtration and centrifugation steps (data not 
included) have been modified by experimentation, resulting in the following method. 
All Lactobacillus isolates were used in this experiment.


Firstly, C. perfringens was seeded into TY agar (1 %; 1x105 C. perfringens cells/ mL). 
Then, using a turbid overnight culture of Lactobacillus grown in FTG, each sample was 
centrifuged for 10 mins at 21,964 xg (Hereaus Megafuge 8). The supernatant was then 
removed and filtered (0.22 µm; Fisher Scientific), to ensure a cell-free solution. Three 
spots of the solution (10 µl) were then pipetted onto the seeded agar. The plates were 
then anaerobically incubated for 24 h at 37 °C, not inverted. Sterile FTG and the 
positive Lactobacillus isolate acted as negative controls. Any visible zones of inhibition 
were measured. The larger the zone of inhibition, the more ECFs present and/or the 
more effective the ECF. 
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Colony Pour Plate

This method was first described by Schillinger and Lucke, 1989, which allows direct 
contact growth of probiotic and pathogen. All Lactobacillus isolates were used in this 
experiment.


Three 10 µL spots of Lactobacillus adjusted to 1x108/ mL were pipetted onto a TY (1 
%) agar plate. After 24 h of anaerobic incubation at 37 °C, colonies formed on the 
three spots. A C. perfringens seeded TY agar (1x105 cells/ mL) was then poured onto 
the Lactobacillus colonies, creating a top layer, which was then anaerobically 
incubated for 24 h at 37 °C, inverted. Sterile FTG and the positive Lactobacillus isolate 
acted as negative controls. After incubation, any visible zones of inhibition around the 
Lactobacillus colonies were measured. The larger the zone of inhibition of C. 
perfringens, the more antagonistic the isolate. 


Antagonistic Plug Assay

Preliminary investigations of this method used plugs made from De Mann, Rogosa, 
Sharpe agar (MRS; 1.5 % agar; following manufacturers instructions, Oxoid, UK). 
However, the MRS impacted the growth of C. perfringens growth and produced zones 
of inhibition from the negative (sterile plug) control. This was most likely caused by the 
acidic nature of the agar (pH 5.5), which is not an ideal pH for the C. perfringens 
growth (Allart, von Asten & Grone, 2013; Sakurai & Duncan, 1979). Eight isolates 
(HP199T, NHFS045, NHL038, NHFS037, I67(I)2, LRF055, ADFS030, and NHF062.2) 
were used in this experiment as they had shown antagonism in previous methods. 


Firstly, Lactobacillus plugs were made by seeding each of the eight Lactobacillus 
isolates into molten TY (1%) agar, with 1x107 cells/mL. Each plate used 20 mL of 
seeded agar, to make sure each plug was the same depth and would approximately 
contain the same quantity of cells. The seeded Lactobacillus plates were then 
incubated anaerobically for 24 h at 37 °C. Then, using sterilised 1 mL micropipette 
tips, plugs were cut out of the Lactobacillus seeded plates. Using a sterile pair of 
tweezers, three plugs were placed onto a pre-made C. perfringens seeded TY (1%) 
agar plate. The C. perfringens seeded plate was made as previously described for the 
well diffusion and ECF assays (1x105 C. perfringens cells/ mL). The plates were then 
anaerobically incubated for 24 h at 37 °C. Sterile plugs and the positive Lactobacillus 
isolate acted as negative controls. After incubation, the antagonistic effect was 
calculated by subtracting the diameter of the plug from the zone of inhibition. This 
provided a quantitative value to compare antagonistic effect between isolates. 
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Broth Assays 

Co-culture Assay

All other methods have involved Lactobacillus and C. perfringens growth on solid 
medium. This is not necessarily analogous to growth in the GIT. However, the co-
culture assay allows direct competition for nutrients and space within FTG broth and 
allows an effective in vitro competition assay. This method is an adaptation of Wang et 
al., (2014), which used Lactobacillus spp. against Campylobacter jejuni. The aim of 
this protocol is to generate a method which closer resembles a chicken GIT compared 
to solid medium experiments. Broth cultures are not representative of chicken GIT, but 
allow alternative bacterial competition


Turbid FTG cultures of C. perfringens (5 hour culture) and Lactobacillus (overnight 
culture) that were incubated at 37 °C, were adjusted to 1 OD590 (1x106 and 1x108 cells/
mL, respectively). Then, 100 µL of the adjusted solutions were aliquoted into sterile 10 
mL FTG broths in the following conditions: C. perfringens control (C. perfringens 
alone), competition (C. perfringens with probiotic isolate), competition control (C. 
perfringens with a bacterial sample with no antagonistic effect). The competition 
control used the positive Lactobacillus sample to act as commensal gut bacteria, that 
would naturally compete for nutrients and space, but would lack the antagonistic 
ability to inhibit C. perfringens. Preliminary investigations tested different sampling 
time points (0, 1, 2, 4, 8, 16, 24 h), volume of inoculant, sampling techniques and the 
initial cell count of Lactobacillus and C. perfringens. The additional time points 
provided more points over the 24 h, however, was consumable expensive and was not 
feasible to maintain for all samples. 


Each condition was incubated at 100 rpm (Stuart SI100) at 37 °C and sampled at the 
time points 0, 8, and 24 h, to calculate colony forming units/ mL (CFU/ mL) of C. 
perfringens. To sample, an aliquot of 100 µL was taken from each condition and 
serially diluted to 10-7 using 900 µL of peptone water (0.1 %; Oxoid, UK). Then, 100 µL 
of each dilution was spread plated onto Perfringens Agar (made to manufacturer’s 
instructions; Oxoid, UK) supplemented with tryptose sulphite cycloserine which is a 
selective for C. perfringens. These plates were then anaerobically incubated for 24 h at 
37 °C. After incubation the colonies on each plate were counted using a colony 
counter (Stuart SC6PLUS) to calculate C. perfringens CFU/mL. Once all C. perfringens 
CFUs were calculated, the cell number over time for each condition could be 
compared. A preliminary investigation attempted to calculate CFU/ mL of the 

 of 34 92



Lactobacillus overtime, however, colonies that grew would combine with neighbouring 
colonies, thus counting and calculating CFU was not reliable. 


Antagonistic Range

All methods competed a Lactobacillus isolate against C. perfringens ATCC 13124. 
However, this sample is not representative of the C. perfringens population, especially 
those which induce necrotic enteritis.


Each sample underwent the antagonistic plug assay, with a range of different C. 
perfringens isolates strains. The majority of these isolates had been isolated from 
chickens GIT, with unconfirmed cases of necrotic enteritis. Samples were collected by 
Dr Joe Brown and have been further characterised on their pathogenic effects by 
Emily Brandreth, for separate studies. Each isolate has been toxin-typed and has been 
tested for markers which would suggest its effectiveness to induce necrotic enteritis, 
such as biofilm formation and toxin production (data not shown).


Probiotic samples were tested against 11 different C. perfringens isolates, using the 
antagonistic plug assay (CP5017, I113.1, CP5019, J55, CR36, J076.6.3, I076.4.1, 
CP3054, I089.3.2, I089.3.1, and CP3141). The plug assay was used because it 
produces quantitative data with little consumable cost, unlike the co-culture. Some of 
these samples had been sampled from a chicken’s GIT which is suspected of suffering 
from necrotic enteritis, and others had been sampled from commercially bought 
chicken breast. The antagonistic effect of each Lactobacillus isolates was then 
compared across a range of circulating C. perfringens samples. The Lactobacillus 
isolate with the most antagonistic range, would infer a greater advantage when used 
as a probiotic.


Growth Curve

A growth curve was carried out on the three isolates (HP199T, NHFS045 and 
Lactobacillus reference strain), two which have shown the most antagonism towards 
C. perfringens in the previous tests, and the non-antagonistic Lactobacillus isolate as 
a comparison. Growth curves can help characterise bacteria, and the data can inform 
large scale production which is necessary for commercial probiotics.


Growth curves were carried out on a plate reader (Bmg Flurostar). First an overnight 
culture of Lactobacillus isolates, in FTG broth, were adjusted to 0.1 OD590. In a 96-well 
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micro plate (Thermo Scientific, UK) 200 µL of the adjusted samples were pipetted into 
nine wells, with sample had a negative control of sterile FTG. MicroAmp Optical 
adhesive film (Applied Biosystems, US) was placed on top of the plate, after filling 
wells. A growth curve was constructed whereby each sample’s optical density would 
be taken every 10 minutes for 24 h. The samples were shaken before each reading to 
agitate any cells which had moved to the bottom of the well. The optical density can 
be used to indicate the number of cells in a solution, allowing a growth curve to be 
constructed. 


Additionally, the two Lactobacillus isolates (HP199T and NHFS045) were grown with 
differing pH conditions (2-9 pH). Each sample had a growth curve completed that 
would show optimum pH for growth, inferring pH tolerance. This method was the 
same as the growth curve, but each condition had been adjusted using 1 mol HCl or 1 
mol NaOH to reach the desired pH which was measured with a pH meter (Accumet 
AE150).


Statistical Tests

All statistical analysis was performed on Rv 3.5.3 (R Core Team, 2019). A two sample 
T-test was performed on antagonistic plug data and antagonistic range, to compare 
Lactobacillus results. An ANOVA was used to analyse the co-culture over time 
between species, adjusted with a post-hoc Tukey test. 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Chapter 3 - Results 
Collection and Isolation 
In total, combining all soil and chicken necropsy samples, 981 samples were streaked 
onto either MRS or modified MRS (0.05 g bromocresol purple, adjusted to 5.5 pH), 
from which 338 (34 %) samples showed growth, indicating a LAB. Of which 288 of soil 
samples collected from Lincolnshire, contained viable LAB, as they were able to grow 
on MRS agar. The sample site which yielded the most LAB, per sample taken, was 
Lincoln Arboretum, with West Common yielding the least (Table 3).


Identification 
All 338 samples which showed growth on MRS and adjusted MRS, followed the 
identification process. Samples that were Gram stained (200 isolates), 84 were shown 
to be Gram positive bacilli, the remaining 116 (58 %) were Gram negative or cocci. 
The characterisation of these latter samples was not performed in this study. Samples 
that were Gram positive bacilli moved onto the multiplex PCR, and the other samples 
were discarded (Fig. 7). 


Figure 7. Gram stains of two Gram positive bacilli, from this study. 

From the streaked samples and samples which had been Gram stained, 222 bacterial 
isolates were subjected to the multiplex PCR. A total of 21 isolates were positive for 
Lactobacillus spp. (9 %), and included five different species: L. delbrueckii (n=8), L. 
gasseri (n=5), L. fermentum (n=1), L. salivarius (n=1) and L. paracasei (n=6). The West 
Common showed the highest number of different species (Table 3 and 4), with four 
different species present, compared to the other sites which all had two or less.
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Figure 8. Agarose gel displaying results from a PCR-G reaction, with 12 positive 
samples. All 12 samples show positive banding at 350 bp, and were subsequently 
subjected to PCR-IV. DNA ladders are 100bp DNA ladder(Fisher Scientific).


Table 3. The number of samples taken, how many showed growth on MRS, and the 
percentage of growth and the number of positive Lactobacillus for each site.


Location Samples 
taken

Growth on 
MRS

Percentage 
of MRS 
growth

Positive 
Lactobacillus

West Common 150 45 36 9

South Common 150 19 13 2

Boultham Park 100 57 57 N/A

Lincoln 
Arboretum

50 42 84 1

Hartsholme 
Park

150 87 58 5

Lincoln Canal 50 30 60 N/A

Chicken 
Necropsy and 
chicken house 
soil

381 58 15 4
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Table 4. Each isolated identified, displaying species and site where sampled. Samples 
that share the same initial number are from the same sample, being separated by the 
decimal place value.


Lactobacillus delbrueckeii and Lactobacillus paracasei, were found in three locations 
across Lincoln. These bacteria were the most common out of the different species 
identified (n=8 and n=6, respectively; Table 3 and 4). Two Lactobacillus species were 
only found in one location, L. fermentum and L. salivarius (Table 3 and 4). All other 
species were found at other sites, indicating that L. delbrueckeii and L. paracasei are 
more prevalent compared to the other nine Lactobacillus spp.  

Isolate Species Origin

AB011 L. delbrueckii Lincoln Arboretum

NHFS033 L. gasseri Chicken Necropsies


NHFS034 L. gasseri

NHFS037 L. gasseri

NHFS038 L. gasseri

NHFS045 L. fermentum The West Common


NHFS062.2 L. delbrueckii 

NHFS066.1 L. delbrueckii 

NHFS066.2 L. delbrueckii 

NHFS067 L. delbrueckii 

I67II^I L. salivarius

AD038 L. gasseri

I67(I)2 L. paracasei

AD030 L. delbrueckii 

HP038 L. paracasei Hartsholme Park


HP091.1P L. delbrueckii 

HP091.2P L. delbrueckii 

HP108 L. paracasei

HP199T L. paracasei

SC049 L. paracasei The South Common

LRF055 L. paracasei
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Antagonistic Assays 
Agar Assays 

Cross streaks

From the 21 Lactobacillus samples tested, eight isolates showed a positive 
antagonistic effect (HP199T, NHFS045, NHL038, NHFS037, I67(I)2, LRF055, 
ADFS030, and NHF062.2). This was a visual confirmation of antagonism resulting in 
any inhibited growth of C. perfringens where lines intersect was a positive result (Fig. 
9).


Figure 9. An example cross streak method using sample NHFS045 (horizontal lines), 
and C. perfringens ATCC 13124 (vertical lines).


Wells

All Lactobacillus isolates were tested in the well diffusion assay, with one isolate 
generating a zone of inhibition averaging 0.9 cm (HP199T; Fig 10). Five samples 
showed growth out of the well onto the surface of the agar, however this did not inhibit 
C. perfringens growth and thus was not recorded. All Lactobacillus samples did show 
small growth, exhibiting a colony at the bottom of the well.
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Figure 10. Well diffusion assay using sample HP199T. Turbid plate contains C. 
perfringens ATCC 13124, zones of inhibition are shown by the lack of growth around 
each well.


ECF

All Lactobacillus isolates were used in this method, and none showed any inhibition of 
C. perfringens. The method was tested using the antagonistic reference strain of B. 
subtilis, which did produce a zone of inhibition.


Colony Pour Plate

All 21 Lactobacillus isolates were tested in this methodology, which resulted in two 
Lactobacillus isolates generating zones of inhibition (HP199T and NHFS045). However, 
the method resulted in the spreading of Lactobacillus samples across the plate, 
generating irregular colonies (Fig. 11). This meant that no inhibition zones could be 
measured. Despite the lack of quantitative data, two samples did show inhibition 
around the Lactobacillus colony. This method provided a visual confirmation of 
antagonistic behaviour. 
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Figure 11. Colony pour plate showing the irregular colonies which had spread across 
the plate. 


Plugs

The plug assay was a successful method, producing quantitative data. Eight isolates 
were used in this method, because they showed antagonism in the cross-streak assay 
(HP199T, NHFS045, NHL038, NHFS037, I67(I)2, LRF055, ADFS030, and NHF062.2).
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Figure 12. Antagonistic plug assay, with sample (NHFS045), generating zones of 
inhibition.


Only two of the samples showed clear zones of inhibition of the C. perfringens (Fig. 
12; HP199T and NHFS045). The six samples which did not show zones of inhibition 
did exhibit forward growth onto the agar plate around the plug. This was similar to the 
well diffusion assay, however no inhibition was caused and the growth was not 
measured. 
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Figure 13. Results from the antagonistic plug assay showing isolates HP199T and 
NHFS045 which displayed antagonistic effects towards C. perfringens sample ATCC 
13124 including standard error bars. The diameter of plug is subtracted from the 
diameter of the zone of inhibition. Other isolates were not included as they did not 
produce a zone of inhibition (NHL038, NHFS037, I67(I)2, LRF055, ADFS030, and 
NHF062.2).


Both isolates display an antagonistic effect towards the C. perfringens isolate. Sample 
NHFS045, was showed to have a larger clearance zone than HP199T (Fig. 13). The 
inhibitory effect of these two isolates were significantly different from the control but 
not from one another (t=-0.26, df 76.217, p=0.79). 
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Broth Assays 

Co-culture

This method was carried out with the two effective antagonistic Lactobacillus isolates 
(NHFS045 and HP199T). Over the first 8 h, there was a clear impact on C. perfringens 
growth, when any other bacteria is present (Fig. 14). The non-antagonistic isolate was 
also showed to have an impact on the C. perfringens growth, over the 24 h, but was 
not statistically significant (P=0.56). After 8 h the competition control condition began 
to rise, until reaching 1x108 CFU/ mL (Fig. 14). 





Figure 14. Co-culture curve displaying the CFU/ mL of C. perfringens in each 
condition: C. perfringens control (C. perfringens alone), competition control (non-
antagonistic isolate and C. perfringens), and two competition conditions (probiotic 
isolates and C. perfringens). Points were offset to distinguish between the standard 
error bars. 


At 8 h, both competition groups showed a reduction in the number of C. perfringens 
cells. This is similar however to the competition control of a Lactobacillus that is not 
antagonistic. However, when reaching 24 h, the competition groups continue to have a 
greater effect on the C. perfringens growth, and either decrease the CFU/ mL, or 
continued to impact the C. perfringens growth, compared to the control (Fig. 14).
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The results indicate sample HP199T, had the largest impact on the growth of C. 
perfringens, as after 8 (P=0.44) and 24 h (P=0.35), the C. perfringens showed the 
lowest CFU compared to all other conditions. Sample NHFS045, had similar inhibitory 
effects towards C. perfringens at 8 h (P=0.45), and at 24 h (P=0.37), however was not 
statistically different. 


Antagonistic Range

This method used the two most antagonistic isolates (HP199T and NHFS045) based 
on previous methods, to see whether they would be able to inhibit C. perfringens 
isolates from varying sources. 


NHFS045 showed a greater antagonistic effect against more C. perfringens isolates 
compared to HP199T. Both samples showed an antagonistic effect towards all C. 
perfringens isolates, except I089.3.1, which HP199T was not antagonistic against. 
Conversely, this was opposed by NHFS045, which showed its greatest antagonistic 
effect against the same isolate (Fig. 15). 


Figure 15. The diameter of inhibition zones minus the plug diameter of two 
Lactobacillus isolates (NHFS045 and HP199T) against 11 C. perfringens isolates, with 
standard error bars. 
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Interestingly, this data shows that neither HP199T or NHFS045 are better at inhibiting 
all of the different C. perfringens isolates. NHFS045 shows a greater antagonistic 
effect against isolates CP5017 (P=0.01) and I089.3.1 (P<0.01), compared to HP199T. 
However, HP199T is more antagonistic against C. perfringens isolate J076.6.3 
(P=0.03). Despite this, most are found within a similar range of 0.1-0.4 cm inhibition 
zones. This data also shows that some isolates may be slightly more susceptible to 
antagonistic effects, such as CP3141, which has larger inhibition for both 
Lactobacillus samples, compared to the other C. perfringens samples.


Growth Curve

The growth curve of Lactobacillus isolates HP199T, NHFS045 and the positive 
Lactobacillus isolate were completed. The data shows that HP199T has a much faster 
growth curve, reaching log phase within 2-3 h. However, sample NHFS045 has a 
much slower growth curve, reaching log phase at 6-7 h (Fig. 16). 


Figure 16. Growth curve showed in optical density (OD) over 24 h in FTG broth for 
samples HP199T, NHFS045 and a positive Lactobacillus sample (L. plantarum). No 
error bars are shown for clarity between samples. 
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PH

Both samples were affected by the lower pH 1-2 showing no growth, however growth 
was seen at 5-6 pH (Fig.17). Depending on different pHs the log phase duration 
changed, creating different growth curves.

Isolate HP199T was able to successfully grow at a 4-9 pH (Fig. 17). This isolate 
struggled with the more acidic conditions, but was able to grow well in weak acids 
and weak alkalis. The growth at 4 pH shows a long lag phase, but eventually 
increases. All different conditions produced a different OD in which the sample began 
to plateau. The growth curves for 5-9 pH show similar patterns, but all differ in final 
OD590 in which they reach. This data indicates that isolate HP199T can optimally grow 
at 7-8 pH.  
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Figure 17. Two growth curves of HP199T (A), and NHFS045 (B), showing OD growth 
curves in different pH conditions (2-9 pH) over 24 hours. No errors bars are shown 
clarity.


Isolate NHFS045 displayed different growth curves compared to isolate HP199T, 
displaying large variation in growth curves depending on pH condition. NHFS045 was 
able to grow in 4-9 pH, which is the same as HP199T, however its optimum pH was 
5-6 pH. NHFS045 also showed difficult growth in weak alkalis (8-9 pH), which 
displayed short log phases.
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Chapter 4 - Discussion 
Collection, Isolation and Identification 
In total, five Lactobacillus spp. were isolated from a range of soil environments and 
chicken necropsy samples. The Lactobacillus species isolated are commonly used as 
probiotics within the poultry industry some of which have displayed the potential of 
inhibiting the pathogen C. perfringens (Biomin, 2020; Protexin, 2020; Cao et al., 2012; 
Askelson et al., 2014). Samples provided 338 LAB, from which 21 isolates were 
identified as Lactobacillus. 


Soil samples showed the presence of LAB in 48 % of samples. Lactic acid bacteria 
are not well documented for their prevalence in soil (Pal and Srivasta, 2013; Aghajani 
et al., 2018). However, this study shows that LAB were found at all sample sites, 
through its ability to colonise MRS agar. 


Although it was suggested that Lactobacillus could be located in soil, there is limited 
literature regarding the isolation of Lactobacillus from soil that is not in close proximity 
to dairy manufacturing buildings (Pal and Srivastava, 2013). By attempting to isolate 
Lactobacillus from soil samples, this study has given insight into the prevalence of 11 
Lactobacillus species, in soil from around Lincolnshire, UK.


The quantity of LAB from the West and South Common was low, compared to other 
locations. One factor may be the temperature, as it was cold when sampling the West 
Common (~4-8 °C). This reduces metabolic rate, causing some bacteria to sporulate, 
and others to perish (Pham and Kim, 2012). Despite this, the West Common has 
frequent horse activity, which suggests there may be more LAB present, because of 
the large number of LAB found within the horses’ intestines, and thus faeces (Dicks et 
al., 2014). Biotic and abiotic factors affect bacterial growth in soil, such as pH, 
temperature, nutrient availability and other competing bacteria (Buckley and Schmidt, 
2002; Fierer and Jackson, 2005; Balser et al., 2002). However, these factors were not 
taken into consideration during sampling and so conclusions on the number of LAB 
found based on the location are subjective. Despite this, the West Common produced 
the most Lactobacillus isolates than any other site. 


Due to the animal presence at each site, it was suspected that more Lactobacillus 
isolates would be collected, due to their ubiquity with animal GITs (Guan et al., 2003; 
Endo et al., 2010). However, more Lactobacillus spp. may have been present, but only 
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11 different Lactobacillus species were identified using this multiplex PCR. 
Additionally, the Lactobacillus which were identified may have shown a preference for 
a specific site. The West Common location had 5/8 samples identified as L. delbueckii, 
and the two isolates sampled from the South Common and 3/5 samples from 
Hartsholme Park were characterised as L. paracasei. This may indicate that different 
Lactobacillus species, may have different additional needs and different optimum 
conditions than other species (Rousk et al., 2010). Other factors including footfall and 
animal presence may have had an impact, but these factors were not measured. This 
may explain why specific Lactobacillus species were found in higher numbers at 
specific locations and not others. 


The inferences made about the LAB and Lactobacillus between sample sites have no 
data to mitigate external factors, which may have affected the number of samples. 
Additionally, systematic sampling over each site may have led to a more 
representative cohort. This may have provided more evidence of Lactobacillus 
preferences in soil.


The isolates obtained from poultry sources were expected to provide more 
Lactobacillus isolates than were isolated, as Lactobacillus are common in poultry GIT 
(Klaenhammer et al., 2008; Yeoman et al., 2012). Samples collected from a GIT should 
have many autochthonous Lactobacillus present (Svetoch and Stern, 2010). The 
reduced isolation prevalence may have resulted as the samples were first streaked 
onto CBA agar, which is selective for a range of bacteria including Staphylococcus 
and Campylobacter species (Thermo Scientific). Based on the range of species which 
can colonise CBA agar, some Lactobacillus species may have been isolated using this 
method. However, because they were not isolated specifically, the stocks gathered will 
have contained a large number of different bacteria. This explains why this cohort 
does not follow the literature on the high prevalence of Lactobacillus isolated from 
chicken intestines (Svetoch and Stern, 2010; Klaenhammer et al., 2008; Yeoman et al., 
2012). Additionally this may explain why only L. gasseri was isolated from chicken 
necropsies.


The majority of samples which were Gram stained resulted in Gram-negative bacilli, or 
Gram-positive/-negative cocci (58 %). However, this was expected because samples 
were Gram stained because they did not match the colony morphology characteristics 
of Lactobacillus (Salvetti et al., 2012; Hoque et al., 2010). Many Gram-positive bacilli, 
do not have a similar colony morphology to Lactobacillus, including those that are LAB 
(Carr et al., 2002). However, by reducing the number of samples moving into the 

 of 51 92



multiplex PCR, with the removal of Gram-negative and cocci bacteria, the 
identification process was streamlined. 


Utilising this multiplex PCR, 11 Lactobacillus spp. could be positively identified, and 
allowed the quick processing of 222 samples of LAB. The primers used allowed 
relevant Lactobacillus bacteria to be identified quickly, instead of many species which 
are not as well documented. If many different Lactobacillus species had been 
identified, more samples would be generated in which to test for antagonistic effect. 
By using a multiplex PCR which identified a small number of Lactobacillus spp., that 
have already been used as probiotics, it provided samples which were more likely to 
be successful at inhibiting pathogen growth. Although these species have been used 
in probiotics before, the differing strains allow for suitable differences between 
products. 


Lactobacillus spp. have shown to be difficult to isolate from environmental soil 
samples, as only 21 confirmed Lactobacillus isolates, from a total of 981 samples (2 
%). However, this is a skewed figure of all Lactobacillus species found in soil because 
only 11 different Lactobacillus species were tested for out of 170 currently identified 
species (Goldstein et al., 2015). Conversely, only identifying these species enabled 
quick identification of species which are more likely to possess an antagonistic effect 
(Manes-Lazaro et al., 2017; Xu et al., 2019). To identify more relevant Lactobacillus 
spp., amplicons of 16S rRNA or 16S-23S ISR could have been sequenced in order 
identify Lactobacillus spp., potentially yielding more positive identifications (Khan et 
al., 2019). 


This study has shown that probiotic bacteria such as L. paracasei, L. delbrueckii, and 
L. fermentum can be isolated from soil. Thus, soil may be an effective source of 
probiotic species, which is quicker and easier than sampling chickens GIT. By 
identifying novel strains of species used in poultry probiotics, with more samples, and 
more representative sampling of sites, data could be collected on the soil preferences 
of probiotic bacteria. This would enable soil to be a rich sample source of poultry 
probiotic bacteria.
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Antagonistic Assays 
In this study, it was found that two Lactobacillus samples (HP199T and NHFS045) 
have an antagonistic effect against C. perfringens ATCC 13124 and a range of other C. 
perfringens isolates. Their antagonistic effect was shown over a range of in vitro 
assays, which showed growth inhibition of a pathogenic bacteria. Additionally, 
samples were tested for growth at different pH conditions, showing that both would 
be able to survive and proliferate in the pH of a chicken intestine (4-6 pH). 


Only two of the assays yielded quantitative results through which to compare the 
Lactobacillus isolates’ antagonistic effects, which were the plug and co-culture 
assays. The cross-streak and colony pour plate did provide qualitative results, 
however were not able to provide measurable and reliable data sets. Both methods 
could not be replicated effectively and so the results were not consistent. The ECF 
and well diffusion assays showed no results. Other studies which have used these 
methods have found good and consistent results (Jensen et al., 2012; Khan et al., 
2019; Klose et al., 2010). With negative results for these, it may explain that the 
Lactobacillus isolates tested do not produce ECFs or bacteriocins in which to inhibit 
C. perfringens. However, this is not true, because visible zones have been seen on the 
other antagonistic methods. Further preliminary work is required to identify the 
presence of ECFs as well as the causation of these results. 


The ability of these Lactobacillus isolates to inhibit C. perfringens growth and survive 
pH levels found in the chicken’s intestine, show these isolates are potential candidates 
for poultry probiotic use. Necrotic enteritis is a multifactorial disease in poultry, mainly 
onset by C. perfringens which causes large financial impacts throughout the poultry 
industry (Songer, 1996; Hafez, 2011). However, growth a lower pH would be more 
ideal to ensure passage to the gut, alternative administration routes should be 
considered. With the two Lactobacillus isolates (HP199T and NHFS045) inhibiting a 
range of C. perfringens strains throughout multiple methods, they have proved their 
efficacy and displayed antagonistic effects. The co-culture assay showed the 
reduction of C. perfringens up to 9x108 cells, compared to the control. In chickens 
infected with necrotic enteritis C. perfringens cell counts can rise over 1x108 C. 
perfringens cells/ g of intestinal content, however healthy birds can contain 1x105 C. 
perfringens cells/ g of intestinal content (Si et al., 2007). The co-culture has shown that 
these two isolates can limit C. perfringens growth close to ‘normal’ C. perfringens 
levels in healthy birds. However, this method does not accommodate a range of 
factors present in a chicken’s GIT, including host immune response, and other 
bacterial competition (Fasina and Lillehoj, 2018; O’Hara and Shanahan, 2006). 
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The antagonistic samples HP199T and NHFS045 were identified in this study as 
Lactobacillus paracasei and Lactobacillus fermentum respectively, by means of a 
multiplex PCR (Song et al., 2000). Both have been used within the poultry probiotics 
industry and have shown inhibition of a range of poultry pathogens including 
Campylobacter jejuni, Salmonella spp., Escherichia coli, Staphylococcus aureus and 
C. perfringens (Cean et al., 2015; Muyyarikkandy and Amalaradjou, 2017; Dec et al., 
2014; Lin et al., 2007; Cao et al., 2012; Hossain et al., 2017). All of these have serious 
implications within the poultry industry, causing financial loss and severe morbidity 
and mortality in chickens (Chimalizeni et al., 2010; Friis et al., 2010; Castaneda-Gulla 
et al., 2020).


Lactobacillus spp. are naturally found throughout a chicken’s GIT, including the crop, 
proventriculus, duodenum, jejunum and ileum (Wang et al., 2014; Yeoman et al., 2012). 
Understanding the pH tolerance of samples can identify if they are able to survive the 
harsh conditions within the GIT (Bielke et al., 2003; Klose et al., 2006). Conditions in 
the ventriculus (gizzard) can reach 2-3 pH (Jimenez-Moreno et al., 2009; Mabelebele 
et al., 2014), which both HP199T and NHFS045 failed to show any level of significant 
growth. However, Lactobacillus spp. are found in the gizzard in low numbers, and so 
these samples do not need to proliferate in the low pH conditions. Lactobacillus spp. 
have been shown to survive at 2-3 pH with little decrease in cell number, however this 
differs over time and between species (Maragkoudakis et al., 2006). This allows the 
cells to pass through the gizzard, to a higher pH in the ileum and jejunum. Additionally, 
the pH of a chicken’s GIT can be dependent on a range of factors including diet which 
needs to be considered when administering specific probiotics (Rahmani et al., 2005). 
The ability for L. paracasei and L. fermentum to proliferate in low pH environments 
indicates that these isolates can replicate within the pH conditions found in chicken 
intestines (3-6 pH; Mabelebele et al., 2014). This ability shows that both are suitable 
candidates for probiotic use.


The main antagonistic effects of L. paracasei and L. fermentum are the production of 
acids, hydrogen peroxide, or bacteriocin production (Lin et al., 2007). These 
characteristics have been shown to be valuable to probiotic success, and makes 
samples HP199T and NHFS045 good candidates for a poultry probiotic. Many 
Lactobacillus samples tested in this study did not show antagonistic behaviour 
towards C. perfringens. This may have been caused by insufficient quantity or different 
ECFs being produced by these samples, that were not effective against C. perfringens 
ATCC 13124. This can occur if a bacterium has resistance against a bacteriocin or 
needs to be highly concentrated to have an effect (Bierbaum and Sahl, 2009). Nisin 
and reuterin are bacteriocins that can be produced by lactic acid bacteria which inhibit 
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C. perfringens growth at different concentrations (3.13 µg/ml and 2.03-4.06 mM, 
respectively) (Garde et al., 2014). Additionally, the sensitivity of C. perfringens is strain 
specific (Vieco-Saiz et al., 2020) as seen in the antagonistic range assay, which 
showed a different zones of inhibition for each C. perfringens isolate, using the same 
Lactobacilli isolates (Fig. 15). This is common within the probiotic industry, and is 
described as anti-clostridial specific products because they cannot inhibit all strains 
(Culligan et al., 2009). Bacteriocins mainly affect bacterial cell viability, and in some 
cases bacterial metabolism or toxin production (Ouwehand and Vesterlund, 2004). 
This is a desirable trait for probiotics, especially those combating C. perfringens which 
have a large number of lethal toxins (Silva and Lobato, 2015; Prescott et al., 2016).


Some of the chicken necropsy C. perfringens isolates were sampled from individuals 
suspected suffering from necrotic enteritis, alluding that these isolates were the cause. 
In another study by Emily Brandreth these same samples were successfully tested for 
traits that would induce necrotic enteritis. These included biofilm formation, toxin-type 
and the volume of toxin produced. These isolates were good candidates in order to 
test the antagonistic effect from the Lactobacillus and are a more representative 
sample of currently circulating C. perfringens strains.


Lactobacillus paracasei has been shown to inhibit a range of poultry pathogens, 
including Salmonella typhimurium, Campylobacter jejuni, Escherichia coli and C. 
perfringens (Bendali et al., 2011; Cean et al., 2015). All of these bacteria have a 
massive impact on the global poultry industry (Songer, 1996; Broom, 2017; Friis et al., 
2010; Chambers and Gong, 2011). Lactobacillus paracasei can inhibit the pathogenic 
bacterial cells by producing a large range of bacteriocins such as nisin and reuterin, 
which can inhibit growth of C. perfringens; however, many bacteriocins are strain 
specific (Kim et al., 2015; Bierbaum and Sahl, 2009). Lactobacillus paracasei also 
inhibits pathogen growth through epithelial cell wall adherence (Lin et al., 2009). This 
means not only are the cells affected by bacteriocins, but the pathogen cannot attach 
to the GIT lining and so cannot proliferate (Parassol et al., 2005). L. fermentum has 
shown high tolerance to intestinal conditions such as low pH and good antagonistic 
effects against Staphylococcus spp. and E. coli (Bao et al., 2010). Some Lactobacillus 
spp. produce bacteriocins which affect the oocysts of Eimeria spp., in chickens 
(Strompfova et al., 2010). This is a protozoan which is commonly a precursor to 
necrotic enteritis (Amer et al., 2010; Jackson et al., 2003). By inhibiting both the 
Eimeria spp. and C. perfringens, the probiotic can reduce morbidity and mortality 
caused by both of these pathogens.
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Lactobacillus paracasei and L. fermentum have also been shown to have a positive 
effect on the hosts general health (Bao et al., 2010; Bendali et al., 2011). Many 
Lactobacillus spp. possess a variety of proteins on their bacterial cell wall, which act 
as enzymes, aiding in carbohydrate metabolism and transport (Xu et al., 2019). Due to 
the high starch diet of broiler chickens, these proteins can aid in sugar catabolism or 
degradation. This shows that these species have not only aided in inhibiting C. 
perfringens (Cao et al., 2012), but can also increase the efficiency of feed conversions 
ratios (Jackson et al., 2003; Capcarova et al., 2010). Both L. paracasei and L. 
fermentum have been shown to have good antagonistic effect against a range of 
poultry pathogens (Bendali et al., 2011; Cean et al., 2015). This suggests that these 
are ideal candidates to use in a probiotic.


Literature surrounding probiotic in vitro testing lacks focus towards the antagonistic 
effect of isolates and instead focuses more on isolate tolerance and survival in a 
chicken’s GIT (Jensen et al., 2012; Khan et al., 2020). Although tolerances are 
important in in vitro testing, the competition between pathogens is sometimes 
overlooked. Little evaluation of in vitro methodologies has resulted in studies 
completing different methods and producing incomparable datasets (Klose et al., 
2010; Lima et al., 2007; Messaoudi et al., 2012). If the probiotic industry carried out 
similar in vitro testing, in vivo trials would become more streamlined, as success rates 
may increase. As all probiotics need to be tested in vivo before commercial use, better 
in vitro experiments can reduce cost, waste and time.


Antimicrobial Resistance 
Probiotics have become increasingly important since the restrictions on antibiotic 
growth promoters (AGPs) use within Europe due to the risk of antimicrobial resistance 
(AMR; Dahiya et al., 2006). However, in the United States (US) and China, AGPs 
continue to be used in order to combat bacterial infections (Silbergeld et al., 2008; Pi 
et al., 2014). It was estimated that the US and China used 52.1 million kg of antibiotics 
for animal production in 2012 (Krishnasamy et al., 2015). This consumption increases 
the risk of AMR against commonly used antibiotics such as tetracyclines, penicillins 
and macrolides (Krishnasamy et al., 2015). The continual use of antibiotics will 
produce more AMR strains, some of which will be multi-drug resistant (Geidam et al., 
2012; Jiang et al., 2011). Any AMR is a risk to human health, especially with 
tetracycline, bacitracin and penicillin as all are heavily used throughout animal 
production and human medication (Van Cuong et al., 2016).
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In vitro susceptibility of four of the C. perfringens isolates used in the antagonistic 
range assay were previously tested so as to calculate minimum inhibitory 
concentration (MIC) against five antibiotics. All MICs were carried out by Luke Randall 
from another study. Three of the isolates (J55, CP5017 and CP5019) showed some 
resistance to the tested antibiotics (Table 5). The breakpoints for these samples were 
calculated using the wider research and between isolates in the cohort.


Table 5. Three C. perfringens isolates used in the antagonistic range assay and their 
resistance to five antibiotics. X= resistance to the antibiotic


Three isolates (J55, CP5017 and CP5019) had shown resistance to one antibiotic 
(Table 5), however both CP5017 and CP5019 displayed multi-drug resistance, 
showing resistance to two or more antibiotics. This has major implications for human 
illnesses which are caused by multi-drug resistant strains, as treatment of these 
diseases is difficult (Gieraltowski et al., 2016). These results have been similarly found 
within C. perfringens populations in poultry, with many isolates being multi-drug 
resistant to bacitracin and tetracycline (Slavic et al., 2011). 


Isolates CP5017 and CP5019 were both obtained from organically produced chicken 
breasts available from a local, national supermarket chain. These samples may have 
been contaminated during the slaughtering process, however it is likely that these 
samples originated from a chicken’s gut. This data indicates that if one of these C. 
perfringens isolates caused necrotic enteritis in a chicken, a number of antibiotics 
would not be able to inhibit the isolate and stop the infection (Table 5). The use of 
these antibiotics would only disrupt the microbiome of beneficial autochthonous 
bacteria (Allen and Stanton, 2014), potentially exacerbating the gastroenteritis. 
However, both HP199T and NHFS045 were able to inhibited three resistant C. 
perfringens isolates (J55, CP5017 and CP5019). The use of probiotics can ultimately 
reduce the reliance on antibiotics, fighting against bacterial diseases such as necrotic 
enteritis. This shows that probiotics, although mainly used as a preventative therapy, 
would provide a better inhibitory effect than these antibiotics. As AMR increases, 
probiotics may be able to generate a reliable effect, which in some cases will be more 
effective than current antibiotics.


Sample Tetracyline Bacitracin Penicillin Erythromycin Tylosin

J55 X - - - -

CP5017 X X X X X

CP5019 X X - - -
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Future Work

Both L. paracasei and L. fermentum have been shown to inhibit C. perfringens as well 
as other pathogenic bacteria which have a financial impact on the industry (Bendali et 
al., 2011; Cean et al., 2015; Bao et al., 2010). Here, two Lactobacillus isolates have 
been shown to inhibit C. perfringens in vitro; however, they may be able to inhibit 
many more different poultry pathogens. Future work would include testing NHFS045 
and HP199T using the antagonistic assays used in this study against other pathogens 
which also have an impact on the poultry industry, such as Campylobacter spp., 
Salmonella spp. and E. coli. This may increase the effectiveness of these two 
Lactobacillus isolates, allowing their utilisation for prevention of other bacterial 
infections. 


Further isolation from the soil samples collected from across Lincoln, UK should be 
conducted as only 11 Lactobacillus were tested using a multiplex PCR. If more 
Lactobacillus, and other probiotic bacteria, could be identified, it would allow for a 
better understanding of whether soil is an appropriate place in which to collect 
potential poultry probiotics. Sampling soils close to poultry houses may be a good 
source of probiotic species, however this may reduce novel strains being discovered 
as there is a risk of identifying currently used probiotics. Additionally, all samples could 
then be subjected to further identification, such as using pulse field gel 
electrophoresis, or whole genome sequencing to establish differences between the 
bacterial strains. This allows confirmation of novel strains, as well as the identification 
of specific genes which can be used to inhibit pathogens. 


Additionally, the antagonistic range assay should be expanded and conducted using 
the co-culture assay. Each Lactobacillus isolate would compete with each C. 
perfringens isolate used in the antagonistic range assay. This would provide more 
information about how each Lactobacillus isolate affects the different clostridial strains 
and how the different C. perfringens counteract their effects.


A better approach to soil sampling would generate a more representative view on 
Lactobacillus and other poultry probiotic bacteria prevalence within soil. 
Understanding of bacterial preferences in different soils, and which soils are the best 
to sample, would allow tailoring of specific sample sites to maximise potential yields 
of probiotic bacteria. 


The samples from this study could be tested for their epithelial adherence capabilities. 
Probiotics must be able to adhere to the intestinal cell wall in order to proliferate and 
administer effects (Pringsulaka et al., 2015; Hofacre et al., 2003). This can be coupled 
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with oxygen tension, as this can have impacts on bacterial growth within GITs. This 
information could be obtained through in vitro methodologies, which would identify if 
samples could adhere to cells and if so, compare effectiveness against other isolates. 
Probiotics have been sampled from soil and shown to adhere and proliferate within 
the GIT, exhibiting antagonistic effect to a pathogen (Park and Kin, 2014). However, 
this was a Bacillus subtilis isolate which has not been fully explored in Lactobacillus 
spp. sampled from soil.


Some research and probiotic products use a combination of probiotics, sometimes 
referred to as a synbiotic. This produces a product with the combined effects of 
bacteria from multiple genera, species and strains. Certain bacteria could focus on 
bacteriocin production, and others on stimulating host immune system (Awad et al., 
2008). This synergistic cocktail can improve the effectiveness of probiotics, generating 
a more effective treatment (Song et al., 2014; Alagawany et al., 2018). Thus, the 
Lactobacillus strains isolated in this study should be trialed in combination with each 
other and other isolates. 
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Conclusions 
The main conclusion of this study is that probiotic Lactobacillus isolates can be 
isolated from soil samples. The sampling method in this study allowed for 981 soil and 
other samples to be processed, which yielded Lactobacillus spp. Although 21 
Lactobacillus samples were isolated, only 11 Lactobacillus spp. could be fully 
identified from samples due to the scope of this project. More Lactobacillus spp. could 
be present within the sample sites, suggesting that soil may be a suitable location 
from which to extract Lactobacillus spp. The antagonistic assays showed that the 
samples collected were able to inhibit an important pathogenic gut bacteria in poultry, 
C. perfringens. Soil would enable faster and easier sampling, compared to isolating 
bacteria from a chicken’s GIT. 


This study was able to identify useful antagonistic methods in the form of plug assay 
and co-culture, which both produce quantitative data. This allowed comparison 
between isolates to identify the most suitable candidate for in vivo trials. The co-
culture data suggested that the isolates inhibited the growth of the C. perfringens over 
24 h. However, the long term inhibition of the pathogenic bacteria needs to be 
observed and requires further development of the method, such as altering the broth 
to generate a closer analog for the chicken GIT. Using a better GIT model, long term 
effects of probiotics can be observed, resulting a better comparison between isolates 
effectiveness to inhibit pathogens.


By testing a range of assays, this study also used methods which did not produce 
data, such as the well diffusion and colony pour plate assays, inferring that not all of 
the assays in this study are necessary to evaluate probiotic bacterial properties. This 
study has identified the necessary experiments that should be carried out in order to 
test antagonistic effect against a pathogen, before in vivo studies. All methods used 
here serve to screen and evaluate Lactobacillus spp. before in vivo trials; the true 
experimental confirmation of a probiotic.


Additionally, the growth curve and pH tolerance provided knowledge about conditions 
in which each isolate can proliferate. All methods provided a good probiotic 
development plan for eliminating non-antagonistic samples, comparing samples and 
testing pH tolerances, which are needed before starting in vivo trials. However, a GIT 
model was not used and may have been able to illuminate more stability and 
characteristics of the Lactobacillus isolates which would help measure the complex 
biological interactions between the competing bacteria (Christiansen et al., 2005).


 of 60 92



Finally, using a range of C. perfringens isolates, it was shown that the Lactobacillus 
isolates HP199T and NHFS045 were able to inhibit the growth of antibiotic resistant C. 
perfringens. These isolates were relevant, circulating pathogenic C. perfringens 
strains, suspected of inducing necrotic enteritis in chickens. This indicates that 
HP199T and NHFS045 would be more effective than five antibiotics (tetracycline, 
bacitracin, tylosin, penicillin and erythromycin), some of which are still used in large 
poultry producing countries such as the US and China today.
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