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Summary 

The development of the gut microbiome in preterm infants can have a substantial 

impact on health, such as the development of the common preterm disease Necrotizing 

Enterocolitis (NEC).  This thesis aimed to identify further areas in which the gut 

microbiome could be contributing to the development of disease in preterm infants. 

Experimental methodology included, 16S rRNA gene metataxonomics, to map the 

preterm gut microbiome. In addition, protease activity and inhibition assays were 

implemented to assess total faecal protease activity and identify families of proteases 

present. Moreover, ELISAs were used to investigate inflammatory content of preterm 

infant stool. Finally, data from a project, by Dr David Gallacher, into the lung 

microbiome of preterm infants was analysed with the data from this project to establish 

links between the development of the gut and lung microbiomes of preterm infants.    

The results of this thesis found that the preterm gut microbiome shifts from a Firmicute 

dominated community to a Proteobacteria one, during the first 30 days of life. In 

addition, associations between gender, mode of delivery, antibiotics and sampling site 

were found. Secondly, no significant changes in protease activity were found over time, 

however, protease activity during the first 30 days of life varied between individuals. 

Thirdly, no inflammatory response was detected in the stool of preterm infants. Finally, 

no significant associations between the bacterial communities of the gut and the lung of 

preterm infants.    

In conclusion, novel findings of this thesis have shown that gender, antibiotics and 

sampling site have a significant effect of the development of the gut microbiome during 

the first 30 days of life. Moreover, protease and inflammatory activity of preterm infant 

stool was not significant. Lastly, development of the gut and lung microbiomes of 

preterm ventilated infants progress along very different courses. 
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Chapter 1. Introduction  

1.1 General Introduc tion 

In this section the general concepts of microbiome research will be introduced. 

Moreover, the most used terms during microbiome research will be defined and 

clarified. Lastly, the main topics covered in this thesis will also be summarized.  

1.1.1 Key Definitions 

When referring to disease, research into the bacterial cause of disease has been 

conducted for hundreds of years. However, during the 20th century, focus has shifted to 

that of a deeper understanding of the entire non host, predominantly bacterial, content of 

the human body. Ultimately, once the content is known, links to disease can be 

established through investigations into differences during and after disease processes, 

such as infection. As with every area of research, it is given a name that encompasses 

key aspects of roles within that area. The research noted in this paragraph, into non host 

organisms on and within the human body, has been termed the microbiome.  

As with any fledging concept it has been misused and taken out of context by both 

specialists and general public, alike. This confusion has led to a loss of understanding 

and miscommunication. A recent editorial by Marchesi and Ravel in 2015 has provided 

clarification and is a useful resource for terms consistently used throughout this thesis.  

Microbiota  refers to the collection of microorganisms contained within a defined 

environment or niche, which in this thesis will be the preterm infant gut. Information 

regarding the microbiota present in the preterm infant gut will be ascertained via a 

metataxonomic process. This process involves a high throughput sequencing method 

such as, Illumina Mi-Seq, and subsequent analysis to establish the content and 

relationships within the samples tested. It will not be investigated as part of this thesis, 

but the metagenome refers to the entire genetic content of the sample area (Marchesi 

and Ravel 2015). 

The term microbiome is the most frequently misused in this field, as it is currently used 

as a blanket term for the whole area of research. Therefore, during this thesis the correct 

definitions will be used. The microbiome encompasses the whole study environment, 
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the organisms, and their genetic content. Finally, the term microflora  is often used. 

However, by definition it means ósmall plantsô, which is an area not linked to 

microbiome research or this thesis (Marchesi and Ravel 2015). 

There are other terms used during microbiome research that should also be included 

here such as, richness, diversity, and evenness. More commonly these are used to 

describe environmental habitats. However, they have been translated into the field of 

microbiome research to describe this unique environmental habitat. Firstly, there are 2 

levels of diversity, alpha- and beta-. Alpha diversity refers to the diversity of 

organisms within a specific environment, such as the gut microbiome. In contrast, beta 

diversity refers to diversity between environments, such as the gut and lung 

microbiomes (Whittaker 1960). Alpha diversity  is measured in terms of both richness 

and evenness. The term richness is defined as the number of species present in an 

ecosystem and does not consider the number of individuals from that species. Often 

richness is measured using the Chao 1 or Ace indices. In contrast, the term evenness 

takes into account the number of organisms in a species, thereby giving a calculation of 

equality within a community. Ultimately, diversity takes into account of the previous 

measurements and calculates the number of species present and the number of 

organisms present in each species. For instance, an environment with high diversity 

would have a large number of organisms from each species present. Again, diversity is 

often measured using the Simpsonôs or Shannonôs diversity indices. Often diversity 

measurements include or account for the evenness within a system (Hill  et al. 2003). 

The results of microbiome research utilise taxonomic nomenclature. The most widely 

used levels of nomenclature used during microbiome research is phylum and genus. 

This is due to the limitations with the current power of next generation sequencing that 

species identity cannot be readily identified. For example, the bacterium Escherichia 

coli includes the phylum, Proteobacteria, genus, Escherichia, and the species, coli.    

The key focus of this project concerns gut microbiome development in preterm infants. 

A preterm infant is defined as such if born before 37 weeksô gestation, including the 

following sub definitions. An extreme preterm is an infant delivered at less than 28 

weeksô gestation. A very preterm infant is one born between 29 to 32 weeksô gestation. 

Finally, a late preterm is an infant born between 33 and 37 weeksô gestation 

(Goldenberg et al. 2008). Often these infants require hospitalization and receive high 
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levels of care in a specialized ward, the neonatal intensive care unit (NICU). This 

deviation from normal development is of great interest to the scientific community and 

has huge consequences for not only the general health of the infant, but the development 

of their gut microbiome.  

1.1.2 Overview of the Topics Included in this Thesis 

Research has shown that gut microbiome colonisation begins before birth, with 

subsequent changes throughout life. Current knowledge suggests that being born 

prematurely disrupts the normal colonisation of the gut microbiome, leading to acute 

and chronic disease (Pammi et al. 2017). As a result, there have been a number of 

studies into the acquisition of the gut microbiome in preterm infants, with the results 

indicating clear differences from their full-term counterparts (Zhou et al. 2015). 

However, additional areas, such as the effect of gender, of gut microbiome development 

in these infants have yet to be ascertained.  

One of these areas is the contribution of proteases to the normal preterm gut 

microbiome environment. Research, discussed in more detail in Chapter 4, clearly 

demonstrates an association between proteases and gastrointestinal health in adults. 

Data from these studies suggests that both the immune system and intestinal epithelial 

barrier interact with proteases and, as a result, contribute to the pathology of disease 

(Gecse et al. 2008; Shulman et al. 2008). Therefore, it is not unreasonable to 

hypothesise that the same processes are occurring in the gastrointestinal (GI) system of 

preterm infants. 

Currently, there has been little evidence of a detectable inflammatory response in the 

stool of preterm infants (Rougé et al. 2010). As yet, it is undetermined if this is simply a 

lack of immune response or because it is undetectable in the stool of preterm infants. 

Therefore, the effect the microorganisms are having on the microbiome in this patient 

group is unclear. Furthermore, there has been no data produced on the potential 

proteases in this system. 

Lastly, an emerging niche of microbiome research has shown that bacteria and their 

metabolic products, can influence different areas of the human body. This is achieved 

through a breakdown of the epithelial barrier and subsequent translocation of 
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microbiome components into the bloodstream (Reddy et al. 2007). Studies have 

demonstrated a link between the translocation of gut bacteria from the GI tract to other 

body sites including the lungs, which are then able to exacerbate common diseases as 

they colonize these new areas (Dickson et al. 2016).  

1.2    The Microbiome 

This section will provide a background on the gut microbiome and its development. In 

addition, detail will be provided on the methods used to study the microbiome and how 

they have developed. Finally, how the gut microbiome changes during disease shall be 

presented.    

1.2.1 Introduction  

Twenty years ago, the concept of a microbiome was just that, a concept. It was radical 

thinking to suggest that human body was home to millions of organisms occupying 

several sites on the human body. Detailed microbiome research was not possible until 

the launch of the Human Microbiome Project (HMP) in 2007 (Peterson et al. 2009). 

Since then the research conducted has grown exponentially and continues to do so 

(Marchesi 2011). 

From the HMP it has been discovered that the relationship with the microbiome is 

symbiotic and affects every aspect of human health (Turnbaugh et al. 2007). 

Gnotobiotic, meaning all organisms are absent from an individual, mice have been 

found to develop severe autism (Desbonnet et al. 2014), the scalp microbiome has been 

linked to excessive dandruff (Xu et al. 2016) and diseases such as inflammatory bowel 

disease (IBD) and Crohnôs disease are known, in part, to be caused by an abnormal 

microbiome (Willing  et al. 2010; Fujimoto et al. 2013).  

Stemming from the HMP and other projects it was believed, up until recently, that 

humans were host to ten times more bacterial cells than constituent hot cells. However, 

a study by Sender et al in 2016, showed this value to be grossly over estimated, with the 

actual number more resembling a 1:1 ratio (Sender et al. 2016).  

An interesting characteristic of the microbiome is that it is as unique as a fingerprint 

(Wilkins et al. 2017). Therefore, it is not surprising that research has shown there are 
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numerous contributing factors such as environment, genetics, diet and health, which 

influence the microbiome (Turnbaugh et al. 2010; Goodrich et al. 2014). It is the 

influence of all these factors, and many others, which constantly shape and change the 

diversity and interactions in these micro-ecosystems.  

As mentioned previously in this section, there are numerous different microbiomes 

occupying several sites on and within the human body. However, this thesis is primarily 

focused on the gut and lung microbiomes. As a result, the following are discussed in 

more detail in Chapter 3 and Chapter 6.  

1.2.2 The Gut Microbiome 

1.2.2.1 Introduction and Definitions 

As discussed in Section 1.1.1, the term microbiome has become ambiguous. Therefore, 

to avoid confusion throughout this thesis, it is useful to clarify what the gut microbiome 

is and its key components. Encompassing the definition proposed by Marchesi and 

Ravel, the gut microbiome comprises of the following components. Firstly, the 

microorganisms and the products they produce, predominantly this is bacteria, but also 

includes viruses, fungi, yeasts and other eukaryotes (Reyes et al. 2010; Nash et al. 

2017). Secondly, there are the host contributions which includes, the physical intestinal 

lumen and the products it produces. Lastly, are the contents of the intestinal lumen, 

affected by diet, but necessary to sustain the vast quantity of life in this micro-

ecosystem (Marchesi 2011; Marchesi and Ravel 2015). This concept is taken forward 

and expanded upon throughout this thesis. 

In addition, it is necessary to define what is meant by the ógutô in gut microbiome. Often 

the gut microbiome is considered to encompass the entire gastrointestinal tract. 

However, the oral and stomach microbiomes are very much separate and unique 

ecosystems compared to each other and the gut microbiome (Dewhirst et al. 2010; 

Klymiuk et al. 2017). As with any ecosystem the occupants have evolved to become 

adapted to a specific environment in order to exploit whatever resource is plentiful 

there. Therefore, in this thesis the ógutô microbiome is considered to encompass the 

lower intestinal tract, from the small intestine to the colon, see Table 1 (Marchesi et al. 

2015).  
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Table 1. The Components of the Gastrointestinal Tract. The gastrointestinal (GI) tract is split into 3 

main sections, upper, mid and lower. Each of these sections contain numerous components that perform a 

specific function necessary for homeostasis. The gut microbiome, when analysed with a stool sample, 

gives an impression the environment in only the lower GI tract. This table was constructed using 

information from (Bailey and Keshav 2012).  

Section of GI 

Tract  
Components Function 

Upper 

Mouth 
Admits food into the gastrointestinal tract and is responsible 

for the initial breakdown of the food. 

Salivary Glands 
Responsible for the lubrication of the mouth. Contains 

digestive and antimicrobial enzymes. 

Oesophagus 
Carries food and liquid from the mouth to the stomach by 

peristalsis. 

Mid  

Liver 
Performs metabolic, synthetic, secretory and excretory roles 

vital for life. 

Stomach 

Performs the storage, churning and digestion of food. 

Contains numerous enzymes, such as pepsin, to aid this 

process. 

Duodenum 

First part of the intestine and begins the adsorption and 

digestive process in the intestine. Bile, pancreatic juice and 

enteric secretions are added.  

Gall bladder 
Part of the host defence system produces bile for the removal 

of toxins and metabolic waste.  

Pancreas 
Gland responsible for producing the digestive enzymes in the 

intestine. Also produces insulin. 

Lower 

Jejunum 
Part of the main absorptive surface of the gastrointestinal 

tract. Part of the small intestine.  

Ileum 
Part of the main absorptive surface of the gastrointestinal 

tract. Precedes the caecum. Part of the small intestine. 

Colon 
The predominant component of the large intestine. Main 

function is to reabsorb water. 

Appendix 
Follows front the caecum and have no special function in 

humans. 

Caecum The most proximal part of the large intestine. 

Rectum Stores faeces before defecation. 

Anus 
The most distal part of the gastrointestinal tract. Controls 

defecation. 
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The gut microbiome is known to contribute a vast amount of advantages to their hosts, 

such as aiding digestion (Cantarel et al. 2012), providing vitamins (Gill  et al. 2006), 

preventing the overgrowth of pathogens (Momose et al. 2008), and regulating host 

metabolism and immune system (Tremaroli and Bäckhed 2012). All of these functions 

are necessary to maintain homeostasis, therefore a substantial body of research has been 

invested to determine if there is common core microbiome shared by all individuals 

(Turnbaugh and Gordon 2009; Huse et al. 2012; Li et al. 2013). However, studies have 

demonstrated the malleable nature of the human gut microbiome (Eckburg et al. 2005; 

Koren et al. 2012). For example, due to the seasonal variations in food abundance, a 

study by Davenport et al in 2014 discovered an isolated human population, whose gut 

microbiomes composition changes in response to seasonal changes (Davenport et al. 

2014). Current research suggests that adults do not share a core microbiome, due to the 

influence of environmental factors (Lloyd-Price et al. 2016). 

However, Turnbaugh et al in 2009 found that the gut microbiome is shared within 

families (Turnbaugh et al. 2009). This could be a result of a shared evolution. Studies 

have shown that the microbiome has evolved in parallel with the human population. For 

example, in modern history the microbiome has co-evolved to cope with urbanization 

(Winglee et al. 2017), highly processed diets (Mozaffarian et al. 2011), global travel 

(Nordahl Petersen et al. 2015), improved hygiene and medicine (Dethlefsen et al. 2007). 

On the other hand, there are disadvantages to the co-evolution of the microbiome and 

improved healthcare. Research has shown that the commensal microbiota are 

transferring antibiotic resistance genes to opportunistic pathogens (Salyers et al. 2004; 

Sommer et al. 2009), which has the potential to become a huge problem for health care. 

As will be discussed in Section 1.2.4, the gut microbiome is acquired before and during 

birth, changes throughout life, and reduces during old age. One of the most dramatic 

changes in the transition from an infant microbiome to one that is considered more 

óadult-likeô, at around 2 years of age (Adlerberth and Wold 2009). However, this may 

sound contradictory, as current research suggests there is not a core microbiome. 

Therefore, the óadult-likeô microbiome refers to a change from infant associated taxa to 

organisms more prevalent in adulthood. As a result of the early acquisition and constant 

companionship throughout life, the gut microbiome has significant functions in a 

healthy human host. 
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1.2.2.2 The Function of the Healthy Gut Microbiome 

After detailing the concept, it would be appropriate to discuss the function of the gut 

microbiome. Studies discussed in Section 1.2.2.1, have shown that the gut microbiome 

has co-evolved with humans, adapting to our changing lifestyles. As a result, it can be 

inferred that these organisms have a defined role within their appropriate microbiome, 

similarly the host must provide several benefits to the microbiota in order for the two to 

coexist. Furthermore, there is a significant amount of variation in the human gut 

microbiome between individuals because of the influence of outside factors. Therefore, 

it is very difficult to define what constitutes a óhealthyô microbiome. Consequently, an 

alternative hypothesis proposed by Lloyd-Price et al is a logical explanation. 

In their 2016 article, they propose a ófunctional coreô, defined as:  

ña complement of metabolic and other molecular functions that are 

performed by the microbiome within a particular habitat but are not 

necessarily provided by the same organisms in different peopleò 

(Lloyd-Price et al. 2016) 

Furthermore, they inferred this ófunctional coreô to include several components. Firstly, 

there needs to be an element of genetic potential, in other words enough genetic 

material to maintain a healthy population, and a lack of deleterious mutations. Secondly, 

there must be a set of house-keeping functions that enable the organisms present in the 

gut microbiome to fully exploit the environmental niché in which they have colonised. 

An example of this, is the metabolism of dietary components that would otherwise be 

wasted. Thirdly, this óhealthyô core must be able to resist changes that would drive the 

gut microbiome into dysbiosis, such as the use of antibiotics (Lloyd-Price et al. 2016). 

Dysbiosis refers to a change from the norm or óhealthyô microbiome community to one 

that can progress disease.  

Taking all of the previous information into account, attempts were made to determine 

the bacterial content of the gut microbiome in healthy members of the population. The 

most well cited of these, the results from the HMP. The HMP concluded the dominant 

phyla in healthy adults to be Bacteroidetes, followed by a large proportion of Firmicutes 

and a small contribution of Proteobacteria. Consequently, the most dominant genus 
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present was Bacteroides (Consortium et al. 2012). A later study found the key 

components of the heathy gut microbiome to be Bacteroides, Ruminococcaceae 

(Firmicutes), Clostridales (Firmicutes), Alistipes (Bacteroidetes), and Parabacteroides 

(Li  et al. 2013). A study investigating the enterotypes of the healthy human gut 

microbiome, found the 3 main genera to be Bacteroides, Faecalbacterium and 

Bifidobacterium. Ultimately form this research they proposed 3 enterotypes of the 

healthy human gut microbiome, Bacteroides, Prevotella, and Ruminococcus dominated 

(Arumugam et al. 2011). In summary, over 1000 gut microbial species have been 

identified (Rajiliĺ-Stojanoviĺ et al. 2014), of which the most common in healthy 

individuals belong to the Bacteroides genus.  

For an ecological community to be considered healthy it must be diverse and contain a 

significant number of inhabitants. Therefore, this is also true for the gut microbiome, as 

it is a micro-ecosystem. This theory of diversity equals health has been shown by 

investigations into diseases associated with the gut microbiome. Studies have 

demonstrated that gut microbiome diversity is decreased in obesity, inflammatory bowel 

disease (IBD) and diabetes (Manichanh et al. 2006; Turnbaugh et al. 2009; Giongo et 

al. 2010). This reduction in microbial diversity has been linked to the Western diet of 

high fat and sugar, accompanied by low fibre (Sonnenburg et al. 2016).  

However, as with all biological systems a higher diversity does not imply health, as a 

high diversity in the vaginal microbiome has been associated with preterm birth 

(DiGiulio et al. 2015). Furthermore, it is unclear as to whether these changes are as a 

result of disease or if it is the microbiome changes driving disease progression, this will 

discussed further in 1.2.5.  

A summary of the healthy human gut microbiome can be found in Figure 1. To 

summarize, the healthy gut microbiome must have a high diversity, a resistance to 

dysbiosis, the necessary house-keeping genes, a low amount of deleterious mutations 

and a high genetic potential. Furthermore, is most likely to be dominated by species 

from the Bacteroidetes and Firmicutes phyla.  
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Figure 1. The Factors Contributing to a Healthy Gut Microbiome. A schematic representation of the 

factors contributing to a healthy gut microbiome.  

1.2.2.3 A Lifelong Relationship 

The gut microbiome is a constant companion throughout life and undergoes dramatic 

changes during this time. Colonisation begins before birth, detailed in 1.2.4, and 

continues throughout the first two years of life. From birth until 3 months of age, the 

infant microbiome is dominated by Firmicutes, after 3 months the community is 

dominated by Actinobacteria. This continues until 1 year of age when Bacteroidetes and 

Firmicutes are the main components (Koenig et al. 2011a; Azad et al. 2013). At two to 

three years of life, the infant microbiome begins to resemble that of an adult. This is 

because the abundance of Clostridia (Firmicutes) becomes predominant alongside the 

Bacteroidia (Bacteroidetes) (Avershina et al. 2016). As detailed in Section 1.2.2.2, the 

healthy adult microbiome is dominated by the Bacteroidetes and Firmicutes phyla, and 

remains relatively stable until old age. During old age Bacteroidetes increases, whilst 

the Firmicutes and Proteobacteria decrease (Claesson et al. 2011). Furthermore, in 

individuals over a hundred years old, the gut microbiome shifts to include more 

Proteobacteria, whilst the numbers of Firmicutes decrease (Odamaki et al. 2016). An 

earlier study showed that centenarians have a less diverse gut microbiome compared to 

adults and elderly individuals under a hundred years of age (Biagi et al. 2010). On a 

more individual basis the stability of an individualôs gut microbiome was sampled over 

46 years. The study discovered that host genetics were the main contributing factor 
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towards both changes and the maintenance of a core microbiome throughout a lifetime 

(Jayasinghe et al. 2017).  

In summary, significant gut microbiome acquisition begins at birth and is subject to 

change during the first 3 years of life. Once this developmental period has past, the gut 

microbiome remains stable throughout adult life. As will be discussed in upcoming 

sections, the gut microbiome can undergo changes during this time as a result of 

medication or disease. At the transition into old age the gut microbiome undergoes 

changes to reflect the change in lifestyle the elderly enjoy. Finally, the gut microbiome 

is subject to change up until death as centenarians have a different community structure 

compared to younger individuals.  

A key part of microbiome research is the way in which it is conducted. The current 

techniques use high-throughput sequencing technologies that can rapidly sequence 

numerous DNA sequences from numerous samples in a single experiment. It is often 

referred to as 16S rRNA gene sequence analysis. 

1.2.3 16S rRNA Gene Sequencing for Gut Microbiome Analysis 

For a century, thanks to the pioneer Robert Koch in 1881, the field of microbiology was 

entirely culture-dependent, and organisms could only be studied if it was able to grow in 

laboratory conditions. As a result, many of the inhabitants of the human gut could not 

be discovered or investigated due to the difficulty in culturing them. One hundred years 

after the development of plating techniques by Robert Koch, the discovery of DNA 

sequencing techniques was led by Fred Sanger. However, this technique remained out 

of the reach of mainstream research due to high time and monetary costs. It was not 

until the 1980s when DNA-based techniques became a mainstay of microbiology. One 

of the main draws to this technology was that a sample could be sequenced without the 

need for isolating and the culturing of pure cultures beforehand. The earliest of these 

techniques was fluorescent in situ hybridization (FISH), where nucleotide specific 

fluorescent markers are used to target genes of interest (Amann et al. 1995). Another 

popular technique at that time used the polymerase chain reaction (PCR) to amplify 

specific genes, which were then available for sequencing (Ward et al. 1990). It was this 

technique and the description of 16S rRNA gene fragments from a bacterial community, 

which led to the development of the application of 16S rRNA gene sequencing for 
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community analysis (Olsen et al. 1986; Giovannoni et al. 1990). This subunit is 

approximately 1542 nucleotides long and can form many bonds, creating a complex 

secondary structure, Figure 2. However, before the implementation of high throughput 

16S rRNA technologies, 16S rRNA PCR-DGGE (denaturing gradient gel 

electrophoresis) methods were used to identify components of microbial communities. 

Using this method species are then identified by comparing the migration distance of 

band within the gel and comparing to a reference strain. DGGE gels are polyacrylamide 

containing a linear gradient of urea and formamide (Piterina and Pembroke 2013). As 

with previously described techniques the throughput for the DGGE method is 

significantly less than that for high throughput methods.  

Ribosomal components are measured and identified in Svedburg units (S), based on the 

rate of sedimentation during centrifugations, the heavier more nucleotide rich molecules 

or subunits will sediment before the lighter, less nucleotide rich subunits. In bacteria, 

the three rRNA genes are organised into a single ribosomal operon. This entire operon 

is transcribed into a single 30S rRNA precursor, this is then subsequently cleaved by 

RNase III into the 16S, 23S, and 5S rRNA subunits, Figure 3 (Nikolaev et al. 1974). 

The unique characteristics of the ribosomal operon are size, sequence and secondary 

structures. These are all highly conserved within the bacterial kingdom (Maidak et al. 

1997). Therefore, making them the ideal candidate for metataxonomic studies.  
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Figure 2. The 16S Ribosomal Subunit. The diagrammatic representation gives the full nucleotide 

sequence and secondary structures of the 16S subunit in Escherichia coli. Each region of the subunit is 

coded in a different colour and is approximately 250 nucleotides in length. Each one of the regions 

contains variable (V) regions. These variable regions are different in every species of bacteria and is the 

target area for sequencing in metataxonomic techniques. The R1, red, area contains V1 and V2; the 

orange area R2, contains V3; R3 in yellow contains region V4; the green area, R4, contains regions V5 

and V6; R5, in blue, contains V7 and V8 regions; finally, the purple area, R6, contains the final V9 

region. Permission given to reuse the image on 6.6.18, and is taken from (Yarza et al. 2014)  
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Figure 3. A Simplified Diagram of the Transcription and Processing of the 30S Bacterial Operon. 

The 30S bacterial operon contains an upstream promoter region and a downstream terminator region. In 

the middle of these regions is the DNA sequence for each subunit of the 30S bacterial ribosome. When 

the promoter region is open the operon is transcribed by an RNA polymerase. This 30S pre-rRNA 

sequence is then cleaved by RNase III to isolate the 16S, 23S and 5S rRNA subunits.  

The first microbiologist to use this technique consistently was Carl Woese and 

colleagues in the late 1970s, as they were able to demonstrate that phylogenetic trees, by 

comparing taxa and their relationships, could be drawn by comparing relatively stable 

parts of the bacterial genome, the ribosomal operon (Woese and Fox 1977). 

Furthermore, the unique features of the ribosomal operon that make it extremely 

suitable for microbial identification is the presence of both conserved and hypervariable 

regions, Figure 2. These hypervariable regions are unique for every species of bacteria, 

therefore allowing for easy and reliable identification. In addition, this means that 

universal primers can be made that will bind to the conserved regions either side of one 

of these hypervariable regions, allowing for amplification. The bacterium are identified 

by aligning the sequencing results to a reference database and a match is considered if 

the percentage identity is above a certain threshold (Yarza et al. 2014). The first time 

this technique is demonstrated in microbial ecology was in the 1990s. It was a 

breakthrough, and led the way for future research, and ultimately microbiome research 

(Giovannoni et al. 1990).    
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Until the mid-2000s this was a highly used method for the area of microbial ecology. In 

2005, the next step in sequencing technology was invented, high throughput sequencing, 

often referred to as ónext generationô. As the discoveries of both Koch and Sanger had 

provided multiple advances, high throughput sequencing superseded both these 

techniques, such that an entire bacterial genome could be sequenced within hours 

(Metzker 2005). The previous drawbacks of older methods, such as incomplete 

community analysis, became possible with the advent of deep and high throughput 

sequencing methods. As a result, this is one of the most popular scientific techniques 

currently in use, as the entire genetic content of a sample can be analysed at relatively 

low economical and time cost.  

Due to the financial viability of high throughput sequencing, large scale projects such as 

the Metagenomics of the Human Intestinal Tract (MetaHIT) and the Human 

Microbiome Project (HMP), became feasible. In 2008, the MetaHIT project was 

founded and aimed to elucidate the microbial genomes of the gut, using stool samples 

donated from IBD, obese and healthy participants (Qin et al. 2010; Arumugam et al. 

2011; Le Chatelier et al. 2013; Li et al. 2014). This was a four and a half year project, 

50% funded by the European Union, with a total cost of 22 million euros. In contrast, 

the HMP cost a total of 115 million dollars, ran between 2008 and 2013, and was 

funded by the US National Institute of Health. The aims of the HMP was to determine 

the diversity of the microbiome, sampled from numerous body sites such as, the gut, 

skin and vagina (Peterson et al. 2009; Consortium et al. 2012; Weinstock 2012).  

To summarise, microbiology has come a long way since the culture dependent days of 

the late 1800s. The wealth of data that has that has been generated from high throughput 

methods is akin to the industrial revolution. However, our knowledge of bacterial 

communities would not have been possible without the discovery of hypervariable 

regions in the 16S ribosomal subunit. However, we are at a critical point in microbiome 

research where we know the microbial communities in various systems but cannot 

conclusively link them to disease or other functions. Therefore, the next breakthrough in 

microbiome research will be the discovery of a functional assay to assess the roles these 

organisms play in the microbiome. 

In Section 1.2.2.3, the development of the gut microbiome was briefly explained in 

relationships to our lifelong relationship. However, as this thesis focuses on the 
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development of the gut microbiome, it is necessary to expand upon the research 

mentioned previously.  

1.2.4 The Development of the Human Gut Microbiome 

1.2.4.1 Prenatal Development of the Human Gut Microbiome 

There is conflicting evidence debating the ósterile wombô hypothesis, which will be 

discussed in this section. However, the current consensus within the scientific 

community is that in a healthy pregnancy it is normal for low levels of bacteria to be 

present in the placenta, amniotic fluid and meconium. To add, in a healthy pregnancy 

the bacteria present in the areas are of a low abundance, richness and diversity (Collado 

et al. 2015). However, infections such as chorioamnionitis do occur, and result in a very 

different prenatal environment.  

Research in 2005 first identified the types of bacteria present in the umbilical cord of 

healthy neonates born by caesarean section. In 45% of the samples tested, bacterial 

cultures were grown and identified to contain species from the following genera, 

Enterococcus, Streptococcus, Staphylococcus, and Propionibacterium (Jiménez et al. 

2005). These bacteria were described as commensal and the findings of Stout et al in 

2013 reiterate this. They found that 27% of placentas examined were found to contain 

intracellular bacteria. Furthermore, they investigated if this was related to preterm birth 

and intrauterine infection, such as chorioamnionitis, and found no link between the 

bacteria present in the placenta and these adverse events (Stout et al. 2013).  

To expand on the study by Collado et al, they found an array of bacterial diversity 

across several sites from the mother and new born infant. Firstly, they discovered a 

unique microbial community in the placenta and amniotic fluid, distinct from the 

maternal faecal microbiome. The most prominent phylum in these samples were the 

Proteobacteria. Furthermore, they observed that the bacterial communities at different 

sites and individuals were highly similar and consistent. Moreover, to solidify the 

presence of bacteria in utero they found that the majority of the microbial community 

observed in the placenta and amniotic fluid was shared with the meconium of the infant. 

This shared community included, Streptococcus, Enterobacteriaceae, 

Propionibacterium, Lactobacillus, and Bacillales (Collado et al. 2015). An earlier study 
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showed similar results. Aagaard et al in 2014 found the placental microbiota to contain 

the phyla, Firmicutes, Tenericutes, Proteobacteria, Bacteroidetes and Fusobacteria; 

two of which were also identified in Collado et alôs 2015 study. Of interest, this study 

also found the microbiota of the placenta was significantly associated with preterm 

birth. Furthermore, it was noted that the microbiome of the first stool passed by the 

infant most closely resembles that of the amniotic fluid. It is believed that this is a result 

of the swallowing of the amniotic fluid during the third trimester of pregnancy. This 

link between the in utero microbiome and infection has been further investigated 

(Aagaard et al. 2014). 

Chorioamnionitis and intrauterine infections have been known to cause preterm birth for 

over twenty years, however it was only recently that the organisms responsible have 

been investigated (Seo et al. 1992). The microbiome of preterm infants, born to mothers 

with chorioamnionitis, were enriched with urogenital and oral commensal bacteria 

(Prince et al. 2016). Therefore, the in utero microbiome is subject to infective 

processes.  

Notable research by Gosalbes et al in 2012, found a link between infant meconium and 

maternal factors. For example, they found that a maternal history of atopic eczema 

resulted in a reduced microbiome diversity in the meconium (Gosalbes et al. 2016). 

This and previously discussed research suggest the in utero environment to be non-

sterile.  

On the contrary, some studies have suggested that the womb is a sterile environment 

(DiGiulio 2012). Therefore, a consensus on the sterility of the womb and the in utero 

environment has not been established. For the purpose of this thesis, is it assumed that 

the in utero environment contains a unique microbiome that contributes to the 

developing GI microbiome of the new born infant.  

1.2.4.2 Post Natal Development of the Human Gut Microbiome 

Postnatal development of the infant gut microbiome is considered to begin during the 

birthing process and conclude at approximately two years of age. There are many 

factors that influence this process and are discussed in more detail in 1.2.4.3. However, 
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ñhealthyò postnatal infant development can be considered as a vaginal birth, breast 

feeding, and no health complications requiring medication such as antibiotics.  

Studies from the era of culture-based techniques through to high throughput methods 

show that infants born via the birth canal and receive only breast milk have a 

microbiome dominated by the Bifidobacterium genus (Mackie et al. 1999; Favier et al. 

2002). Once weaning commences the number of bacteria that can utilize 

oligosaccharides decreases and a community dominated by Firmicutes and Bacteroides 

begins to become established (Koenig et al. 2011a). However, before weaning 

commences around 6 months of age, there are temporal changes occurring in the infant 

gut. Firstly, the profile is dominated by intrauterine or vaginal associated taxa. 

Secondly, skin derived taxa become predominant such as Streptococcus and 

Enterobacteriaceae. Thirdly, a domination of Bifidobacteriaceae occurs in the faecal 

microbiota. Finally, adult-like taxa begin to appear such as Blautia, Eggerthella and 

Clostridium (Timmerman et al. 2017).  

A recent metagenomic study found that at 6 weeks of life, the metagenomes of the stool 

begin to converge between individuals, suggesting the development of a core set of 

metabolic pathways (Chu et al. 2017). In addition, Del Cheirico et al in 2015 reported 

upon a ñcore microbiomeò during the first 30 days of life (Del Chierico et al. 2015). In 

addition, to encompass all areas of the microbiome, recent research has shown a 

succession of archaea and microeukaryotes during the first year of life (Wampach et al. 

2017).  

1.2.4.3 Factors Affecting Gut Microbiome Development 

1.2.4.3.1 The Effect of Mode of Birth on the Development of the Gut Micro biome 

The effect of mode of birth on the gut microbiome colonization was published in 1999. 

Grönlund et al found that the Bacteorides were reduced in caesarean delivered infants 

(Grönlund et al. 1999). Since 1999, caesarean section (CS) has been found to seed the 

neonatal microbiome with opportunistic pathogens such as, Haemophilus, Enterobacter, 

Veilonella and Staphylococcus (Dominguez-Bello et al. 2010; Bäckhed et al. 2015). 

This predominantly from the motherôs skin microbiome. Furthermore, these infants 

have a delayed colonisation and reduced diversity of the Bacteroidetes phylum 
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(Jakobsson et al. 2014). In a subset of the population this reduced colonisation by 

Bacteroidetes was also reported, alongside an increased incidence of Bacilli and 

Clostridium in the CS delivered infants. Interestingly, they observed that this difference 

in colonisation disappeared with age and the microbiota of both CS and vaginally 

delivered infants became similar (Lee et al. 2016). In addition, to changing the 

microbial content of the gut, CS infants have been reported to have a reduced diversity 

during the first years of life (Jakobsson et al. 2014; Lee et al. 2016). A recent systematic 

review provided further evidence to a reduced diversity in CS delivered infants, and 

showed that the significant differences observed in the infants during the first 6 months 

of life were removed after the first 6 months (Rutayisire et al. 2016). 

Not only has CS delivery been associated with changes to the microbiota recently after 

birth, long term affects have been noted in a handful of studies. CS delivery has been 

associated with childhood obesity (Mueller et al. 2015). With the underlying causes still 

unknown, it was found that elective CS was associated with adult psychosis (OôNeill et 

al. 2016). 

A vaginal delivery is currently accepted as the norm as it is believed to be more 

beneficial, as demonstrated in several studies. Infants delivered vaginally are enriched 

with Escherichia-Shigella and Bacteroides compared with infants delivered by CS 

(Azad et al. 2013). Furthermore, there is a high level of Lactobacilli in vaginally 

delivered infants (Dominguez-Bello et al. 2010; Aagaard et al. 2012; Avershina et al. 

2014).   

Conversely, a recent study by Chu et al found that body site had more of an effect on 

microbial reorganisation than the mode of delivery during the first 6 weeks of life (Chu 

et al. 2017). Furthermore, a phylogenetic study during the first 30 days of life found that 

there is a ñcore microbiomeò irrespective of birth mode (Del Chierico et al. 2015). 

In summary, it is currently accepted that a vaginal delivery seeds a more beneficial and 

ñhealthyò microbiome compared to a CS delivery. However, as detailed there is 

research to suggest that it has less of an effect. As a result, more longitudinal research 

needs to be done in order to provide a conclusive answer and discover if mode of 

delivery is responsible for disease etc., in later life. Finally, an infantôs microbiome 
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reflects the vaginal microbiome when born naturally, however, the motherôs skin 

microbiome predominates that of CS delivered infants.  

1.2.4.3.2 The Effect of Diet on the Developing Gut Microbiome 

As discussed previously, the gut microbiome encompasses not only the organisms that 

reside there but also host physiology and transient components. The food that we ingest 

as part of our diet is part of this transient community and, therefore, can have significant 

impact on the composition and interactions within this micro ecosystem. For the 

developing gut, a substantial body of research, has shown that breast milk is still 

considered ñbestò for the most beneficial outcomes. However, specific components and 

additives, such as probiotics, have been shown to have a significant effect on the 

developing gut microbiome.  

A multi-centre study, published in 2016, reported that a formula based diet that included 

a Bifidobacterium breve probiotic, provided adequate nutrition for normal growth in 

healthy infants when compared to World Health Organization (WHO) guidelines 

(Abrahamse-Berkeveld et al. 2016). An earlier study discovered that infants who 

received a more breast milk like formula or a probiotic showed similar Bifidobacteria 

counts to breast milk fed individuals and higher counts than those on a readily available 

formula (Hascoët et al. 2011). This suggests that there is the potential for infant formula 

to mimic that of breast milk, which as these and other studies have shown breast milk to 

be more beneficial.  

A unique study by Anvarian et al in 2016, investigated the bacteria present in a 

powdered infant formula production facility. The results of their study noted the 

following organisms colonising all areas of the production facility, Actinobacter, 

Pseudomonas and Streptococcus (Anvarian et al. 2016). This is an interesting finding, 

as will be discussed in following sections, these are bacteria often found in preterm 

infants, and are more likely to be formula fed.  

In vivo studies into the effect of formula feeding on developing offspring have also been 

conducted, such as the following on a neonatal porcine model. The benefit of using 

animal models is the ability to study interventions and histological changes. This study 

demonstrated significant physiological changes in the formula-fed cohort such as, ileum 
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and jejunum villus length were increased along with the depth of Peyerôs patches. In 

addition, lymphoid follicle size was decreased, indicating at a reduction in immune 

education. Immunological changes included an up-regulation in AMCFII, IL-8, IL-15, 

VEGFA, LIF, FASL, CACL11, CCL4, CCL25, and a down regulation in IL-6, IL-9, IL-

10, IL-27, IFNA4 and CSF3 at transcript level. This study added further evidence to the 

effect of formula feeding on the bacterial content of the developing gut. There was a 

significant increase in Lactobacillaceae and Clostridia in the sow fed group compared 

to formula fed piglets who were found to have higher levels of Enterobacteriaceae; a 

pattern also seen in human infants (Yeruva et al. 2016). This data shows that not only 

can a formula dominated diet affect the bacterial content of the developing gut, but also 

host physiology and immune development.  

1.2.4.3.3 The Effect of Antibiotics on the Development of the Gut Microbiome 

The effect of antibiotics on the gut microbiome of preterm infants will be discussed in 

more detail in Chapter 6. In summary, research has shown that antibiotic use has been 

linked to adverse outcomes in the preterm population. However, any links between the 

gut microbiome, antibiotics and disease or adverse outcomes has yet to be investigated. 

Moreover, antibiotics are the most frequently administered drugs in the NICU.  

1.2.5 Changes in the Gut Microbiome during Disease 

The definition of disease within an environment, such as the gut microbiome, is referred 

to as a dysbiosis. Therefore, dysbiosis within the gut microbiome is considered to be a 

departure from a balanced ecological state by an environmental change (Petersen and 

Round 2014). There are a number of diseases affected by changes in the gut 

microbiome, however the most prevalent in Western society are inflammatory bowel 

diseases (IBD), such as Crohnôs disease (CD) and ulcerative colitis (UC). IBD is used as 

an umbrella term for CD and UC, as both diseases are mediated by inflammatory 

responses (Stange et al. 2006; Mulder et al. 2014). Using adult intestinal diseases as a 

basis, the causes of similar neonatal disease can be investigated. For example, CD and 

IBD are discussed here, as both are inflammatory diseases, and have a similar pathology 

to necrotising enterocolitis (NEC). Therefore, in order to understand possible 

pathologies previously found in adults and their possible role in preterm infants, an 

understanding of these diseases is necessary. 
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1.2.5.1 Inflammatory Bowel Disease: Crohnôs Disease and Ulcerative Colitis 

Crohnôs disease (CD) is defined as a transmural inflammatory disease of the mucosa 

that affects all parts of the gastrointestinal (GI) system. It appears episodically and 

progresses in severity with each occurrence. Symptoms of the disease include parts of 

the GI system shutting down, this then leads to complications such as strictures, fistulas 

and abscesses (Silverberg et al. 2005; Stange et al. 2008). Ulcerative colitis (UC) is 

defined as a non-transmural inflammatory disease, which includes the episodic 

progression seen in CD. However, this disease is limited to the colon, but the 

inflammation can spread to the terminal ileum, therefore making it difficult to 

distinguish from CD (Silverberg et al. 2005; Stange et al. 2008). IBD severely affects a 

patientôs quality of life and is great cost to health care (Molodecky et al. 2012; Tóthová 

et al. 2014). As a result, a substantial amount of research has been committed to 

discovering the origins of this disease. To add, IBD is a multi-factorial disease 

continuing with the definition of the microbiome to be affect by physiology, 

microbiology, immunology and genetics. However, for the purpose of this thesis, the 

microbiological changes will be focused upon.  

To begin, CD patients have a reduced Shannon diversity index compared to healthy 

controls. Furthermore, the overall microbial content of the gut is different from that of 

healthy counterparts (Fujimoto et al. 2013). This was also seen in an earlier study where 

the increased inflammatory response seen in IBD is a result of a loss of anaerobic 

bacteria in the colonic mucosa (Ott et al. 2004). In contrast, the microbial diversity in 

patients with CD is unaffected by their disease state (Seksik et al. 2003). On the other 

hand, this same study identified an increase in Enterobacteriaceae in the CD affected 

cohort. This decrease in diversity has been accredited to the overall loss of diversity 

within the Firmicutes phylum (Kang et al. 2010).  

Specific microbial changes occurring in CD include a significant decrease of 

Faecalbacterium prausnitzii compared to healthy controls. In addition, Bifidobacterium 

wadsworthia was also decreased in CD patients. The ileum CD phenotype has been 

found to correlate with a dysbiosis of the ileum mucosa associated bacteria. As a result, 

it is plausible to suggest that a novel group of invasive E. coli is involved in the 

pathogenesis of CD (Baumgart et al. 2007). Furthermore, virulence and secretion 

metabolic pathways are enhanced during ileum CD (Morgan et al. 2012). The 
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Fusobacterium genus has also been shown to increase in the colon of UC patients 

(Toshifumi et al. 2002).  

Furthermore, in keeping with the microbiome definition, Morgan et al also found that 

metabolic pathways were more affected by disease status than the taxa of the 

microbiome (Morgan et al. 2012). In addition, the fungi Candida albicans has been 

found to colonize all sections of the GI tract in patients with IBD (Trojanowska et al. 

2010). 

1.2.6 Summary 

The human microbiome includes several different body sites and performs a plethora of 

functions to maintain health for both the host and its symbiotic community. 

Furthermore, the microbiome is a combination of organismal, host and transient 

components. The gut microbiome encompasses the GI tract from small intestine to 

colon; includes organisms such as bacteria, archaea and fungi; and can be changed due 

to diet, a transient component. Therefore, the combination of all this makes it an 

exciting and rigorously researched area. 

In order to fully investigate the gut microbiome, technology has made significant 

advances to allow for research into this area to become what it is today. The field of 

microbiology has moved from culture-dependent to culture-independent methods, from 

petri-dishes to high throughput sequencing. This leap in technology has allowed 

researchers discover that gut microbiome colonisation begins before birth and continues 

to change and adapt throughout a lifetime. Furthermore, it has given insights into the 

role of the microbiome during diseases of the gut, such as IBD. However, it is difficult 

to draw a solid conclusion about the impact of the gut microbiome on disease, as they 

are multifactorial conditions, resulting in discrepancies between the studies discussed 

previously. Although, it can be said with a high degree of certainty that changes in the 

gut microbiome during IBD play a significant role in the pathophysiology of the 

condition. Furthermore, the role of proteases, discussed in Section 1.4, provides further 

evidence to the role of the gut microbiome in the development of intestinal diseases. 

Moreover, it will become clear the association between IBD, proteaes and NEC. 

Ultimately, this will lead to a greater understanding of the interactions between the 

human host and organismal content in preterm infants.   
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1.3 Premature Infants 

1.3.1 Introduction  

An infant is classed as premature when delivered before 37 weeksô gestation. This 

definition is further sub-divided into extreme preterms or extremely low birth weight 

(ELBW), less than 1 kg, born at less than 28 weekôs gestation; very preterm or very low 

birth weight (VLBW), less than 1.5 kg, delivered between 28 and 32 weekôs gestation; 

and finally late preterms or low birth weight (LBW), less than 2.5 kg, born between 32 

and 37 weekôs gestation. Currently, preterm birth is the leading cause of neonatal 

morbidity and mortality worldwide (Lawn et al. 2005; Beck et al. 2010). The 

consequences of preterm birth are not only acute but can have chronic and dramatic 

consequences throughout life (Huddy et al. 2001; Wang et al. 2004; Goldenberg et al. 

2008). Not only are there long term health issues for the preterm infant, the cost of 

healthcare during and long after birth, is a burden on the global economy (Petrou et al. 

2003; Petrou 2005). As a result, research into the prevention of preterm birth and the 

treatment and care of preterm infants is of great importance.  

The care of premature infants has developed extensively over the past 50 years to 

provide safe, prompt and effective care to the most highly dependent infants. The 

criteria for admission to the neonatal intensive care unit (NICU) is an extensive list but 

includes, for example: 1) gestational age of less than 34 weeks, 2) a birth weight less 

than 1.8 kg, 3) prolonged resuscitation, 4) severe congenital abnormalities. In general, 

an infant is admitted to the NICU who needs close observation, continuous monitoring 

or active management by a specialist neonatal team.  

Upon admission to the NICU a number of checks and baseline measurements will be 

taken in order to draw up a care plan and ultimately to deliver appropriate care to see 

the infant through to health and discharge. In order to achieve this goal, a substantial 

number of treatments are administered. 

1.3.1.1 Treatment Received in the Neonatal Intensive Care Unit 

Preterm infants receive a plethora of treatments in the NICU (Hsieh et al. 2014). 

Antibiotics are the most common medication prescribed in the NICU, shown 
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specifically to be ampicillin in the Clark et al study (Clark et al. 2006; Patel et al. 2009; 

Schulman et al. 2015). For example, studies by Tripathi et al and Piantino et al in 2012 

and 2013, respectively, show that 95% of the NICU patients, 65% of VLBW and 50% 

of LBW infants receive antibiotics for more than 3-5 days with negative culture results 

(Tripathi et al. 2012; Piantino et al. 2013). The reason for this systemic use of 

antibiotics is the extensive list of risk factors such as pre-eclampsia, chorioamnionitis, 

pneumonia, sepsis, low birth weight, prematurity, feeding and ventilation, to name a 

few (Cotten et al. 2009; Kuppala et al. 2011). In addition, they are often used 

prophylactically to cover GBS and E. coli infections. Furthermore, clinicians prefer to 

err on the side of caution when the above are present (Stoll et al. 2002; Stoll et al. 2011; 

Wirtschafter et al. 2011; Cantey et al. 2016). Therefore, the role of antibiotics on the 

development of the preterm infant will be investigated in Chapter 5.  

However, this widespread use of antibiotics is not always associated with healthier 

patient outcomes. For instance, several studies have shown that late onset sepsis (LOS), 

NEC, fungal infections, NICU outbreaks, mortality, increased hospital stay and costs, 

are associated with blanket antibiotic prescriptions (Cotten et al. 2009; Kuppala et al. 

2011; Afjeh et al. 2016). In addition, the risk of sepsis, especially from commensals and 

fungi, is increased in preterm infants who are exposed to broad spectrum antibiotics 

(Madan et al. 2012; Mai et al. 2013). 

Not only are infections problematic in the NICU, there are a number of serious 

complications associated with preterm birth. The first is patent ductus arteriosus (PDA), 

where indomethacin is the conventional treatment, ranked the 8th most used treatment in 

US NICUs. The second is bronchopulmonary dysplasia (BPD), where oxygen is a 

commonly used treatment (Hsieh et al. 2014). As a result, ventilation is a common 

treatment given in the NICU. Moreover, respiratory distress is an admission criteria.  

The preterm infant has complicated and demanding needs, therefore a substantial 

amount of research has been conducted into providing the best care possible to improve 

long term outcomes. As a result, guidelines on feeding and ventilation are constantly 

being updated taking into account the latest research. However, there are short term 

goals in mind that allow the medical team to determine the success of the treatment. For 

feeding the aim is to accelerate infant growth, meet the nutritional needs of the infant, 
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and prevent feeding related morbidities such as necrotizing enterocolitis (NEC) 

(Thomas 2016).  

There are a number of key factors to consider when started feeding in the hospitalised 

infant. An infant should begin feeding within 24 hours of life unless medically unfit to 

do so. In this situation, an infant would be given intravenous parenteral nutrition. If 

parenteral feeding is the main source of nutrition for the infant than minimal enteral 

feeding should be considered to be delivered in parallel. The aim of this is to provide up 

to 1 ml/kg/day of milk to stimulate gut hormone production. The next factor to be 

considered is the rate at which to increase feeds of they are well tolerated by the infant. 

Typical feeds given in the NICU range from breast to formula milk, due to several 

criteria that must be considered before the feed is chosen. Breast milk is considered the 

gold standard in the feeding of preterm infants, who make up the majority of admissions 

to the NICU. Breast milk fortification (BMF) can be given to infants of a certain weight 

to increase the protein intake in infants receiving breast milk. BMF is not needed if the 

infant is taking preterm formula. Donor breast milk (DBM) is another option if the 

infantôs mother is unable to express milk herself. However, the supplies of are often 

inconsistent. Another obvious choice is the use of preterm formulas, if the infant is 

under 34 weeksô gestation, if greater than 34 weeksô gestation and term formula can 

administered. When the infant is well enough to be discharged from the NICU, nutrient 

enhanced post discharge formulas can be used until catch up growth has been achieved.  

Currently the use of probiotic in the NICU is not standard practice, however some of the 

infants recruited to this study were administered this treatment. Probiotics will not be 

administered until the infant is receiving a given amount of enteral nutrition.  

An infant would be considered for ventilation in the NICU under the following 

circumstances, the presence of a lung disease, having a poor respiratory drive, lung 

malformations and mechanical issues such as blockages. Similar to feeding, the overall 

goal of ventilation is to improve the long-term outcomes for the infant, but again there 

are acute benefits also. Firstly, adequate oxygenation and ventilation are key, followed 

by patient comfort and a decrease in ventilation associated lung injury.  
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1.3.1.2 Is the NICU a Breeding Ground for Bacteria? 

As with any hospital environment, every care is taken to ensure a sterile and pathogen 

free level of care. However, this is an impossible target and hospital acquired infections 

are an everyday par of hospital life. There has been research showing the NICU is no 

exception. However, one could argue that the NICU is a particularly potent breeding 

ground. For instance, the infants are housed in incubators to mimic the in utero 

environment, this means they are warm and humid, and the perfect conditions for 

bacterial growth. 

 In a study into the bacterial diversity of hospital equipment in a NICU a high diversity 

of organisms was found, closely resembling that of general building surface and air 

samples. Many of the genera in these samples were opportunistic pathogens such as 

Propionibacterium. Furthermore, in one of the sites sampled there was a high number of 

faecal coliform bacteria, such as Enterobacteriales, in samples taken from surfaces 

(Hewitt et al. 2013). In addition, to a high diversity of bacteria within the NICU, the 

presence of specific pathogens has also been tracked. In one NICU in Zurich, there was 

three consecutive outbreaks of Serratia marcescens. Numerous steps were taken to 

isolate the source of contamination and prevent further outbreaks, however these were 

proven to be ineffective (Fleisch et al.).  

In contrast to this, an interesting study investigated the effect of cleaning on the NICU 

environment. They found that intensive cleaning of surfaces in contact with the 

neonates did decrease the overall bacterial diversity and the levels of Streptococcus and 

Staphylococcus species. This is encouraging as these bacteria are responsible for 

numerous nosocomial infections. Finally, all surfaces tested had a low level of bacterial 

diversity irrespective of cleaning (Bokulich et al. 2013). 

One of the huge problems facing research into hospital acquired infections is the 

proliferation of antibiotic-resistant strains of pathogens. One study showed that 

vancomycin resistant E. coli was present in 12% of infants on a NICU in Australia 

(Flokas et al. 2017). Furthermore, a study in two NICUs in the Philippines showed that 

nearly half if all infants admitted to the NICU were found to be colonized by drug-

resistant bacteria. More importantly, the rate of colonisation with these drug-resistant 

bacteria did not change after infection control procedures were successfully introduced 
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(Gill  et al. 2009). In contrast, an increase in antibiotic resistant infections by the 

pathogen Klebsiella pneumonia was due to a breach in infection control procedures by 

NICU staff (Fabbri et al. 2013).  

In summary, numerous incentives are in place to reduce and prevent potential 

pathogenic outbreaks in the NICUs. However, it appears that even with all of these fail 

safes in place, opportunistic pathogens are still able to exert their effects. Perhaps this is 

due to the overuse of antibiotics and cleaning within the NICUs. Overall, much more 

research is needed to determine the most effective protocol for infection control in the 

NICU. Moreover, this suggests that the NICU has the potential to influence the 

acquisition of the preterm infant gut microbiome.  

1.3.2 Overall Normal Infant Development and Specific 

Gastrointestinal Development 

1.3.2.1 Prenatal Development 

The definition of prenatal development is the process of growth and development within 

the womb from fertilization to birth (Dean and Grizzle 2011). There are many systems 

that begin to develop to maturity during this time. The focus in this thesis will be the 

prenatal development of the gastrointestinal system. 

Embryonic gastrointestinal development is formed from the endoderm, bending from 

the head to the tail of the embryo to form a tubular gut, where the yolk sac attaches in 

the middle. This tubular gut comprises of three regions, see Table 2. During foetal 

development the foregut gives rise to the pharynx, oesophagus, stomach, cranial halves 

of the liver, gallbladder, bile duct and pancreas. The intestine is formed from a mix of 

the mid and hind gut to form the duodenum, jejunum, ileum, cecum, appendix, 

ascending colon, transverse colon, sigmoid colon and rectum. The developing 

gastrointestinal tract begins to form distinct histology through a process called 

recanalization. The intestinal villi begin to form around 11 weeks post-conception along 

with enterocyte differentiation and goblet cells. At 13 weeks the stomach, duodenum 

and small intestine are now fully grown, prior to birth. By 16 weeks the whole length of 

the intestine has villi. Finally, at 20 weeks, Peyerôs patches begin to appear and all 

major components of the mature gut are present (Harding and Bocking 2001). 
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Table 2. The Formation of the Tubular Gut. A table describing each section of the tubular gut and how 

it is formed during prenatal development.  

Tubular Gut  Formation 

Foregut Formed by a lateral and head fold of the endoderm. 

Midgut  Comprises of the yolk sack. 

Hindgut  Formed by a lateral and tail fold of the endoderm. 

 

Akin to the foetal period of embryonic growth there are a plethora of structural, 

functional and molecular changes occurring throughout the human body postnatally. As 

a result, the focus of this section will be to detail the postnatal maturation of the 

intestinal system.  

The most prominent structural change after birth is the gradual elongation of the small 

intestine throughout the first twenty years of life. Other than this structural changes 

during the maturation of the intestinal system after birth occurs by interactions with the 

developing microbiome and the education of the immune system. The development of 

gut immunity will be discussed in a later section and the microbial colonization patterns 

of the newborn infant have already been detailed. Therefore, this section has been rather 

short. 

1.3.3 The Development of the Preterm Infant with a Focus on 

Gastrointestinal Development 

A large field of research has detailed the changes in growth and development in infants 

born before 37 weeksô gestation. Overall, the picture is of underdevelopment and is 

referred to as catch up growth. There are numerous diseases and disabilities linked to 

preterm birth such as asthma, behavioural issues, autism-spectrum, blindness etc. The 

long-term outcomes for infants born at less than 37 weeksô gestation have dramatically 

improved over recent decades. As previously mentioned the structure of the 

gastrointestinal system is developed by 20 weekôs gestation, therefore the preterm infant 

has the necessary structural components but lacks the immune system and brain 

development to fully exploit these structures (Knight et al. 2014). 
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One of the most problematic areas of intestinal function for premature infants is motor 

function. For example, the suck swallow ability is not developed until approximately 34 

weeksô gestation, the motility of the intestine is underdeveloped, and the stomach shows 

delayed emptying. This is due to the immaturity of the enteric nervous system. This 

delay in passage can cause bacterial overgrowth and distension, along with immune 

immaturity can lead to the development of a common preterm morbidity, NEC (Neu 

2007a). However, the risk factors and the pathology of NEC will be discussed in a later 

section.  

1.3.4 The Gut Microbiome of Preterm Infants 

Due to numerous factors, previously discussed in detail, the gut microbiome of preterm 

infants is remarkably different to that of full -term infants. One of the main reasons for 

this is the difference in care environments, such as the NICU. Other reasons include 

mode of delivery etc. Examples of this includes, limited exposure to parental skin, type 

of feed received, environmental surfaces, health care workers skin and antibiotic use. 

Research currently dictates that full-term infants have a diverse and rich gut microbiome 

dominated by Firmicutes and Bifidobacteria. This is in stark contrast to that of preterm 

infants. 

Firstly, it is believed that the cumulative exposure of antibiotics in the NICU, results in 

a significant reduction of species richness and diversity. In addition, in a majority of 

infants sampled, bacteria of the gut microbiome contained plasmids encoded antibiotic 

resistance genes for more than six antibiotic classes (Gibson et al. 2016; Ward et al. 

2016). Not only do treatments received in the NICU contribute to colonization patterns 

of the gut microbiome, the abnormal environment has been found to play a significant 

role.  

As previously described the NICU is a breeding ground for bacteria. Therefore, it is 

interesting for these environmental bacteria to be seen in the guts of hospitalized infants. 

One study found that dominant gut taxa such as Staphylococcus epidermidis, Klebsiella 

pneumoniae, Bacteroides fragilis, and Escherichia coli were also found in over half of 

samples taken from the NICU environment (Brooks et al. 2014). 
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Several studies have shown that the initial colonization of the preterm infant gut begins 

with Gram-positive cocci, such as the Bacilli family, from the Firmicutes phylum. 

These initial colonizers are then overtaken by facultative anaerobes within the 

Gammaproteobacteria class. This then leads to a final strictly anaerobic state (Jacquot 

et al. 2011; Normann et al. 2013; Torrazza et al. 2013; La Rosa et al. 2014; Sim et al. 

2015; Zhou et al. 2015). Due to the lack of diversity and richness seen in these infants, 

greater than 90% of the organisms predominate the microbiome of preterm infants (La 

Rosa et al. 2014). Furthermore, the Gammaproteobacteria class are proportionally over 

represented in preterm infants, often comprising greater than 50% relative abundance. 

This contrasts with less than 20% seen in full term infants (La Rosa et al. 2014; Ward et 

al. 2016). 

1.3.5 Necrotizing Enterocolitis 

Necrotizing enterocolitis, or NEC, is the most common gastrointestinal disease seen in 

the preterm infant population. It is an extremely serious disease with mortality rates as 

high as 30% in VLBW infants (Kosloske 1994; Holman et al. 2006; Hunter et al. 

2008a; Fitzgibbons et al. 2009; Horbar et al. 2012). In addition to the high mortality 

rates, infants who survive are left with significant morbidities. This is a result of 

invasive surgery to remove the necrotized parts of the bowel, leading to short bowel 

syndrome (Salhab et al. 2004; Blakely et al. 2005; Schulzke et al. 2007; Wadhawan et 

al. 2013). Therefore, a vast amount of research time and money has been invested to 

investigate the cause of this disease. This research has shown that NEC is a multi-

factorial disease, as shown in Figure 4. As a result, research into potential treatments 

and therapies has been more problematic.  
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Figure 4. Necrotizing Enterocolitis is a multifactorial disease. Adapted from (Haque 2016).  

The disease is characterized by increasing levels of damage to the intestinal tract, 

beginning with mucosal injury to full thickness necrosis and subsequent perforation. 

The first symptoms of NEC include vomiting, diarrhoea, a delay in gastric emptying, 

abdominal distension and or tenderness, decreased bowel sounds, abdominal wall 

erythema. Along with these observational symptoms, there are others that can also 

indicate the development of NEC, such as apnoea, lethargy, decreased peripheral 

perfusion, shock, cardiovascular collapse and bleeding diathesis. If NEC is suspected a 

number of clinical tests can be performed in order to determine a diagnosis, such as 

white blood cell and platelet counts, blood loss, blood culture, plasma sodium and 

bicarbonate levels, arterial blood gas levels and abdominal radiography. To note, all of 

these symptoms will not be present in the infant, as there is a definite progression of the 

disease. Finally, not examined during clinical investigation but has been discovered 

during research is that patients with NEC have a severely damaged gut barrier (Martin 

and Walker 2006). 

In 1978, Dr Martin Bell proposed the Bell staging criteria for the diagnosis of NEC and 

this is still used today. Stage I, often called suspected NEC, refers to the patient 

displaying the mildest symptoms of NEC. Typical symptoms would include, 

temperature instability, lethargy, apnoea, and bradycardia. Furthermore, the infant may 

feed poorly, vomit, present a mildly distended abdomen, or pass stool with blood. Stage 

II infants display the classical signs of pneumatosis intestinalis and are proven NEC 
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cases. Typical symptoms seen in these patients are marked abdominal distension and 

persistent blood in the stool. The final criteria is Stage III, and is classified by showing 

most or all symptoms from the previous two stages. These infants deteriorate quickly, 

with a reduction of vital signs, septic shock, and gastrointestinal bleeding. Ultimately, 

all of these issues lead to necrosis of the bowel giving the disease itôs name. Once 

necrosis has occurred surgical intervention is the only option for these infants (Gregory 

et al. 2011). A flow diagram of the treatments for NEC is shown in Figure 5. 

Typically, the disease develops during the first two weeks of life, but still results in 

significant mortalities and morbidities. The causative factors, shown in Figure 4, 

provide some insight into the pathology of this neonatal disease.  

 

Figure 5. A flow diagram to illustrate the treatment path of necrotising enterocolitis (NEC). The 

above figure visualizes the clinical treatment for NEC. 

1.3.5.1 Risk Factors for NEC 

A number of risk factors have been identified for the development of NEC. The first and 

primary cause of NEC is prematurity, this then results in other risk factors such as low-
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Figure	1.3.6.1.	A	flow	diagram	to	illustrate	the	treatment	of	NEC. The	above	figure	visualizes	the	clinical	treatment	path	
for	NEC.	(Neu and	Walker,	2011;	Sharma	and	Hudak,	2013;	Thakker and	Lakhoo,	2016)
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birth weight, enteral feeding, blood transfusion, and sepsis. In addition, research 

indicates that breast milk and probiotics may be protective against this disease, therefore 

removing these from the care of the infant can act as a risk factor (Lu et al. 2017). 

Since the early 90s it has been shown that formula feeding is a risk factor for the 

development of NEC, more specifically cases of the disease were increased six fold in 

infants exclusively formula fed (Lucas and Cole 1990). Since then, a substantial amount 

of research has been targeted at this area, as it is a relatively cost-effective way of 

reducing the incidence of NEC.  

In a randomized control trial of 243 infants it was found that the feeding of maternal 

milk resulted in fewer episodes of late onset sepsis (LOS) and or NEC. Furthermore, 

with these infants spending less time hospitalized, this resulted in an overall reduction in 

infection. However, this study found that there was no decrease in NEC between 

formula feeding and donor breast milk (Schanler et al. 2005). 

More recently in 2017, Autran et al found that infants exposed to breast milk deficient 

in select oligosaccharides were more likely to develop NEC at Bellôs stages II or III. 

Furthermore, they found this correlation to be stronger when one specific 

oligosaccharide was missing from the breast milk (Autran et al. 2017). In this study, rats 

fed by their mothers on formulas containing human milk oligosaccharides (HMO) 

displayed the lowest pathology scores, compared to exclusively formula fed where the 

pathology scores were the highest (Autran et al. 2016). 

Moreover, it was found that this ñprotective effectò of human breast milk could work in 

a dose dependent fashion. In detail, the likelihood of NEC or death, as a result of NEC, 

was decreased by a factor of 0.83 for every 10% increase in the total proportion of 

human breast milk received (Meinzen-Derr et al. 2009). 

1.3.5.2 Treatments for NEC 

Due to a lack of a specific causal factor and a lack of conclusive data from studies into 

prospective treatments, there is a whole spectrum of treatments that are used across 

different countries and NICUs (Liem et al. 2010; Wójkowska-Mach et al. 2014). More 

specifically, several studies have shown that there is no consensus on the types, 
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combinations and duration of antibiotics given both pre- and post-operatively to NEC 

patients (Downard et al. 2012; Shah and Sinn 2012; Blackwood et al. 2017). 

A systematic review by Downward et al in 2012 found a number of interesting 

outcomes for treatments of NEC. Firstly, probiotics were found to significantly reduce 

the incidence of severe NEC and NEC associated mortality was significantly lower in 

the groups receiving probiotics. Secondly, formula feeding was associated with 

significant growth in preterm infants, however, it was associated with a higher incidence 

of NEC and feeding intolerance. Thirdly, a delay in enteral feeding was found to have 

no significant reduction in the incidence of NEC. Finally, there was a lack of evidence 

to infer if antibiotics given after surgical intervention reduced the rate of reoccurrence 

(Downard et al. 2012). 

Despite this lack of consensus on the efficacy of treatments, there is a standard 

procedure used when NEC is present, shown in Figure 5. For Stage I NEC, when the 

disease is suspected, enteral feeds are stopped and parenteral feeds initiated, nasogastric 

decompression performed, and broad-spectrum antibiotics administered in the short 

term. During Stage II, when the disease is confirmed, total parenteral nutrition is 

continued, antibiotics are now administered for longer periods, and surgical consultation 

begins. Finally, during the advanced stages, Stage III, total parenteral nutrition is 

continued, fluid resuscitation is given, inotropic and ventilator support, surgery is 

confirmed and performed.  

1.3.6 Changes in the Preterm Gut Microbiome as a Result of NEC 

Links to the bacterial content of the gut and neonatal diseases, such as NEC, have been 

mentioned in previous sections. However, in this section more detail will be discussed 

on the role of the gut microbiome in the development and progression of NEC. 

A retrospective cohort analysis by Cotton et al 2009 showed that empirical antibiotic 

therapy is associated with an increased risk of NEC and or death. In addition, incidence 

of Bellôs Stage III NEC, or surgical NEC, was higher (54%) than medical NEC (46%) 

in infants treated with antibiotics in the first three days of life. The majority (83%) of 

their cohort were prescribed a combination of ampicillin and gentamicin (Cotten et al. 

2009). In addition, a study by Greenwood et al in 2014 showed that the use of early 
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antibiotics in preterm infants increased the incidence of NEC, sepsis, and or death 

(Greenwood et al. 2014). However, it must be considered that the infants diagnosed 

with the more severe cases of NEC will have had a greater exposure to antibiotics. 

Therefore, a strict cause and effect relationship cannot be determined.  

Culture-dependent techniques have shown a marked difference between the microbial 

communities of preterm infants with and without NEC. The NEC infants contained 

more coagulase negative Staphylococci and less Enterococcus faecalis (Stewart et al. 

2012). A systematic review showed that NEC is preceded by an increase in the relative 

abundance of Proteobacteria and decreased relative abundance of Firmicutes and 

Bacteroides (Pammi et al. 2017). 

Despite research indicating a link between the microbial content of the gut and NEC, 

there has been research demonstrating a lack of difference between control and affected 

individuals. For instance, the bacterial load of stool taken from NEC patients was not 

significantly different from that of preterm controls (Abdulkadir et al. 2016b). 

Furthermore, the gut microbiome prior to NEC did not influence the severity of disease 

progression (Barron et al. 2017). 

This and other studies further demonstrate the multifactorial nature of the disease. 

Therefore, further research in this area is needed in order to develop effective 

treatments. However, the gut microbiome of the preterm infant has been linked to other 

diseases associated with this patient group.   

1.3.7 The Role of the Gut Microbiome in Diseases Presented in 

Preterm Infants 

The gut microbiome of preterm infants is not only associated with NEC, but it also has 

been linked to other common preterm diseases. The first of these being sepsis, 

comprising of both late onset sepsis (LOS) and early onset (EOS). LOS is defined as 

such for occurring at greater than 3 days of life and a positive blood culture indicating 

infection by a pathogenic organism is required (Stoll et al. 2002). Similar to NEC, 

sepsis is one of the most common causes of neonatal morbidity and mortality in 

preterms (Stoll et al. 2004). 
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The bacteria most associated with LOS are Gram-negative organisms. In contrast, 

Gram-positive organisms acquired during the first days of life and coagulase negative 

Staphylococcus are the most prominent genera in infants who contract a Gram-positive 

LOS infection (Stoll et al. 2002). Furthermore, Enterobacter and Staphylococcus 

species have been associated with NEC and sepsis, respectively (Stewart et al. 2012). 

Later research found that in VLBW infants with sepsis had higher levels of the 

Enterobacteriaceae family, Proteobacteria phylum, and lower levels of 

Bifidobacterium species. Furthermore, principal coordinate analysis (PCoA) showed 

differences between the microbiome of infants with sepsis and unaffected infants 

(Collado et al. 2015). 

On the other hand, other research has shown that it is an overall dysbiosis in the 

microbiome of preterm infants that is responsible for sepsis rather than individual 

organisms (Mai et al. 2013). In addition, an overall reduction in bacterial diversity has 

been linked to sepsis (Madan et al. 2012).  

1.3.8 Summary 

Necrotising enterocolitis is primarily a disease of prematurity, which still remains a 

significant cause of mortality and morbidity in the infant community. A significant 

amount of research has begun to unravel the risk factors, causes and treatments for this 

disease. However, there is still much more research needed until the disease can be 

controlled and cured effectively.  

Gastrointestinal diseases are not isolated to the preterm infant population. As previously 

discussed, IBD is a common disease in adults and is known to be linked to changes in 

the gut microbial community. Moreover, like preterm gastrointestinal diseases, several 

factors have been found to influence the development of the disease. A key example of 

this is gut proteases. However, the total protease activity of the preterm gut has yet to be 

determined.  
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1.4 Proteases 

Proteases are critical for homeostasis (Clausen et al. 2011) and make up approximately 

2% of the entire human genome (Turk 2006). For example, proteases are involved in 

both protective and regulatory functions. For instance, they are protective when they 

degrade potentially problematic polypeptides and are regulatory when they activate 

other proteins via cleavage (Page and Di Cera 2008). These processes include 

development, coagulation, cell death, inflammation and immunity (Turk 2006). 

Proteases are also referred to in the literature as proteinases, as they facilitate the 

cleavage of peptide bonds during the breakdown of proteins. Despite this universal 

function, proteases have evolved into several different families as a result of specific 

target sites. The families of proteases are as follows: threonine, aspartate, serine, 

cysteine and metalloproteases (Puente et al. 2005). As the name suggests threonine, 

aspartate, serine and cysteine proteases contain these amino acids in their active sites. 

However, metalloproteases have a metal ion in their active site.  

It was the research of Linderstrom-Lang that changed the historical view of proteases 

from solely degradative enzymes, only present in the breakdown and removal of 

proteins from cellular systems, to the concept of ólimited proteolysisô. This theory 

demonstrated that proteases are key components of pathways such as intestinal 

epithelial cell signalling. As a result, it was shown that proteases can have specificity in 

addition to non-specific degradative activities (Schellman and Schellman 1997).  

The majority of proteases are synthesized in an inactive form, referred to as a zymogen. 

In order for them to become active, they need to undergo proteolytic cleavage; this is 

one of the key mechanisms by which protease activity is controlled. A key example is 

serine proteases, the simplest zymogen cascade involves two consecutive proteolysis 

reactions, with the zymogen being the substrate for an already active protease (Neurath 

and Walsh 1976). This process is known as a protease cascade, typified by a zymogen 

being converted to an active protease by another specific protease, this process is 

irreversible and results in an increase in protease potential and signal activation. 

Nutrient digestion relies on a protease cascade. Pancreatic trypsinogen (zymogen), is 

released into the small intestinal lumen and is activated to the serine protease trypsin by 

enteropeptidase, another serine protease spanning the membrane of intestinal epithelial 
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cells (IECs) in the brush border (Hermon-Taylor et al. 1977). As a result, trypsin 

activates pancreatic chymotrysinogen, procarboxypeptidases, proelastases, and 

prolipases (Neurath and Walsh 1976). If these protease cascades are prematurely 

activated it can lead to numerous diseases. For example, if trypsin becomes active in the 

pancreas or pancreatic ducts, this can leads to uncontrolled proteolysis contributing to 

diseases such as pancreatitis and cystic fibrosis (Truninger et al. 2001). Often protease 

cascades do not act alone and several protease cascades overlap to form protease 

networks, such as during cell migration and extra cellular matrix (ECM) degradation 

(Turk 2006). During ECM degradation the matrix metalloprotease (MMP) zymogens 

are activated by serine proteases from the plasminogen cascade (Netzel-Arnett et al. 

2002), as demonstrated in Figure 6.  

 

Figure 6. An Example of Proteases and their Inactive Zymogens. Figure was reproduced from 

(Antalis et al. 2010). Pathways in which membrane-anchored serine proteases have been shown to 

activate, or be activated by, serine proteases in vitro and in vivo. Proteases are colour coded according to 

membrane localization sequences: red, type II transmembrane serine proteases (TTSPs); green, GPI-

anchored proteases; blue, other secreted proteases. Lines indicate activation cleavages and loops indicate 

auto-activation. The broken line indicates that hepsin is a weak activator of the matriptase zymogen. 

Membrane-anchored serine proteases intersect the coagulation cascade (Factor VII activation), 

fibrinolysis (pro-uPA activation) and metalloprotease pathways (pro-MMP-3 activation). Not shown is 

the activation of trypsinogen by enteropeptidase.  

A widely studied family of serine proteases are the high temperature requirement A 

(HTRA) proteases. They are widely conserved in both single and multicellular 

organisms, for example E. coli are known to express three HTRAs and humans four 

(Clausen et al. 2002; Page and Di Cera 2008; Huesgen et al. 2009). In addition, they are 

known to participate in a wide variety of cellular processes such as bacterial virulence, 
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maintenance of photosynthesis components, proliferation, cell migration and fate 

(Clausen et al. 2002; Chien et al. 2009; Huesgen et al. 2009). The most well-known of 

the human HTRAs are, HTRA1 and HTRA2. It has been shown that concentrations of 

HTRA1 are increased in diseases such as arthritis, which could be contributing towards 

the degradation of cartilage as well as inflammation (Milner et al. 2008). 

Faecal supernatants from healthy patients contain a limited quantity or serine proteases, 

originating from different sources such as digestive enzymes, inflammatory cells and 

microbiota (Róka et al. 2007b).The area of the human body known to contain the 

highest levels of proteases, both endogenous and exogenous, is the GI tract (Antalis et 

al. 2007). As mentioned previously, proteases are critical for the breakdown of peptide 

bonds during food digestion and other metabolic processes. However, it has also been 

shown that proteases are involved in much more subtle processes of regulation, such as 

blood clotting (Macfarlane 1964). Fifty decades on from that research we now know 

proteases to be involved in an array of vital functions such as, cell-cycle progression, 

cell proliferation and cell death, DNA replication, tissue remodelling, coagulation, 

wound healing and the immune response (Turk 2006). As will be discussed in more 

detail in another section, the activity of these proteases is tightly regulated to prevent 

disastrous consequences.  

Matrix metalloproteases (MMPs) belong to the endopeptidases group, specifically they 

are responsible for the breaking of peptide bonds within the protein rather than amino 

acids near the terminal ends. One of their main functions is to breakdown the ECM 

(Baugh et al. 1999; Stallmach et al. 2000; Pender et al. 2003; Lubetzky et al. 2010). 

The main inhibitors of these proteases are the tissue inhibitors of metalloproteinases or 

TIMPs. Moreover, they are produced by the same cell types who produce MMPs and 

their main role is to regulate or maintain their proteolytic function (Visse and Nagase 

2003).  

There have been many studies demonstrating a role for MMPs in disease. For example, 

Medina et al in 2006 found that MMPs are upregulated in NEC (Medina and Radomski 

2006). Prior to this Bister et al demonstrated that MMP-1 was found in the epithelial 

cells of NEC samples, and showed that alongside MMP-1, other MMPs played key 

roles in the tissue destruction in NEC (Bister et al. 2005). More recently, it has been 

found that under stressed conditions Caco-2 cells are known to express the active form 
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of MMP-2, further implicating the role of MMPs in the pathogenesis of NEC (Bein et 

al. 2015). Interestingly, it has been found that MMPs, specifically MMP-2 and MMP-9, 

are a component of human breast milk (Lubetzky et al. 2010).  

1.4.1 Proteases in the Gastrointestinal Tract 

There are a number of proteases present in the GI tract, they can be luminal, circulating, 

secreted, intracellular, intramembrane and pericellular. For example, GI function is 

dependent on pericellular proteolysis, this is a result of the continual exposure of 

intestinal epithelial cells (IECs), both at the apical and basolateral surface, to proteases 

from different sources (Medina and Radomski 2006). In contrast, proteases secreted by 

IECs are known to regulate their environment, such as remodelling the extracellular 

matrix (ECM) (Medina and Radomski 2006). In a later section, the role of proteases in 

GI diseases will be discussed, here the types and functions will be detailed.  

One of the main functions of proteases in the GI tract is as signalling molecules, acting 

on the autocrine, paracrine, and endocrine systems, in multicomponent pathways. 

Protease signalling is a highly effective form of signalling as it is, in most cases, 

irreversible. Examples of these pathways include growth factor activation, proprotein 

maturation, enzyme activation, shedding of cell surface receptors, and ECM degradation 

and turnover. 

Gastrointestinal physiology relies heavily on proteolytic substrates including: epidermal 

growth factors (EGFs), transforming growth factor b (TGF-b), insulin-like growth 

factors (IGFs), fibroblast growth factors (FGFs), trefoil factors (TFF), colony-

stimulating factors (CSFs), hepatocyte growth factor (HGF), platelet-derived growth 

factor (PDGF), tumour necrosis factor (TNF) family members, ILs and interferons. An 

example of this is proteases belonging to the ADAM (a disintegrin and 

metalloproteinase domain) family of proteases. Firstly, the ADAMs are activated by G-

protein coupled receptors, who in turn cleave membrane-tethered growth factors, which 

then activate the target, epidermal growth factor receptor (Gschwind et al. 2001; Ohtsu 

et al. 2006). 

The regulation of many GI processes are controlled by G-protein coupled receptors, 

known as proteinase activated receptors (PARs) (Vergnolle 2000; Kawabata 2003; 
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MacNaughton 2005; Steinhoff et al. 2005). PARs become active as a result of 

proteolytic cleavage, as dictated by being protease activated, of the amino-terminal 

domains. As a result, a new amino terminus becomes exposed and acts as a tethered 

ligand that is able to bind and therefore activate the receptor (Coughlin 1999). Serine 

proteases are known to activate PARs and are found in large quantities in the intestinal 

lumen as a result of secretion by different mucosal cell types (MacNaughton 2005). 

PAR1 and PAR3 are activated by thrombin (Nakanishi-Matsui et al. 2000). PAR2 is 

activated by numerous serine proteases such as trypsin and mast cell trypstase (Cottrell 

et al. 2003; Cottrell et al. 2004). Other proteases act upon PARs in a different manner. 

For example, elastase and chymase cleave downstream of the amino-terminal placed 

ligand, therefore rendering the PAR signalling inactive (Déry et al. 1998; Dulon et al. 

2003; Dulon et al. 2005). 

PAR1 and PAR2 activation leads to alterations in the functions of smooth muscle in the 

colon and small intestines. As yet functions of PAR3 and PAR4 have yet to be 

elucidated in the gut (Vergnolle 2005). Finally, PARs are known to have multiple 

implications in intestinal pathologies, but these will be discussed in a later section. 

An integral part of the GI tract is the mucosal barrier and research has shown that key 

functions of this vital component are regulated by proteases. Investigations in this area 

has found that there is an increase in epithelial membrane permeability as a 

consequence of trypsin injections, a known activator of PAR2 (Cenac et al. 2002). 

Furthermore, tight junction permeability has been found to be altered by the serine 

protease zonulin (Fasano et al. 2000; Wang et al. 2000). It is believed that this increase 

in intestinal zonulin is a result of bacterial contamination within the GI tract and luminal 

exposure to gliadin (El Asmar et al. 2002; Clemente et al. 2003; Drago et al. 2006). 

Therefore, regulation of proteases in the GI tract is critical in maintaining health and 

homeostasis.  

1.4.1.1 Protease Regulation in the Gastrointestinal Tract 

Proteases system wide and in the GI tract are regulated by numerous methods. As 

mentioned previously, the targeted activation of zymogens is one method, but there are 

also two others, compartmentalization and termination by inhibitors. Enterocytes 

display both spatial and temporal compartmentalization. Proteases produced by mast 
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cells, such as trypstase, chymase and granzyme B, are sequestered within intracellular 

granules and are released in response to inflammation (Jacob et al. 2005). This is an 

example of spatial compartmentalization, whereas temporal compartmentalization has 

already been discussed via the activation of proteases during cascades. Proteases can 

become localised in the pericellular space by direct and indirect mechanisms. An 

example of direct localisation is the tethering of MMP-14, matriptase, and dipeptidyl 

peptidase 4, to the cell plasma membrane by a membrane spanning domain (Hooper et 

al. 2001; Lorey et al. 2002; Netzel-Arnett et al. 2003; Medina and Radomski 2006). In 

contrast, indirect localisation would be the sequestering of proteases in granules or 

vesicles, as previously detailed.  

The activity of many of the proteases in the GI tract are controlled by specific inhibitors, 

several examples are detailed as follows. As mentioned previously MMPs are regulated 

by TIMPs. Secondly, there are serpins, a large family of serine protease inhibitors that 

target different stages of protease cascades causing irreversible inhibition (Antalis and 

Lawrence 2004). Furthermore, in certain cascades each step can be inhibited by specific 

substrates. Inhibition of protease cascades is not a simple process as serpins, serine 

protease inhibitors, can have their inhibitory function removed by MMPs. After the 

proteases have been neutralized by their specific inhibitors, the resulting complex is 

rapidly cleared by specific receptors, acting as scavengers. An example of this receptor 

is the family of low density lipoprotein (LDL) receptors (Herz and Strickland 2001). 

1.4.2 Bacterial Proteases 

As discussed previously, host proteases contribute a significant proportion of proteolytic 

activity that occurs in the GI tract. However, combined with the knowledge of the 

microbial content of the GI tract, it is not surprising that proteases of bacterial origin 

also contribute to the total proteolytic activity of the intestines. These bacteria are 

known to contribute serine, cysteine and matrix metalloproteases to the ñproteolytic 

brothò (Macfarlane et al. 1988; Gibson et al. 1989; Róka et al. 2007b). 

Bacterial proteases can exist in many forms. They can be excreted by the bacterium, 

remain attached to the cell surface, or they can be embedded within the bacterial 

membrane. Furthermore, they take part in numerous biological processes, such as post-

translational regulation of gene expression. Specifically, in the processing and 
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maturation of various surface-associated proteins (Laskowska et al. 1996; Gottesman et 

al. 1997). For example, HtrA proteases have been shown to have housekeeping 

functions such chaperoning proteins and degrading misfolded proteins (Spiess et al. 

1999). In addition, the HtrA serine-like proteases help bacteria to survive environmental 

stresses such as, elevated temperature, oxidative and osmotic stresses (Pallen and Wren 

1997; Clausen et al. 2002).  

One role of bacterial proteases is to interact with integral and peripheral proteins in the 

intestinal cell wall, this normally results in inflammation and cytotoxicity (Coleman et 

al. 2013; Sumitomo et al. 2013; Golovkine et al. 2014). Another role for bacterial 

proteases is in quality control, for example E. coli DegP, DegQ and DegS enzymes, 

located on the cell envelope (Spiess et al. 1999). It is believed that this quality control 

mechanism is related to bacterial pathogenesis (Ingmer and Brøndsted 2009; Huston 

2010). HTR proteins can also be found in other bacterial species such as Streptococcus 

mutans, such as HTRA. These proteases are important for biofilm formation, as they are 

needed during the biogenesis of extracellular proteins, therefore it can be said that HtrA 

is involved in bacterial pathogenesis by modulating biofilm formation (Biswas and 

Biswas 2005). 

One of the main groups of bacterial proteases are members of the omptin family. They 

are outer membrane proteases known to direct the pathogenicity of Gram negative 

organisms such as E. coli (OmpT) (Grodberg and Dunn 1988). These proteases are most 

often encoded on plasmids or prophages and so are likely to be transferred via 

horizontal gene transfer (Hritonenko and Stathopoulos 2007). Furthermore, it is known 

that omptins interact with LPS as part of their proteolytic activity (Kramer et al. 2002; 

Kukkonen and Korhonen 2004). One of the key reasons omptins are so unique, is their 

catalytic activity. They are technically classed as aspartate proteases by the MEROPs 

database but also share a similar catalytic structure to that of serine proteases 

(Vandeputte-Rutten et al. 2001). As a result of the unique catalytic site, OmpT is not 

inhibited by any of the normal protease inhibitors, such as PMSF a known serine 

protease inhibitor. However, a recent study by Brannon et al in 2015 found that 

Aprotinin, typically a serine protease inhibitor such as trypsin, was able to reduce the 

proteolytic activity of OmpT (Brannon et al. 2015). 
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E. coli is not the only pathogen shown to release proteases that aid in their 

pathogenicity. Campylobacter jejuni (C. jejuni) has been a key player in the protease 

assisted virulence. Firstly, it is known to invade human intestinal epithelial cells, this 

occurs either via a transcellular or paracellular pathway (Boehm et al. 2012; O Cróinín 

and Backert 2012). More specifically, colonization by C. jejuni begins via a paracellular 

breach of the intestinal cell wall and binding to fibronectin on the basolateral surface of 

the membrane (Backert and Hofreuter 2013). In addition, it can occur via the 

breakdown of E-cadherin, present in adheren junctions, by proteases (Boehm et al. 

2012). 

Furthermore, this method of invasion has been shown by another pathogenic species, 

Helicobacter pylori. This bacterium releases proteases that compromise the integrity of 

adheren junctions, therefore allowing H. pylori access to the basolateral side of the 

gastric membrane (Hoy et al. 2010). A more recent study by Elmi et al found an outer 

membrane vesicle (OMV) of C. jejuni to contain three serine-like proteases. In addition, 

these proteases increased the release of lactate dehydrogenase, a measure of 

cytotoxicity, in T84 cells; caused the breakdown of key tight junction proteins; and 

enhanced the invasion mechanism of C. jejuni into T84 cells (Elmi et al. 2015). 

In addition, Chlamydia species have been shown to secrete proteases to degrade 

intracellular membranes, which creates the necessary compartment for bacterial survival 

and growth (Derré 2015). Furthermore, there are other species of bacteria showing 

protease activity. Proteases from Bacteroides fragilis and Porphyromonas gingivalis 

have been shown to breakdown E-cadherin, an integral protein of intestinal wall 

adheren junctions (Wu et al. 1998; Katz et al. 2000; Remacle et al. 2014). 

It has been shown that samples rich in Clostridium species have increased proteolytic 

activity in human faecal samples (Woodmansey et al. 2004). A mouse model has shown 

that a reduction in microbial density and protease activity occurs after the administration 

of oral antibiotics (Róka et al. 2007a). Interestingly, it is worth mentioning that 

proteolytic activity from bacteria is independent of inflammation in the intestine 

(Pruteanu et al. 2011).   
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1.4.3 Protease Activity and Disease 

There have been several studies demonstrating elevated levels of protease activity in 

disease, such as inflammatory bowel disease (IBD) and irritable bowel syndrome (IBS) 

(Bustos et al. 1998; Dunlop et al. 2006; Cenac et al. 2007; Róka et al. 2007b; Gecse et 

al. 2008; Shulman et al. 2008; Annaházi et al. 2009), Figure 7. The pathology behind 

these diseases occurs as a result of excessive proteolysis by proteases. Research is 

currently undergoing as to whether this is a result of faulty host proteolytic systems or 

of a bacterial origin as virulence factors or symbiosis. In addition, bacteria in the GI 

tract could also contribute to disease via ñpathogen host mimicryò. 

 

Figure 7. Proteases and their role in disease. Each bubble contains a different way protease exert their 

effect in the development and progression of GI diseases. The bold text refers to the biological function 

affected by the proteases and the other text are the affect components and the results. Adapted from 

Vergnolle (Vergnolle 2000). 

For example, high levels of neutrophil mediators such as elastase and calprotectin were 

found in the faecal samples of ulcerative colitis (UC) patients (Gecse et al. 2008). To 

add, cathepsin-G (Cat-G), a serine protease produced by neutrophils, binds structures on 

intestinal epithelial cells. These structures are called proteinase-activated receptors 

(PARs). PARs are a family of transmembrane G-protein-coupled receptors, which are 

activated by serine proteases cleaving their N-terminal domain (Hollenberg and 

Compton 2002; Cenac et al. 2007). Specifically, Cat-G binds to PAR4 activating 
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important inflammatory processes and neutrophil functions (Sabri et al. 2003; Shimoda 

et al. 2007). 

A key study by Carroll et al in 2013 clearly demonstrated a distinct difference, detailed 

next, between bacterial communities in samples demonstrating high and low faecal 

protease activity. In addition, a wide variety of protease activity was seen in the 

samples, all patients with IBS. Furthermore, a significant decrease in the number of 

observed Operational Taxonomic Units (OTUs) and the Shannon index of diversity was 

found in the samples with high faecal protease activity. Lactobacillales, Lachnospiracae 

and Streptococcaceae groups were positively associated with faecal protease activity. 

On the other hand, the Ruminococcaceae family was negatively correlated with faecal 

protease activity. Lastly, they found a significant correlation of F. prausnitzii with 

faecal protease activity (Carroll et al. 2013). From this research, it can be thought that 

individuals with a high faecal protease activity have lower numbers and diversity of 

bacterial species in their intestines and harbour a microbiome that is distinct from 

individuals with low faecal protease activity.  

Disease is not solely caused by bacterial or host proteases alone, there is a certain 

degree of interplay between the proteases of different origins. As will be mentioned 

throughout this thesis, there is little evidence in this area of protease research, due to the 

difficulties in determining the origin of the proteases present in the sample. However, 

there has been interesting research indicating at complex and detailed interactions 

between these cross-kingdom proteases. MMP-7, known to be excreted by Paneth cells, 

catalyse the activation of cryptdins, a family of antimicrobial peptides (Weeks et al. 

2006). It was found that in MMP-7 deficient mice, enteric pathogens such as E. coli and 

Salmonella typhimurium colonise in greater numbers in these individuals, 

demonstrating the role of MMP-7 in the activation of antimicrobial peptides (Wilson et 

al. 1999). Also, in mice, Citrobacter rodentium, a relative of the human pathogenic E. 

coli, increases the release of serine proteases and granzyme A. However, in PAR2 

deficient mice the pathogenic effect of C. rodentium is greatly reduced (Hansen et al. 

2005).  

It is known that bacteria, specifically enteric pathogens, secrete specific proteases 

leading to either increased gut stimulation and inflammation, or by inhibiting host 

immunity. A key example of this is Bacteroides fragilis, known to produce the 
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virulence factor, zinc-dependent metalloproteinase enterotoxin. This enterotoxin causes 

a number of changes in the host, such as rapid release of IEC proteins, cleavage of tight 

junction protein E-cadherin and reduction in colonic permeability, colonic epithelial cell 

changes, release of pro-inflammatory cytokines and colonic cell proliferation (Sears 

2001). It is believed that these changes contribute to B. fragilis associated diarrheal 

disease, IBD and colorectal cancer. B. fragilis is not the only pathogen known to use 

proteases as a virulence factor. Vibrio cholera secrets a zinc-dependent protease with 

mucinase-like activity, thought to stimulate the cleavage of occludin. In contrast, the 

enterotoxic protease of C. perfringens is thought to cleave claudins, therefore affecting 

intestinal barrier integrity (Sears 2000). 

1.4.4 The Role of Proteases in the Infant and Preterm Infant 

Gastrointestinal Tract. 

1.4.4.1 Introduction  

Protein is an essential nutrient for growth and development of infants. However, 

preterm infants are born requiring a greater amount of protein in order to achieve 

adequate or catch up growth. As a result, preterm feeding is often supplemented 

(Arslanoglu et al. 2010). Little is known about protein digestion in both full preterm 

infants, thus making it an important area of research in order to provide the best care for 

a vulnerable population. 

1.4.4.2 The Source of Proteases in the Infant GI Tract.  

The primary source of protein for both term and preterm infants is the motherôs breast 

milk. Research has shown that breast milk from mothers of preterm infants contains a 

higher protein content, which decreases over the first 8 weeks of lactation (Klein 2002). 

Furthermore, a variety of proteases and their inhibitors are present in breast milk. This 

was shown by the presence of over 100 unique casein fragments in milk from both term 

and preterm mothers (Ferranti et al. 2004; Armaforte et al. 2010).  

Interestingly, data has suggested that preterm milk undergoes more proteolysis than 

term milk (Armaforte et al. 2010). This study indicates at the presence of a higher level 

proteases in the gut of preterm infants, the origin of which could not be host or bacterial. 
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Several proteases have been discovered in breast milk of term infants such as, trypsin, 

elastase, plasmin, cathepsin D and kallikrein (Astrup and Sterndorff 1953; Fox 1981; 

Vetvicka et al. 1993; Palmer et al. 2006; Christensen et al. 2010). However, research 

has not yet investigated the concentrations and activities of proteases in the breast milk 

of motherôs to preterm infants. This protease activity decreases over time in term milk 

(Heyndrickx 1963; Tor et al. 1982). The proteases present in breast milk are currently 

believed to initiate the digestion of protein for the infant, as the decrease of proteases in 

breast milk coincides with the increase of the infantôs own degradative capacity.  

As mentioned previously protease inhibitors are also present in human breast milk, and 

similarly, to other systems the inhibitors are present in order to regulate the activity of 

proteases. Specifically, to protect the human milk proteins from digestion. This 

inhibitory action was detected in term and preterm milk samples from birth up to 160 

days postpartum (Tor et al. 1982). Interestingly for this thesis, Ŭ1-antitrypsin has been 

found in the faeces of term breastfed infants. Therefore, if antiproteases are present in 

the stool it is possible for proteases to also survive the gastrointestinal tract and be 

detectable in faeces (Davidson and Lönnerdal 1987). However, the persistence of 

proteases and or antiproteases have not been reported in the faeces of preterm infants.  

1.4.4.3 The Proteases Present in the GI Tract of Infants. 

Overall, key luminal proteases in the adult intestine such as trypsin, chymotrypsin, 

elastase, enterokinase and carboxypeptidase B; are also present in both term and 

preterm infants. However, they have been found at concentrations and activities lower 

than those in adults.  

Enterokinase (also called enteropeptidase) is a protease secreted from intestinal 

epithelial cells in response to food stimulation (Neu 2007b). This protease is essential 

for proteolysis in the intestine as it is leads to the activation of trypsinogen to trypsin 

(Britton and Koldovsky 1989). Trypsin is then available to initiate the conversion of 

chymotrypsinogen to chymotrypsin, proteoelastase to elastase and procarboxypeptidase 

to carboxypeptidase (Dallas et al. 2012). Very few studies have shown that enterokinase 

is present at birth in both term and preterm infants. Furthermore, the enzyme was 

detected in the duodenal mucosa by 24 to 26 weeks gestation (Antonowicz and 

Lebenthal 1977). Moreover, this enzyme to be active in both preterm and full term 
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infants (Dallas et al. 2012). However, compared to that of older children, enterokinase 

activity was 6% and 20% in 26 to 30 week gestational age preterm infants and term 

infants, respectively (Antonowicz and Lebenthal 1977).  

Trypsin is a ubiquitous human protease, targeted to cleave peptides at the carboxyl side 

of lysine and arginine (Leiros 2004). In the duodenum trypsin concentrations are less 

than those of adults in both full and preterm infants (BorgstrÖM et al. 1960). However, 

trypsin concentrations in the duodenum of preterm infants was less than term infants, 

until 2 to 4 weeks after birth (BorgstrÖM et al. 1960). Ultimately, a month after birth 

both term and preterm infants display concentrations and activity of trypsin similar to 

those of adults (Lebenthal and Lee 1980).  

Chymotrypsin is another luminal protease known to cleave the carboxyl side of 

tyrosine, tryptophan and phenylalanine (Appel 1986). The concentration of 

chymotrypsin remains relatively stable during the first month of life in both full and 

preterm infants, but only reach 10 to 60% of the concentrations seen in adults 

(Lebenthal and Lee 1980; Kolacek et al. 1990). Of interest, during the first 30 days after 

birth there was no difference in the activity of chymotrypsin between term and preterm 

infants (Kolacek et al. 1990). Furthermore, chymotrypsin was present in the faeces of 

both term and preterm infants in similar values (Vendrell et al. 2000). 

Carboxypeptidase B is a protease that complements the activity of trypsin as it cleaves 

arginine and lysine from the carboxy terminus and peptides (Kim et al. 1972). 

Carboxypeptidase B is also present in similar concentrations and activities in both term 

and preterm infant duodenal fluids at birth and 30 days of age. In addition, 

concentrations and activities were 10 to 25% of those of a 2 year old (Lebenthal and Lee 

1980). 

In summary, the only protease discussed to have less activity in preterm infants is 

enterokinase, the others had similar concentrations and activities. However, this was not 

achieved until 30 days after birth, the most critical time for growth and development. 

Therefore, preterm infants are likely to be less capable of digesting proteins.  
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1.4.4.4 Bacterial Protease Degradation in the Infant Gut. 

As previously detailed, bacteria of the gut microbiome are known to produce proteases 

and contribute to the degradation of dietary proteins. Several key components of the gut 

microbiome are known to breakdown protein such as Bacteroides, Propionibacterium, 

Streptococcus, Clostridium, Bacillus and Staphylococcus (Macfarlane and Allison 

1986). For example, intestinal bacteria degrade casein and bovine serum albumin via 

cell bound and extracellular proteases (Smith and Macfarlane 1997b). These proteins 

are first broken into peptides and then into volatile fatty acids, ammonia, dicarboxylic 

acids and various phenolic compounds (Smith and Macfarlane 1997b). A key 

observation is that the amino acids do not accumulate when these bacteria degrade 

protein, suggests the amino acids are quickly metabolized by the intestinal microbial 

community. This could be a result of some of the gut microbial community being 

unable to break down peptides directly and utilizes free amino acids (Whiteley 1957). 

Moreover, a wide variety anaerobes can ferment amino acids, such as species from the 

following genera Peptostreptococcus, Campylobacter, Acidaminococcus, 

Acidaminobacter, Fusobacterium and Eubacterium (Cato et al. 1983; Dürre et al. 1983; 

Stams and Hansen 1984; Buckel 1986; Nanninga et al. 1986; Zindel et al. 1988; Rogers 

et al. 1992; Smith and Macfarlane 1997a). Some bacteria can utilize both carbohydrates 

and proteins as an energy source, whereas others are obligate amino acid fermenters 

(Liepke et al. 2002).  

Researchers have not yet determined the amount of bacterial protein degradation in the 

intestinal tract and colon of term and preterm infants. However, studies have provided 

an insight to the possible processes. For instance, the observation that Bifidobacterium 

longum subspecies infantis, a bacterial strain common in the intestinal tract of breast-fed 

infants, grows on culture medium made of pepsin-digested human milk Lf (lactoferrin) 

and sIgA suggests that bacterial fermentation of dietary proteins is common in breast 

fed infants (Brock et al. 1976). Moreover, a synthesized peptide called prebiotic 

lactoferrin-derived peptide-I (PREP-I) that is based on these peptides stimulated growth 

of B. infantis at a concentration of 1 to 10 µM, but did not stimulate four pathogenic 

bacterial strains (Brock et al. 1976). The observation that Lf and sIgA can survive intact 

in stools of term and preterm infants, suggests that such stimulatory peptide fragments 

could survive to support the growth of B. infantis in the colon, but also that even after 
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exposure to bacteria in the large intestine, some milk proteins resist degradation 

(Richard et al. 1986; Davidson and Lönnerdal 1987). 

A comprehensive comparison of the protein content of ileostomy fluid with that of 

faeces has not been made, so it is not possible to comment further on protein 

degradation that occurs in the colon. Any proteolysis in the colon would likely be 

primarily that result of bacterial proteases. As protein-degrading bacteria are present in 

the colon (Windey et al. 2012).  

1.4.4.5 Summary 

In summary, there is clear evidence for a detectable protease activity level in the stool of 

preterm infants. However, data is needed to determine if this is the case. Yet to be 

discussed is the role these proteases may play in disease, specifically the common 

gastrointestinal disease in preterm infants, NEC. As detailed previously, excessive 

protease activity has been shown to occur in individuals with IBD. However, no 

research to date has found any link between preterm faecal protease activity and disease. 

But proteases are responsible for the activation of pro-inflammatory signals in the gut, a 

key pathology in the development of NEC is an exacerbated inflammatory response. 

Therefore, pro-inflammatory cytokines and protease activity could be closely linked in 

the developing preterm infant gut. 
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1.5 The Intestinal Epithelial Barrier  

1.5.1 The Function of the Intestinal Epithelial Barrier  

Regulation of the intestinal epithelial barrier is a result of the action of tight junctions 

(TJ), which are present between the cells of the single cell epithelial layer. It has been 

shown that they can be activated by myosin light chain (MLC) phosphorylation, causing 

the actinomyosin ring to contract and open the tight junction (Turner et al. 1997). The 

main function of the intestinal epithelial barrier is to regulate the passage of nutrients 

and ions from the intestinal lumen to the blood stream and vice versa, as shown in 

Figure 8. 

 

Figure 8. The Function of the Intestinal Epithelial Barrier. Image reproduced with permission from 

Turner 2009 (Turner 2009), permission granted on 25.2.19. Minor barrier defects allow bacterial products 

and dietary antigens to cross the epithelium and enter the lamina propria. This can lead to disease or 

homeostasis. If the foreign materials are taken up by antigen-presenting cells (APCs), such as dendritic 

cells, that direct the differentiation of T helper 1 (Th1) or Th2 cells, disease can develop. In this process, 

APCs and Th1 cells can release tumour necrosis factor (TNF) and interferon-g (IFNg), which signal to 

epithelial cells to increase flux across the tight junction leak pathway, thereby allowing further leakage of 

bacterial products and dietary antigens from the lumen into the lamina propria and amplifying the cycle of 

inflammation. This may, ultimately, culminate in established disease. Alternatively, interleukin-13 (IL-

13) released by Th2 cells increases flux across small cation-selective pores, potentially contributing to 

ongoing disease. Conversely, homeostasis may dominate if APCs promote regulatory T (Treg) cell 

differentiation, which can be enhanced by epithelial cell derived transforming growth factor b (TGFb) 
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and retinoic acid. The Treg cells display latency associated peptide (LAP) on their surfaces and may 

secrete IL-10 and TGFb to prevent disease. Abbreviations as follows: MLCK, myosin light chain kinase; 

TLR, Toll-like receptor; TCR, T cell receptor.  

In the intestine, the epithelia are arranged into crypts and villi. The crypts contain stem 

cells which regenerate every five days and the villi increase the surface area of the 

barrier to encourage the passage of nutrients etc. Furthermore, the epithelial barrier has 

a protective system that also separates it from the intestinal lumen, a thick mucus layer. 

This mucus layer contains mucins, glycoproteins produced from the goblet cells of the 

epithelial layer. The function of this barrier is to prevent direct host-microbial binding, 

reduce aggregation of adherent bacteria, and increase bacterial removal (Halpern and 

Denning 2015). 

The integrity of this barrier is further increased by the apical junction complex (AJC), 

these are intercellular contacts consisting of membrane proteins and cytoskeletal anchor 

proteins, resulting in tight and adheren junctions. TJs consist of over 40 transmembrane 

proteins including occludin, claudins and junctional adhesion molecules. The adheren 

junctions include the proteins E-cadherin, and a- and b-catenin. The whole AJC is 

linked to the cytoskeletal scaffolding to create an F-actin ring. The AJCs ñzipperò the 

intestinal epithelial cells together to regulate the passage of ions and small molecules. 

The AJC and the cytoskeletal connections can be regulated by physiologic and 

pathologic signals (Halpern and Denning 2015). 

The key role of the intestinal epithelial barrier is to prevent bacteria and other toxins 

from entering the blood stream. One of the ways it does this is through the action of 

Toll-like receptor 11 (TLR11). TLR11 has been shown to ñblockò the passage of 

Salmonella through the Peyerôs patches, this is in contrast to TLR5, which is referred to 

as a ñcarrierò of Salmonella (Shi et al. 2012). The role of bacteria in the control of the 

intestinal epithelial barrier will be discussed in a later section.  

1.5.2 Disruption of the Epithelial Barrier and Disease 

There are numerous factors that contribute to the disruption of the intestinal epithelial 

barrier. It has been shown that proinflammatory cytokines such as IFN-g can increase 

intestinal epithelial permeability. Research suggests that IFN-g can induce endocytosis 

of TJ proteins, therefore increasing paracellular permeability (Utech et al. 2005). An 
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earlier study showed that IFN-g alongside tumour necrosis factor-a (TNFa) can 

downregulate the TJ protein occludin, as a result increasing TJ permeability (Mankertz 

et al. 2000). The action of these proinflammatory cytokines by inducing endocytosis of 

TJ proteins acts independently and primarily over the apoptotic effect, previously 

known (Bruewer et al. 2003). 

Inflammatory bowel disease is a severe intestinal disorder affecting a significant 

number of people and a large amount of research into the pathophysiology of this 

disease has been done and is discussed in a previous section. It has been suggested that 

epithelial barrier dysfunction has an important role in the progression of this disease. 

For example, relapse in Crohnôs disease patients is preceded by an increase in intestinal 

epithelial barrier integrity. Furthermore, a disruption on barrier integrity has been seen 

in patients with celiac disease (Clayburgh et al. 2004). 

One of the key changes to epithelial integrity during disease is via the action of bacteria. 

There are numerous pathogens with a vast array of methods to invade the intestinal 

barrier.  

1.5.3 The Effect of Bacteria on the Intestinal-Epithelial Barrier  

The disease effect of Enterohaemorrhagic E. coli (EHEC) infection was unknown till it 

was discovered that infection causes an increase in intestinal barrier permeability. It was 

found that infection with this pathogen led to activation of intracellular transduction 

pathways, which resulted in epithelial permeability (Philpott et al. 1998). An in vivo 

murine model of EHEC infection was developed and provided more detail on the effect 

of this pathogen. This model showed that EHEC led to a redistribution of TJ proteins as 

a result of altered transcription of key TJ proteins such as occludin and claudin (Roxas 

et al. 2010). As previously identified TJs are opened by the phosphorylation of the 

MLC, therefore it would be feasible to hypothesize that bacteria may act upon the TJ in 

a similar way in order to enter the bloodstream. Simonovic et al in 2000 found that 

EHEC infection caused the dephosphorylation of occludin, which led to the same effect 

as MLC phosphorylation, by increasing TJ permeability (Simonovic et al. 2000).  

It is known that pathologies such as Crohnôs disease are linked to changes in the gut, but 

it has been shown that pathogens such as adherent-invasive E. coli (AIEC) can 
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contribute to the progression of this disease. Research has shown that adherent-invasive 

E. coli produce a long polar finbrae that interacts with Peyerôs patch cells, increasing the 

effectiveness of M cell translocation, therefore contributing the lesions in Peyerôs 

patches (Chassaing et al. 2011). Furthermore, AIEC cells are known to interact with 

other intestinal cell types, as a result increasing claudin-2 expression and TJ 

permeability (Denizot et al. 2011). 

Another bacterium known to contribute to epithelial barrier breakdown is Salmonella 

typhimurium. It has been found that S. typhimurium causes a rapid decrease in 

transepithelial electrical resistance (TEER) and a rearrangement of key TJ proteins 

(Jepson et al. 1995). Later research has elicited part of the mechanism by which S. 

typhimurium causes epithelial barrier disruption. In order to interact with the barrier S. 

typhimurium extends fibrils, similar to AEIC, these protrusions activate TLR2 causing a 

decrease in TEER and an increase in translocation across the epithelium (Oppong et al. 

2013).  

One of the most well-known and possible researched gastrointestinal pathogens in 

Campylobacter jejuni, known to attack the gut intestinal epithelial barrier as part of itôs 

pathogenesis. Research has shown that C. jejuni can inhibit absorptive cell function and 

alter TEER through a rearrangement of TJ proteins such as occludin (MacCallum et al. 

2005). Further research showed that epithelial cell invasion by C. jejuni preceded 

epithelial barrier decrease, as a result C. jejuni barrier disruption is mediated by 

invasion (Wine et al. 2008). A very interesting piece of research showed that not only 

does C. jejuni enable translocation of itself across the intestinal epithelial barrier, but it 

can also enable commensal gut bacteria to travel outside of the intestinal lumen via a 

lipid-raft translocation mechanism (Kalischuk et al. 2009). 

A known pathogen responsible to many cases of gastroenteritis is Yersinia 

enterocolitica and as with many other pathogens previously described elicits a diarrheal 

effect by intestinal barrier dysfunction. It was found that Y. enterocolitica caused a 

decrease in TEER only in the presence of live bacteria and necrosis. Furthermore, this 

decrease in TEER was a result of TJ protein rearrangement (Hering et al. 2017). 

Another bacterium in this genus, Y. pseudotuberculosis has been found to alter intestinal 

barrier function by disrupting the interplay between immune and epithelial cells via 

TLR2 stimulation (Jung et al. 2012). This mode of action has been discovered in 
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another bacterium S. typhimirium. The research by Jung et al was built upon by Meinzer 

et al who found that Y. pseudotuberculosis effector YopJ by disrupting the immune 

receptor Nod2, instead of acting as an innate immune receptor Nod2 activates caspase-

1, thereby increasing levels of IL-b, leading to intestinal barrier disruption (Meinzer et 

al. 2012). Not only does Y. pseudotuberculosis share TLR2 disruption with S. 

typhimirium, this bacterium can also favour the translocation of commensal gut 

bacterium (Ragnarsson et al. 2008).  

There are a substantial number of bacteria who can translocate the epithelial barrier as 

has already been discussed, but as yet to be mentioned is the subtle differences between 

there invasion tactics. So far, we have seen TJ protein rearrangement, membrane 

interactions, cell signalling events, phosphorylation methods and the ability to allow 

commensal bacteria to ñtag alongò. Next there is Shigella flexneri who cause disease by 

translocating the epithelial barrier, by releasing Ipa proteins (invasins) that cause 

rearrangement of the cytoskeleton therefore allowing access for the bacteria to cross the 

epithelial barrier (Sansonetti et al. 1999). However, earlier research showed that 

Shigella flexneri translocated through the epithelial barrier via the basolateral surface 

(Mounier et al. 1992). This conflict shows that there is much more research needed to 

elucidate the exact mechanisms by which bacteria, pathogens and their toxins are able to 

move from the gut to the wider host environment.  

1.5.4 Host Proteases and the Intestinal Epithelial Barrier  

It is known that bacterial proteases are not the only proteases present in the intestinal 

lumen, as a significant contributor to total protease activity is host derived proteases. 

There are a number of host proteases known to contribute to the function of the 

intestinal epithelial barrier. Firstly, host matriptase, a serine protease, increases the 

production of clausin-2 a tight junctional protein (Buzza et al. 2010). Proteases released 

by mast cells have been found to increase intestinal epithelial barrier permeability 

(Overman et al. 2012). Furthermore, trypstase is released from mast cells during times 

of stress and inflammation (Camilleri et al. 2012). 
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1.5.5 The Development of Intestinal Permeability in the Premature 

Infant  

The development of the intestine in utero and in premature infants has been discussed 

previously, 1.3.3, however, there are differences associated with the development of the 

epithelial barrier, seen in Table 1, that are different from general intestinal development. 

Firstly, development of the intestinal barrier occurs both in utero and postnatally. The 

barrier of the human intestinal monolayer forms during the first trimester. Furthermore, 

epithelial architecture begins to form at 8 weeks of gestation to form the crypts and villi. 

Two weeks later the AJC develops and tight junctions can be detected. This 

development occurs relatively early in gestation, however, the intestinal barrier is not 

considered fully mature until term, as growth factors are not present until 26 weeks of 

gestation.  

In a continuation of the theme of this thesis, the preterm infant differs dramatically in 

terms of development from that of full-term infants. Studies have shown that Paneth 

cells are developmentally deficient in number and function in an infant born at 24 

weeks. Furthermore, T-cells are shown to be recruited early to the premature gut.  

One of the most prominent defects in preterm infants is an increased intestinal 

permeability. As a result, this leads to an increased invasion of bacteria and toxins 

causing inflammation and potentially intestinal injury. Studies have shown that 

commensal bacteria and probiotics decreases this intestinal permeability, progressing 

the preterm gut towards maturity (Halpern and Denning 2015).  

Table 3. The Effects of Immaturity of the Intestinal Epithelial Barrier  in Preterm Infants. 

Reproduced from Halpern and Denning 2015 with permission (Halpern and Denning 2015). 
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1.5.6 Summary 

The intestinal epithelial barrier is integral in maintaining gut homeostasis. This is 

achieved by maintaining a selectively permeable barrier. Proteases, bacteria and 

inflammation have been shown to affect the permeability of this barrier. However, their 

effect on the gut barrier permeability in preterm infants have yet to be investigated. 

Therefore, by analysing the levels of proteases and inflammation in the gut of preterm 

infantôs possible barrier degradation can be suggested. Moreover, by comparing the 

bacteria present in different sites within the infant the degradation of the intestinal 

epithelial barrier can be investigated.     
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1.6 The Immune System of the Gut 

1.6.1 The Healthy Gut Immune System 

The immune system of the gut is unique as it needs to avoid triggering a large immune 

response to food antigens and commensal microbiota, whilst still being able to detect 

and remove pathogenic bacteria. This level of specificity is known as oral tolerance. 

The gut immune system has evolved to be able to determine the difference between 

antigens derived from food and those from other foreign sources.  

The main component of the gut immune system is the mucosal immune system, 

concentrated at the Peyerôs patches. Also located at the Peyerôs patches are the 

microfold or M cells. These cells actually lack mucosal layer and can therefore interact 

directly with the luminal contents. The M cells take part in transcytosis, taking up 

luminal contents and passing them through the cell to the basal layer where they can be 

used for antigen presenting during the adaptive immune response. As a result, M cells 

are often targeted by pathogens. In addition to the mucosal immunity, lymphocytes and 

plasma cells are spread along the lamina propia of the gut wall. Once the lymphocytes 

have become activated by luminal contents, they drain out of the intestine into the 

bloodstream (Charles A Janeway et al. 2001).  

1.6.2 Changes during Disease and Prematurity 

As mentioned previously, IBD and IBS and other gut diseases are multifactorial with 

numerous pathways contributing to pathophysiology. In this section, detail on how the 

immune system changes during well-known gut disorders in both adults and preterm 

infants will be discussed.  

Studies in patients with IBS have shown that the numbers of immunocompetent cells 

are increased in the intestinal mucosa. For example, there are increased numbers of T 

cells, intraepithelial lymphocytes, and IL-2 expressing receptor cells. Furthermore, in 

50% of patients the numbers of neutrophil and mucosal mast cells were increased. 

Patients experiencing Crohnôs disease have been found to harbour abnormal natural 

killer T cells. Genetic defects in IBD patients have been found to affect Paneth cell 

function. In addition, it has been found that a loss of tolerance to the commensal 
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microbial community is seen in IBD pathogenesis. There are numerous other studies 

that demonstrate the aberrant immune system in IBD and other gut diseases, again 

adding further evidence to the multifactorial nature of these diseases (Cader and Kaser 

2013). 

The immune cell composition of the full term infant gut, and as a result the preterm 

infant gut, is not fully understood, as the intestinal tissue is difficult to obtain for 

research (Battersby and Gibbons 2013). As previously described, the adult gut 

immunological tissue is distributed into three main compartments: the epithelium, 

lamina propria, and within the Peyerôs patches. Development of the gut immune system 

is thought to begin with the appearance of T cells in the human foetal intestine at 11 

weeks of gestation. Moreover, Peyerôs patches and B cells begin to form by 16 weeks of 

gestation (Braegger et al. 1996).  

To summarise, previous research has shown that the development of preterm infants is 

very different from full term infants, and this includes the immune system of the gut. 

The infant, even born before 37 weeks of gestation, contains all the physical gut 

components necessary to develop and program the local immune system. Therefore, it is 

the environment these infants encounter after birth that causes changes in the 

development of the immune system. In the womb, the infant would have been exposed 

to a small volume of bacteria that would provide the immune system with a baseline in 

which to program tolerance. However, a preterm infant is born early and exposed to a 

significant increase in the number of bacteria. This overwhelms the immune system, 

leading to increased permeability and disease. Furthermore, a preterm infant is often 

unable to consume food orally and therefore the gut immune system is delayed in 

recognising orally derived antigens. In addition, the infant is given antibiotics, this will 

reduce the number of commensal bacteria leading to a reduction in tolerance 

programming and possibly allowing for the colonisation by pathogenic bacteria 

(Melvill e and Moss 2013). 

1.6.3 The Role of IL-6 and IL-8 in Adult and Preterm Gut Disease 

Levels of IL-6 and IL-8 have been found to be increased in the gut disease UC. It is 

believed that the increased amount on IL-6 results in excessive inflammatory response 

progressing the disease. Moreover, in CD increased levels of IL-6 have been associated 
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with relapse rates. In contrast, increased IL-8 levels in gut diseases has been linked to 

activation and migration of neutrophils (MŤzes et al. 2012). 

In preterm infants the levels of IL-6 and IL-8 have been found to be increased in the 

plasma of infants with NEC. Both molecules are believed to progress NEC through 

excessive inflammation and necrosis (De Plaen 2013).   

1.6.4 Proteases and the Gut Immune System 

Controlled proteolytic activity is crucial for the maintenance of gut immune 

homeostasis. However, it has been found that in inflammatory diseases, such as IBD, 

pro-inflammatory cytokines induce the up regulation of proteases. These proteases then 

destroy the mucosal layer. This then allows access to the epithelial membrane, where 

the up-regulated proteases breakdown the tight junctions and apical junctional 

complexes. Consequently, bacteria, their toxins and other antigens can cross the 

intestinal epithelial barrier to activate the adaptive immune system and therefore 

sustaining this inflammatory process (Biancheri et al. 2013). Furthermore, serine 

proteases from bacterial and host sources can activate PARs, this causes increased 

epithelial barrier permeability via the contraction of the myosin light chain (Bueno and 

Fioramonti 2008). Therefore, proteases have a huge effect of the gut immune system. 

However, this is not in a direct way but as a secondary outcome of intestinal epithelial 

breakdown.  

1.6.5 Summary 

Inflammation has been shown to have a dramatic impact on the development and the 

homeostasis of the gut immune system. Moreover, aberrant inflammation has been 

shown to develop and progress both adult and preterm gut diseases. However, this has 

only been demonstrated systemically and the levels of localised inflammation, 

especially in preterm infants, have yet to be reported.      
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1.7 The Gut Lung Axis 

1.7.1 Introduction  

The gut lung axis is only beginning to become understood, however the research 

provided so far indicates a reservoir of potential for the manipulation of the gut 

microbial community in the treatment of lung diseases. More specifically, the gut-lung 

axis comprises of the following components, as shown in Figure 9: the lung and gut 

environment, the microbial community of these environments, the immune system and 

outside environmental stimuli.  

 

Figure 9. The Gut-Lung Axis in Health and Disease. Reproduced from Budden et al 2017, permission 

granted on 28.2.19. This figure demonstrates the normal contribution of the gut microbial community to 

lung health and the changes that occur during disease.  

It has been found that chronic lung diseases, such as asthma and chronic obstructive 

pulmonary disease (COPD), occur together with gastrointestinal diseases, such as IBD 

(Roussos et al. 2003; Rutten et al. 2014). For instance, up to 50% of adults with IBD 

have some form for pulmonary involvement (Yazar et al. 2001). Furthermore, patients 

with COPD are 2-3 times more likely to be diagnosed with IBD (Keely et al. 2012). 

Functional structural alterations are more likely to occur in the intestinal mucosa in 

individuals with asthma (Vieira and Pretorius 2010). Therefore, the gut lung axis is an 

interesting area to research as this research clearly indicates at a level of cross talk 

between these two body sites. Due to the naivety of this field no research has been 

conducted into this cross talk in preterm infants.  
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1.7.2 The Interactions between the Gut and the Lungs 

The epithelial surfaces of the gastrointestinal and respiratory tract are exposed to similar 

organisms as they can access both sites orally, via ingestion and micro aspiration. 

Furthermore, both epithelial surfaces are similar in structure and provide a physical 

barrier from the epithelium to the bacteria. This barrier also acts as the main line of 

immune defence in both organs, and commensal bacteria have been found to stimulate 

the immune system via this pathway (Buffie and Pamer 2013). Therefore, it is not 

unreasonable to hypothesize that these organs could support the same species of 

bacteria. 

Further interesting studies have shown that gastrointestinal bacteria can have an effect 

on lung function. Oral gavage of faecal suspensions in S. pneumoniae infection model 

mice who were given antibiotics, showed an improvement in symptoms after the gavage 

(Schuijt et al. 2016). Furthermore, gut colonisation by beneficial bacteria such as B. 

longum has been found to reduce the incidence of asthma (Akay et al. 2014).  

There has been considerable evidence to suggest that host epithelial immune cells 

assimilate information directly from microorganisms and from concomitant local 

cytokine response to adjust inflammatory responses. This has then been found to shape 

immune responses at distal sites, such as the lungs (Trompette et al. 2014; Marsland et 

al. 2015). However, there has been less evidence of direct transfer of microorganisms 

between the sites, but the translocation of bacteria has been seen in cases of sepsis and 

acute respiratory distress syndrome. This is when gut barrier integrity is compromised 

(Dickson et al. 2016).  

The crucial role for commensal microbial community in health and disease has been 

proven by numerous studies in germ-free mice, whereby their susceptibility to allergic 

airway disease and some acute infections, is increased in these animals (Fagundes et al. 

2012; Olszak et al. 2012). Current research has been diverging into assessing the effect 

of gut microbiota on systemic immunity, shown in Figure 10, as well as the 

effectiveness of pro and prebiotics on acute and chronic pulmonary disease. For 

example, certain bacteria in the gut have been found to stimulate pulmonary T helper 

cell responses. This was also shown for S. pneumoniae infection (Gauguet et al. 2015). 
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There is considerable evidence to show how the gut microbial community can affect 

immunomodulatory signals (Budden et al. 2017). 

 

Figure 10. The Systemic Immunity Effect of Commensal Bacteria. Reproduced from Budden et al 

with permission, obtained on 25.2.19 (Budden et al. 2017). The diagram demonstrates the interplay 

between the commensal bacteria in the lungs and gut.  

1.7.3 Gut Microbiota and Lung Diseases 

An increased risk of asthma has been connected to the disruption of the gut microbiota 

in early life. The overall composition of the gut microbial community is not altered in 

infants at risk of asthma. However, it has been found that select changes in certain taxa 

can be detected in the first few months of life (Abrahamsson et al. 2014; Arrieta et al. 

2015). For example, an increase in B. fragilis and total anaerobes in early life has been 

associated with an increased risk of asthma (Vael et al. 2008). In addition, decreases in 

diversity, E. coli and the relative abundance of Faecalbacterium, Lachnospira, Rothia 

and Veillonella species (Abrahamsson et al. 2014; Arrieta et al. 2015; Orivuori et al. 

2015). This is similar in adults, with the overall diversity not differing between affected 

and healthy individuals but with species specific changes (Hua et al. 2015; Hevia et al. 

2016).  

There have been several proposed mechanisms by which the microbiota exerts it effect 

on the risk of asthma. Infants who were at risk of developing asthma had less LPS in 
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their stools (Arrieta et al. 2015). Polysaccharide A (PSA) from B. fragilis induced IL-10 

in T cells protected against the development of asthma (Johnson et al. 2015). H. pylori 

has been found to alleviate allergic disease in mice in several different ways, by 

modulating the immune system (Koch et al. 2015; Sehrawat et al. 2015). Commensal 

bacteria can also have also have an effect on the development of asthma by the 

production and secretion of metabolites (Budden et al. 2017). Examples of these effects 

can be seen in Figure 11.  

 

 

Figure 11. The Microbiotic Programming of the Immune System. Reproduced from Budden et al with 

permission, permission granted on 25.2.19. This diagram shows how the microbial community of the gut 

can program the local immune system. 

Previously, respiratory microbiota research has focused on changes due to smoking, of 

which is a major risk factor for COPD. So far, it has shown that the lung microbial 

community is similar between smokers and non-smokers, but the oral microbiome 

differs significantly (Morris et al. 2013). It is believed that enrichment of the lung with 

the oral taxa of smokers causes increased inflammation in the lung (Segal et al. 2013). 

Then it is a combination of the increased inflammation and the inability to remove these 

bacteria contribute to COPD development, in only a subset of smoking populations. 

Furthermore, there are substantial differences between the lung microbiome of 

ñhealthyò smokers and those with COPD (Pragman et al. 2012; Sze et al. 2012). 

Interestingly, smokers have a decreased abundance of Bifidobacterium species (Zeitz et 

al. 2014).  
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The gut microbial community is broadly protective against respiratory infection, as a 

reduction in microbial content increased the virulence of infections (Chen et al. 2011a; 

Ichinohe et al. 2011; Fagundes et al. 2012; Wu et al. 2013; Schuijt et al. 2016). 

Administration of certain bacteria is protective against S. aureus pneumonia and 

Bifidobacterium species protected against pulmonary infection in mice (Wu et al. 2013; 

Gauguet et al. 2015; Kawahara et al. 2015; Vieira et al. 2016).  

Several important mechanisms by which the gut microbiota promotes the clearance of 

pathogens have been identified. Innate immune responses to bacteria in the lungs are 

greatly enhanced by exposure to NOD-like receptor and TLR agonists in the 

gastrointestinal tract, which included peptidoglycan, LPS, lipoteichoic acid and CpG 

DNA (Chen et al. 2011a; Fagundes et al. 2012; Clarke 2014). Similarly, stimulation of 

TLRs by cell wall components and flagella of gut bacteria is necessary for effective 

adaptive immune responses to influenza (Ichinohe et al. 2011; Oh et al. 2014). 

1.7.4 Summary 

Current research suggests that the gut lung axis is a programming of the immune system 

by the microbial community of the body. However, this can be protective and 

detrimental in different situations. It has been shown that the translocation of bacteria 

from the gut to lungs and vice versa has less of an effect that immune system 

programming. Currently, there is no research on these interactions in preterm infants, 

but it would not be unreasonable to theorise that similar changes occur in these infants.  
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1.8 Thesis Aims 

The overall aims of this PhD are to provide a detailed picture on the colonization and 

subsequent effects of the gut of the hospitalized preterm infant. The introduction to this 

thesis has shown that although there is a substantial body of knowledge on the preterm 

gut microbiome there are still significant gaps. As a result, this thesis will assist in 

bridging these gaps through the following hypotheses and aims. 

The main aims and objectives of this thesis are as follows:- 

1. To investigate the development of the preterm gut microbiome development 

during the first 30 days of life. (Chapter 3). This will be achieved using 16S rRNA 

gene metataxonomics and clinical data collected during sample collection. 

 

2. To determine the total faecal protease activity of preterm infant stool and 

attempt to make associations with the gut microbial community. (Chapter 4). 

This will be achieved using a protease activity and inhibition assays. 

 

3. To conduct an in-depth analysis of the effect of antibiotics on the development 

of the preterm gut microbiome. (Chapter 5). Previous research has shown that 

antibiotics can increase the incidence of disease. However, in-depth investigations 

into the bacterial community changes as a result of antibiotic administration have 

yet to be conducted. Therefore, I hypothesise that antibiotics will result in 

significant microbiome community changes.  

 

4. To analyse the gut and lung microbiomes of preterm infants to investigate if 

there is any translocation of bacteria. (Chapter 6). I hypothesise that the 

development of the gut and lung microbiomes in these infants will be similar, 

potentially demonstrating a translocation of bacteria. Specifically, this will be 

achieved through the combination of the data from this thesis with that of Dr David 

Gallacher.   
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Chapter 2.  Materials and Methods 

2.1 Ethical Approval and Consent Forms 

Patient recruitment began in November 2014 at the University Hospital Wales (UHW) 

by Clinical Research Fellow Dr David Gallacher. This was later extended to North 

Bristol NHS Trust (NBT) in June 2015. Samples from NBT were collected by Dr 

Richard Wach and colleagues. Ethical permission for the study was granted by the 

Wales Research Ethics Committee 2 (Study No: 14/WA/0190). Other permissions were 

granted by the research and development committees of the participating NHS trusts. 

Ethical permission was obtained by Dr David Gallacher. Copies of the ethical approval 

alongside research and development approval can be found in Appendix 1. Participants 

were recruited using the following criteria by Clinical Research Fellow, Dr David 

Gallacher: 

1. Preterm infants, ventilated. These were infants born at Ò 32 weeks gestational 

age and required ventilation within the first 24 hours of life for respiratory 

distress syndrome. Ο 

2. Term infants, ventilated. These were infants born at Ó 37 weeks gestational age, 

who were admitted to the neonatal unit and ventilated within 24 hours of age for 

a non- respiratory condition, e.g. abdominal surgical complications. 

3. Term infants not ventilated. These were infants born at > 37 weeks gestational 

age, with no known pathology, and who were considered well and residing on 

the post-natal ward.Ο 

There were several samples collected from these infants, described in more detail in 2.2, 

including, Bronchoalveolar Lavage (BAL), Tracheal Aspirate (TA), Nasopharyngeal 

Aspirate (NPA), blood, and stool. Samples were taken at every available opportunity 

over the first 30 days of life. All samples were collected by Dr David Gallacher. 

Infants were not eligible for recruitment into the study if any of the following applied at 

birth. Infants with respiratory pathology, such as congenital adenomatous lesions or 

diaphragmatic hernias. Furthermore, incidences of meconium aspiration and ischaemic 

encephalopathy, were also excluded from recruitment. Finally, infants with undiagnosed 

chromosomal abnormalities or who were not expected to survive, as determined by the 

treating clinician, were also not recruited.  
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During participant recruitment, parents were approached to give consent for their child 

to be included in the study, either whilst preterm delivery was a threat or shortly after 

delivery. Upon consultation, an information sheet was provided, included in 0, and 

written informed consent was obtained from the parent or parents before the child was 

entered into the study. To protect the identity of the individuals included in the study, all 

participants were assigned a study number and patient identifiable information was 

inaccessible.  

An amendment, mentioned previously, to the study protocol was given ethical approval. 

Permissions sought by Dr David Gallacher. This amendment allowed for the addition of 

Southmead Hospital, part of North Bristol NHS Trust, as a recruitment centre from May 

2015 to September 2016. Samples were collected from Southmead Hospital by Dr 

Richard Wachôs team. In addition, a second amendment was granted ethical approval in 

August 2016 to include the collection of stools from infants admitted to the post-natal 

ward. Permissions sought predominantly by Dr David Gallacher, assisted by me. 

2.2 Sample Collection 

2.2.1 Bronchoalveolar Lavage 

Bronchoalveolar lavage samples were collected following the guidelines set out by the 

European Respiratory Society (Blic et al. 2000). In addition, an individual clinician, Dr 

David Gallacher at University Hospital Wales, performed the procedure on all recruited 

infants to reduce variability. Once the samples were collected, they were immediately 

placed on ice and transported to the laboratory for processing. 

Intubated infants on the neonatal unit at the University Hospital Wales, routinely 

receive surfactant therapy at birth and if necessary, again at 12 hours of age. As a result, 

in order to avoid interference with the primary care of the infant, initial bronchoalveolar 

lavage (BAL) was performed at either 12 or 24 hours of age.  

The procedure used during this study, established by our team, has been widely used in 

previous neonatal research. Firstly, the infant is moved to a supine position with the 

head to the left side. The ventilator was then briefly disconnected from the endotracheal 

tube. Following disconnection, a size 6Fr nasogastric feeding tube (Intervene, 

Chesterfield, UK) was then passed through the endotracheal tube until resistance was 

met. 1 ml/kg of sterile 0.9 % sodium chloride (B.Braun Medical Ltd, Sheffield, UK), 
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routinely used for injection, was then instilled through the catheter. After a brief pause a 

suction pressure of 5-7 kPa is applied to the nasogastric tube. Finally, the tube was 

slowly withdrawn, and the aspirated material collected in a mucous specimen trap 

(Pennine Healthcare, Derby, UK). Following the first procedure, the infant is given time 

to recover, and a second procedure is carried out and the resulting samples pooled. In an 

effort to reduce variability, the same clinician performed the procedure on all infants 

recruited to the study. The sample was then immediately placed on ice and transported 

to the laboratory for processing.  

2.2.2 Tracheal Aspirate 

Tracheal Aspirate (TAF) samples from University Hospital Wales were collected as part 

of routine clinical care by the nursing staff present on the neonatal ward, this was in 

accordance with local departmental policy. The endotracheal attachment was removed 

from the ventilator and 1 ml/kg of sterile 0.9 % sodium chloride (B.Braun Medical Ltd., 

Sheffield, UK) was instilled in to the endotracheal (ET) tube. A sterile suction catheter 

was then inserted to a depth equal to the length of the ET tube and a suction pressure of 

5-7 kPa is applied as the catheter is slowly withdrawn. Finally, the infant is reconnected 

to the ventilator, after allowing the infant to recover the procedure is repeated, and the 

samples pooled. The sample was then immediately placed on ice and transported to the 

laboratory for processing. 

Similar to Cardiff, samples from North Bristol Trust were collected as part of routine 

clinical care. However, the local policy utilises an in-line suction device (Halyard UK, 

Surrey, UK) that is changed every 24 hours as part of routine clinical care. Of interest, 

this allows the infant to remain attached to the ventilator during the sampling procedure, 

therefore reducing stress in the infant. Samples collected for the study were only done 

immediately after the device had been changed, this greatly reduced the risk of 

contamination of samples from previous aspirations. Firstly, 1 ml/kg of saline was 

instilled to the ET tube via a port on the in-line suction device. The catheter was then 

advanced to a depth equal to the length of the ET tube. Whilst the catheter is slowly 

withdrawn, a suction pressure of 5-7 kPa was applied to collect the sample. Once the 

infant has been reconnected to the ventilator and recovered from the previous 

procedure, it is repeated, and the samples pooled. Samples were immediately frozen at -

20 ̄ C, prior to transfer to the laboratory.  
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2.2.3 Nasopharyngeal Aspirate 

At the University Hospital Wales site nasopharyngeal aspirates (NPAs) were collected 

alongside the BAL samples, by Dr David Gallacher. A size 6 Fr nasogastric feeding 

tube (Intervene, Chesterfield, UK) was gently inserted via the nostril to the 

nasopharynx. A suction pressure of 5-7 kPa was applied as the tube was slowly 

withdrawn. Furthermore, each nostril is suctioned to provide and inclusive sample. 2 ml 

of sterile sodium chloride (B.Braun Medical Ltd, Sheffield, UK), routinely used for 

injection, was then aspirated through the nasogastric tube in order to flush any mucous 

within the catheter into a mucous specimen trap (Pennine Healthcare, Derby, UK). The 

sample was then placed on ice and immediately transported to the laboratory for 

processing.  

In contrast, NPA samples collected in Bristol were collected according to the local 

departmental guidelines. 2 ml/kg of sterile saline, routinely used for injection (B.Braun 

Medical Ltd, Sheffield, UK), was instilled directly through the nostrils. A sterile suction 

catheter was then used to aspirate the fluid from the nasopharynx under a suction 

pressure of 5-7 kPa. Samples were then immediately frozen at -18 ̄ C, prior to 

transportation to the laboratory.  

2.2.4 Stool 

Stool samples were collected by nursing staff from within the infantôs nappy using a 

universal container incorporating a sterile spatula (Thermoscientific, Leicestershire, 

UK). This was achieved as part of the infantôs routine care. Samples were stored at 4 C̄ 

for up to 24 hours prior to transport to the laboratory and processing.  

2.3 Total Samples Collected  

As mentioned previously all samples were collected by Dr David Gallacher, Dr Richard 

Wach and his team at NBT or the nursing staff at UHW. Table 4, gives the 

demographics for the preterm infants recruited by site. This table was provided by Dr 

David Gallacher. In addition, Table 5 provides information on the types and number of 

samples collected from each preterm infant. 
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Table 4. Demographics of recruited preterm infants from two sites. Medians ± interquartile ranges are shown 

unless otherwise stated. UHW ï University Hospital Wales, NBT ï North Bristol Trust. Necrotizing Enterocolitis 

Grades were categorized according to Bellôs staging criteria and CLD severity.   

 All infants  Infants recruited 

from UHW  

Infants recruited 

from NBT  

p-value 

(UHW vs NBT) 

Number of infants 55 20 (36%) 35 (64%) - 

Number of samples 

Nasopharyngeal 

aspirates 

Tracheal aspirate fluid  

Bronchoalveolar lavage 

fluid  

Stool 

Total 

 

539 

276 

89 

198 

1102 

 

145 

62 

89 

64 

360 

 

394 

214 

0 

134 

742 

 

- 

- 

- 

- 

- 

Sex (male) 36 (65%) 12 (60%) 24 (69%) 0.73 

Gestation (weeks) 26.0 (24.7-

27.5) 

26.8 (25.3-29.4) 25.9 (24.7-26.6) 0.07 

Birth weight (g) 764 (680-918) 835(695-1082) 746 (677-880) 0.16 

Antenatal steroids 51/55 (93%) 18/20 (90%) 33/35 (94%) 0.18 

Delivery mode (percent 

vaginal delivery) 

29 (53%) 10 (50%) 19 (54%) 0.98 

Multiple births  17 (31%) 6 (30%) 11 (31%) 1 

 

Maternal antibiotic in 

labour 

14 (25%) 4 (20%) 10 (29%) 0.70 

Surfactant 

administration 

55/55 (100%) 

 

20/20 (100%) 

 

35/35 (100%) 0.27 

 

Chronic lung disease 

severity 

None 

Mild  

Moderate 

Severe/Died 

 

5 (9%) 

4 (7%) 

18 (33%) 

28 (51%) 

 

4 (20%) 

3 (15%) 

3 (15%) 

10 (50%) 

 

1 (3%) 

1 (3%) 

15 (43%) 

18 (51%) 

 

0.02 

 

Survival to discharge 47 (85%) 17 (85%) 30 (86%) 1 

Ventilation days 17 (4-32.5) 25 (3.5-37.8) 17 (5-28.5) 0.55 

Non-invasive ventilation 

days 

47 (24.5-64.5) 38(19.8-53.5) 55(31.5-66) 0.14 

Length of hospital stay 

(days)  

93 (69.5-130) 104.5 (52.8-136.5) 93 (80-122) 0.95 

Necrotising enterocolitis 

Grade 1 

Grade 2 

Grade 3 

 

7 (13%) 

1 (2%) 

6 (11%) 

 

4 (20%) 

0 (0%) 

1 (5%) 

 

3 (9%) 

1 (3%) 

5 (14%) 

 

1 

Patent ductus arteriosus 40 (73%) 11 (55%) 29 (83%) 0.06 

Initial breast milk  

Discharge breast milk 

55 (100%) 

17 (31%) 

20 (100%) 

6 (35%) 

35 (100%) 

11 (37%) 

1 

1 
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Table 5. Demographics on the number and type of samples collected from each preterm infant. 

  

Infant  NPA TAF BAL  Stool Infant  NPA TAF BAL  Stool 

1 11 0 7 5 35 11 0 1 5 

2 8 0 3 3 36 4 3 0 1 

3 4 1 4 1 37 13 12 0 5 

4 9 0 8 3 38 13 2 0 4 

5 13 0 13 6 39 10 1 0 5 

6 4 0 1 1 40 13 8 0 5 

7 2 0 2 0 41 7 7 0 1 

8 9 6 9 4 42 13 7 0 4 

9 7 0 1 5 43 13 1 0 4 

10 6 9 7 4 44 12 7 0 3 

11 13 1 0 5 45 12 1 0 5 

12 12 6 0 5 46 12 12 0 4 

13 9 0 0 4 47 12 11 0 4 

14 9 4 0 3 48 12 9 0 5 

15 13 12 0 5 49 8 2 2 4 

16 10 4 0 4 50 6 5 1 4 

17 9 4 6 4 51 7 7 0 0 

18 2 2 2 0 52 13 13 0 4 

19 10 9 0 4 53 13 4 0 3 

20 12 6 0 5 54 13 4 0 5 

21 10 1 0 4 55 13 13 0 1 

22 13 2 0 4 Total 535 276 87 181 

23 13 13 0 3      

24 7 6 7 5      

25 13 2 0 6      

26 12 12 0 3      

27 13 8 0 5      

28 6 5 0 1      

29 13 5 0 7      

30 13 2 0 5      

31 2 6 2 1      

32 8 9 8 4      

33 5 1 0 2      

34 5 11 3 1      
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2.4 Sample Processing 

2.4.1 Cardiff  

2.4.1.1 Bronchoalveolar Lavage 

This was performed by Dr David Gallacher. Samples were transported on ice 

immediately following collection, to the laboratory. On arrival, samples were then 

weighed, and the empty sample traps re-weighed after transferring samples to a 

microcentrifuge tube (Eppendorf, Stevenage, UK). This allowed for accurate weight 

calculation of the sample. The volume was taken to be 1 ml is equivalent to 1 g.  

The BAL fluid was then centrifuged at 10,000 x g for 10 minutes at 4 C̄, this produced 

a cell pellet and cell-free supernatant. The supernatant was aspirated and stored in 25 ml 

aliquots. The cell pellet and supernatant aliquots were labelled appropriately and then 

stored at -80 ̄ C until further processing. Overall, processing of the raw sample was 

completed within 1 hour after collection. 

2.4.1.2 Nasopharyngeal Aspirate 

This was performed by Dr David Gallacher. Samples were transported on ice to the 

laboratory. Upon arrival, the NPA fluid was centrifuged at 10,000 x g for 10 minutes at 

4 ̄ C, this leaves a cell pellet and a cell free supernatant. The supernatant was aspirated 

and stored in 25 ml and 100 ml aliquots. Both the cell pellet and cell free supernatant 

were stored at -80 ̄ C until further processing. 

2.4.1.3 Tracheal Aspirate 

This was performed by Dr David Gallacher. The tracheal aspirate samples taken by the 

nursing staff were immediately placed at 4 C̄ until collection. Furthermore, all samples 

were collected form the neonatal unit within 2 hours of sampling. Samples were then 

transported to the laboratory on ice and immediately stored at - 80 ̄ C until further 

processing. 

2.4.1.4 Stool 

This was performed by Dr David Gallacher. Stool samples were weighed on arrival to 

the laboratory. Once the sample had been processed the empty container was weighed in 
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order to calculate the weight of stool obtained. The stool was divided into aliquots of 

250 mg in sterile microcentrifuge tubes (Eppendorf UK, Stevenage, UK). The aliquots 

were stored at -80 ̄ C until further processing.  

2.4.2 Bristol  

This was performed by the team at NBT. All samples taken in Bristol, including TA, 

NPA and stool samples, were immediately frozen at -18 ̄ C. At several times during the 

study, samples were transferred from Bristol to the laboratory at University Hospital 

Wales. The samples remained frozen during the transportation, as they were transported 

in a heat resistant box containing freezer packs pre-frozen to -80 ̄ C. The TA and NPA 

samples were stored at -80 ̄ C upon arrival. However, the stool samples were defrosted 

and weighed on arrival to Cardiff, they were then divided into 250 mg aliquots in sterile 

microcentrifuge tubes (Eppendorf UK, Stevenage, UK) and stored at -80 ̄ C until 

further processing.  

2.4.2.1 NPA and TAF Samples 

This was performed by Dr David Gallacher. At the point of DNA extraction, NPA and 

TAF samples were defrosted, on ice, and the samples weighed. The samples were then 

transferred to sterile microcentrifuge tubes (Eppendorf UK, Stevenage, UK). The 

samples were then centrifuged at 10,000 x g for 10 minutes at 4 C̄ to leave a cell pellet 

and a cell-free supernatant. The empty universal container was re-weighed to calculate 

sample weight and the volume taken as 1 mg is equal to 1 ml. the supernatant was 

removed and stored at -80 ̄ C. the cell pellet was then used immediately used for DNA 

extraction.  

2.5  Buffer Preparation 

2.5.1  Buffers for Storage Assay 

Six buffers designed to prolong the activity of extracted proteases were prepared as 

shown in Table 6, and stored at 4 oC until used. 
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Table 6. The number and composition of the protein storage buffers using during the storage assay.  

Buffer  1 x PBS 25 % (v/v) 

Glycerol 

0.05 % 

Sodium Azide 

1 mM or 5 

mM DTT  

1 Yes No Yes No 

2 Yes Yes Yes No 

3 Yes No Yes 1 mM 

4 Yes No Yes 5 mM 

5 Yes Yes Yes 1 mM 

6 Yes Yes Yes 5 mM 

  

2.5.2  DNA Extraction Buffer (Maxwell DNA Extraction Protocol)  

A DNA extraction buffer was prepared, by Dr David Gallacher, according to the 

protocol for DNA extraction from soil supplied by Promega. A buffer containing 5 M 

guanidine thiocyanate (Fisher Scientific, Leicestershire, UK), 1 % Na-Lauroylsarcosine 

(Sigma-Aldrich, Dorset, UK), 100 mM EDTA (Fisher Scientific, Leicestershire, UK) 

and 1 % Polyvinylpyrrolidone K30 (Sigma-Aldrich, Dorset, UK) was made using 150 

mM sodium phosphate buffer. The solution was stored at 4 ɕC until needed.  

2.5.3  1 x TAE Buffer 

All working solutions of TAE solutions were made from a 50 x stock solution. 

Therefore, to make a 1 x solution the concentrated solution is diluted 50 x in sterile 

deionized water. To prepare the 50 x stock solution is as follows. Firstly, 242 g of Tris 

base was dissolved in 750 ml of sterile deionized water. Next 57.1 ml of glacial acid and 

100 ml of 0.5 M EDTA was added to the Tris base. Finally, the solution was made up to 

a final volume of 1 l.  

2.5.4  1 x PBS Buffer 

All PBS solutions once made were autoclaved for 15 minutes at 121 oC to ensure 

sterility. The following protocol was used to make a 1 l stock of 1 x PBS. Begin by 

dissolving 8 g of NaCl in 800 ml of deionized water. To this solution add 0.2 g of KCl, 

1.44g of Na2HPO4, and 0.24 g of KH2PO4. Next adjust the pH to 7.4 using HCl. Finally, 

add distilled water to make a final volume of 1 l.  
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2.5.5  IL -6 Wash Buffer 

The IL-6 wash buffer was made up as follows, according to manufacturerôs instructions 

(R&D Biosystems). A 0.05 % Tween20 solution was made in 1 x PBS, with a pH of 7.2 

to 7.4. A 1 L solution was made, 5 ml of Tween20 was added to 700 ml of 1 x PBS and 

mixed until evenly distributed. The solution was then made up to 1 L. To ensure the 

sterility of the solution, it was passed through a 0.45 ɛm PES membrane vacuum 

filtration unit (VWR, Pennsylvania, USA). The container was then sealed and only 

opened in a Class 2 hood.  

2.5.6  IL -6 Reagent Diluent 

The Il-6 reagent diluent was made as follows, according to manufacturerôs instructions 

(R&D Biosystems). A 1 x PBS was made as per Section 2.5.4, and then filtered through 

a 0.2 ɛm filter, to ensure sterility. For a full 96-well plate experiment, 52 ml of reagent 

diluent would be needed. Therefore, 5.2 ml of the 10% reagent diluent solution, 

provided in kit, would be diluted in 46.8 ml of the filtered 1 x PBS. A new reagent 

diluent solution was prepared fresh for each experiment.  

2.5.7  IL -8 Wash Buffer 

The Il-8 wash buffer was made exactly as per Section 2.5.5. 

2.5.8  IL -8 Reagent Diluent 

The IL-8 reagent diluent was prepared as follows, according to manufacturerôs 

instructions (R&D Biosystems). A Tris-buffered saline (TBS) solution was prepared at 

concentration of 20mM Trizma base and 150mM NaCl. This solution was then filtered 

through a 0.2 ɛm filter to ensure sterility. Using the TBS a 0.01% BSA (provided in kit) 

and 0.05% Tween20 solution was prepared, this is the resulting reagent diluent.  

2.6   Faecal Sample Processing 

2.6.1  10% Faecal Slurry Preparation 

Prior to faecal slurry preparation the faecal samples are defrosted on ice for 1 hour, 

furthermore all reagents were kept on ice during this process. This protocol was carried 

out in a Class II cabinet to prevent contamination by background bacteria. Firstly, an 
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empty sterile 2 ml tube (Eppendorf, UK) was weighed. Using a sterile swab 200 mg of 

faeces was transferred to the pre-weighed 2 ml tube. Next, 2 ml of sterile 1 x PBS 

(Gibco, Thermo Fisher Scientific, UK) was added to the faeces. The sample was then 

vortexed until a homogenous solution was made, approximately 5 minutes. The 

resulting homogenate was then centrifuged at 4 oC at 20,000 x g for 30 minutes. The 

supernatant was then aspirated and set aside to Section 81. The pellet was then taken 

forward to DNA extraction, Section 2.8.2. To add, if a sample was less than 200 mg in 

weight the volume of 1 x PBS added was adjusted accordingly to produce a 10% faecal 

slurry. This method was adapted from Morris et al 2012. 

2.6.2   BCA Assay for Total Protein Concentration 

The Bicinchononic Acid assay (Pierce, Thermo-Fisher, Loughborough, UK) was 

performed as per manufacturerôs instructions, detail as follows. A set of Bovine Serum 

Albumin (BSA) standards were prepared according to manufacturerôs instructions, 

where 1 x PBS was the diluent. The working reagent was prepared at the appropriate 

volumes to accommodate the number of samples tested. Due to the high protein 

concertation of the samples used, all samples were tested at a 1 in 10 and 1 in 100 

dilutions. Negative controls included the working reagent and the 1 x PBS used as the 

diluent. Once the protein concentration has been determined, the sample is taken 

forward for normalisation to the desired concentration.    

2.6.3  Normalisation to 1mg/ml Total Extracellular Protein 

The total extracellular extract from Section 2.6.1 was the starting product for this 

protocol. Again, the supernatant and buffer were kept on ice during this protocol. 

Firstly, the total protein content of the faecal extract was tested according to Section 

2.6.2. Once the total protein content was confirmed the faecal supernatant was 

normalised to 1 mg/ml total protein in a protein storage buffer. As shown in Section 

2.5.1, the buffer containing 1 x PBS, 0.05% NaN3 (Sodium Azide) and 5mM DTT 

(Sigma), was the most effective at preserving the protease activity in a total protein 

extract. All 1 mg/ml aliquots were 1 ml in size and stored at ï 20 oC until further 

processing. Normalisation was performed in order to use 1mg/ml of Trypsin as a 

standard for detecting protease activity.   
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2.7 DNA Quantification using the QuBit Fluorometer 

DNA concentration was quantified using the QuBit fluorometer from Life 

Technologies, UK. Firstly, a mastermix was prepared in a 1.5 ml tube (Eppendorf, UK), 

as follows: 0.5 ɛl of Quantiflour dye (Promega, Wisconsin, USA) per reaction with 99.5 

ɛl of 1 x TE buffer (Promega, Wisconsin, USA) per reaction. Due to the measurement 

procedure of the machine, thin walled 0.5 ml micro centrifuge tubes were used. To these 

tubes 100 ɛl of 1 x TE buffer was added alongside 98 ɛl of the mastermix and 2 ɛl of 

the unknown sample. This gave a final reaction volume of 200 ɛl. In order for the 

machine to calculate an unknown DNA concentration, standards were also needed. 

These were prepared as follows: 100 ɛl of 1 x TE buffer, 99 ɛl of mastermix and 1 ɛl of 

the ɚ DNA solution provided (Progmega, Wisconsin, USA). There were 2 standards a 

high concentration and a low concentration. Firstly, the machine was calibrated using 

the 2 standards, the unknown samples could be tested. For samples that were below the 

limit of detection the protocol could be adjusted to use 5 ɛl of the unknown sample. 

This was performed as per manufacturerôs instructions.  

2.8  DNA Extraction Techniques 

A comparison between these two kits was performed as part of this thesis to determine 

which would be most appropriate for this study. It was determined that the Qiagen kit 

gave a greater DNA quantity and was therefore used for the stool samples. 

2.8.1 Maxwell DNA Extraction Process for Faecal Samples 

The resulting stool pellet from preparation of total extracellular protein extract, Section 

2.6, is the starting material for DNA extraction. The pellet was first resuspended in 500 

ml DNA extraction buffer, Section 2.5.2, the sample was vortexed until the pellet was 

fully homogenised within the lysis buffer. The emulsion was then transferred to Lysing 

Tubes E (MP Biomedicals, UK). The samples were then homogenised using the 

FastPrep 24 device (MP Biomedicals, UK) for 30 seconds at 5.0 m/s. This was repeated 

3 times with an incubation of 5 minutes at 4 C̄ in between each homogenisation. 

Samples were then centrifuged at full speed for 1 minute to displace the beads to the 

bottom of the tube. The resulting supernatants were aspirated into the Maxwell 

cartridges, ready for insertion into the Maxwell 16 automated DNA extraction machine 

(Promega UK, Southampton, UK). Furthermore, 300 ml of supplied elution buffer was 
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added to the appropriate chamber of the cartridge. The run would then be initiated. The 

eluted DNA was then aliquoted into sterile microcentrifuge tubes (Eppendorf UK, 

Stevenage, UK) in 50 ml volumes and stored at -20 ̄ C until further use. This was done 

according to a method supplied by Dr David Gallacher.    

2.8.2 Qiagen DNA Extraction Protocol for Faecal Samples 

Prior to this protocol the total protein extract will have been removed and set aside, 

ready for further processing as detailed in Section 2.6. Firstly, 2 ml of InhibitEX buffer 

(Qiagen, Germany) was added to the faecal pellet from Section 2.6 and vortexed 

continuously for 1 minute, or until the sample was fully homogenized. 1.5 ml of this 

solution was transferred into an MPBiomedicals Lysing Matrix tube E (MPBio, 

Germany). The tubes were then homogenised for 60 seconds at 5.0 m/s, this process 

was repeated 3 times with 5 minute incubations on ice between each homogenisation. 

All samples were then heated for 5 minutes at 70 oC in a heat block or water bath. The 

heated samples were then vortexed for 15 seconds, before being centrifuged at 20,000 x 

g for 1 minute. After centrifugation 200 ɛl of the supernatant was transferred into a 1.5 

ml tube (Eppendorf, UK) containing 15 ɛl of Proteinase K (Qiagen, Germany). Next 

200 ɛl of buffer AL (Qiagen, Germany) was added and the tube vortexed for 15 

seconds. The samples were then incubated at 70 oC for 10 minutes. After incubation, 

200 ɛl of 96 ï 100 % ethanol was added to the lysate and mixed by vortexing. Into the 

supplied QIAmp (Qiagen, Germany) spin coloumns, 600 ɛl of the lysate was added and 

centrifuged at full speed for 1 minute. The column was then placed into a new 2 ml 

collection tube (Qiagen, Germany) and 500 ɛl of buffer AW1 added to the column. The 

column was then centrifuged at full speed for 1 minute. The column was once again 

placed into a new 2 ml collection tube and 500 ɛl of buffer AW2 (Qiagen, Germany), 

was added to the column. The column was then centrifuged for 3 minutes at full speed. 

Again, the column was placed into a new 2 ml collection tube and centrifuged at full 

speed for 3 minutes. Finally, transfer the column into a clean 2 ml collection and 200 ɛl 

of buffer ATE was added and incubated for 1 minute at room temperature before being 

centrifuged for 1 minutes to elute the DNA. The eluate was taken as the faecal DNA 

extract and stored at -20 oC in 50 ɛl aliquots. This was as per manufacturerôs 

instructions after homogenisation.                        



 

 84 

2.9 16S rRNA Gene Sequencing - Illumina MiSeq  

Preparation of the extracted DNA and sequencing of the bacterial 16S rRNA gene for 

the BAL, TAF, and Stool samples was performed on my behalf by Prof Nigel Kleinôs 

team at the Institute of Child Health, in the laboratories of University College London. 

Particular thanks to Dr Dagmar Alber and Dr Grace Logan who performed the 

amplification and sequencing. The preparation prior to sequencing of the NPA samples 

was performed by Dr David Gallacher at the Institute of Child Health within University 

College London. All preparation and sequencing process followed the same protocol 

detailed in this Section, as performed by Dr Dagmar Alber and Dr Grace Logan. For the 

origin of primers used and other methodological techniques please refer to Gallacher et 

al 2020. 

2.9.1 qPCR Inhibition Check 

This was performed by Dr Dagmar Alber and colleagues. The qPCR inhibition assay 

was performed on a selection of samples. This was to ensure the DNA in the samples 

would amplify and there was no restrictions due to inhibition. A PowerSYBR Green 

PCR master mix (ThermoFisher, Leicestershire, UK), Table 7, was used with serial 

dilutions (neat, 1:10, 1:100, and 1:1000) of the sample DNA. All samples were run in 

duplicate. The sequence of the primers used during this assay are as follows: Forward 

primer TCCTACGGGAGGCAGCAGT, and the Reverse primer 

GGACTACCAGGGTATCTAATCCTGTT. 

Table 7. The reagents and volumes used during a qPCR inhibition assay. The total volume of the 

reaction 20 ɛl. All reagents were stored at -20 ɕC and kept on ice during preparation of the experiment. 

Volume Reagent 

10 ɛl Master Mix (ThermoFisher, Leicestershire, UK) 

6 ɛl Nuclease Free H2O (Bioline, London, UK) 

2 ɛl Sample DNA 

1 ɛl Forward Primer (Sigma-Aldrich, Dorset, UK) 

1 ɛl Reverse Primer (Sigma-Aldrich, Dorset, UK) 

 

The thermal cycling conditions are as detailed below, and all assays were carried out on 

the Biorad T100: 

¶ 10 minutes at 95 ɕC 
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¶ Followed by 45 cycles of: 

o 15 seconds at 95 ɕC 

o 1 minute at 60 ɕC 

The resulting Ct values for each dilution were plotted against a dilution factor. A 

straight line demonstrated no inhibition to the PCR reaction.  

2.9.2 Amplification of the 16S rRNA Gene Using Barcoded Primers 

and Adaptors 

This was performed by Dr Dagmar Alber and colleagues. The 16S ribosomal RNA gene 

is amplified using a PCR, prior to the addition of specific primers and sequencing. To 

allow for the multiplexing of samples and the binding of amplicons to the flow cells of 

the MiSeq device, specific primers are designed, and incorporate barcodes and adapters. 

The barcodes were a unique sequence of bases used to identify the sample during the 

sequencing procedure. The adaptors introduce a 5ô overhang to the sample DNA 

sequence, this allows for the binding of the target sequence to a complementary strand 

of DNA on the flow cell of the MiSeq instrument. Also included in these primers are the 

primer pad, link sequence and the gene specific sequence. The primer pad allows for 

adjustment of the melting temperature of the primer. Finally, the gene specific sequence 

is the traditional component of a primer and for this protocol is the V3-V4 region of the 

bacterial 16S gene. The sequences of the 16S rRNA gene specific part of the primer are 

314F: CCTACGGGNGGCWGCAG and 805R: GACTACHVGGGTATCTAATCC. 

Originally, these sequences were designed to study marine bacterial communities 

(Herlemann et al. 2011). However, they have been used extensively in research utilising 

next generation sequencing, and have been found to capture an accurate reflection of the 

bacterial community, as they have a broad taxonomic range (Klindworth et al. 2013). 

Figure 12 below shows in detail and exemplar primer used during this protocol, a full 

list of all the primers can be found in Appendix 2.  

 

Figure 12. An exemplar structure of the primers used during the 16S rRNA Gene Sequencing 

Illumina MiSeq sequencing. The full length of the primer is given below the detailed breakdown. 
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The PCR using the primers detailed in Figure 12 was performed using a Taq PCR Core 

Kit (Qiagen, Hilden, Germany), the master mix for the reaction is detailed in Table 8. 

Table 8. The volume and reagents used during the amplification of the 16S rRNA  gene with barcoded primers 

and adaptors. Preparation of this master mix and subsequent experiment was carried out in a fume hood to prevent 

contamination. 

Volume Reagent 

0.25 ml Taq Polymerase (Qiagen, Hilden, Germany) 

1 ml MgCl2 Solution (25mM) (Qiagen, Hilden, Germany) 

1 ml dNTP Mix (10mM of each nucleotide) (Qiagen, Hilden, Germany) 

10 ml Q Solution (Qiagen, Hilden, Germany) 

5 ml 10 x Buffer (Qiagen, Hilden, Germany) 

25.25 ml  Nuclease Free H2O (Bioline, London, UK)  

 

Once the master mix had been made as described above, 42.5 ml was aliquoted into the 

appropriate wells of a 96 well PCR plate (Elkay, Hampshire, UK). This was followed 

by the addition of 1.25 ml of the relevant primer forward and reverse primer (Sigma-

Aldrich, Dorset, UK) at a concentration of 20 pmol was added to each well as shown in 

Figure 13. Each sample for a total of two 96 well plates, was given a unique set of 

barcoded primers, as 2 sets of reverse primers were available. Amplification of samples 

were performed in batches of between 24-36 samples, in each batch a DNA extraction 

control and a negative control were run alongside the samples. Any batches that resulted 

in the production of a positive negative control were discarded and the experiment 

repeated.  

 

Figure 13. A diagrammatic layout of the primers included in each well of the amplification PCR. 

Therefore, each well contains a forward primer dictated by the columns in the diagram and a reverse 
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primer shown by the rows. For example, the well labelled with a red circle will include forward primer 8 

and reverse primer 5. 

Once the reaction was set up as detailed earlier, the plate was sealed and run on a 

thermal cycler under the conditions detailed in Table 9. 

Table 9. Thermal cycling conditions used during the amplification of the 16S RNA gene and 

addition of barcoded primers.   

Step Temperature Time Cycles 

Initial Denaturation 95 ̄ C 3 minutes 1 

Denaturation 95 ̄ C 30 seconds 

x 30 Annealing 54 ̄ C 30 seconds 

Extension 72 ̄ C 1 minute 

Final Extension 72 ̄ C 10 minutes 1 

Hold 12 ̄ C ¤ 1 

2.9.3  Purification of PCR Products 

This was performed by Dr Dagmar Alber and colleagues. Purification of the PCR 

products was achieved using AMPure Beads (Beckman Coulter (UK), High Wycombe, 

UK). Before purification could begin the AMPure Beads must be brought to room 

temperature and vortexed to ensure even distribution of the beads, before the addition of 

PCR products. As the V3-V4 primers for the 16S rRNA gene were used during this 

study, 35 ml of the AMPure Beads was added to each well containing PCR products. To 

ensure adequate mixing of the sample and beads pipetting up and down in each well at 

least 10 times was performed. The resulting solution was then incubated at room 

temperature for 5 minutes, to ensure complete binding of DNA to the beads. The plate 

was then placed on a magnetic stand for 2 minutes until the supernatant was clear and 

all beads were clustered at the bottom of the well. Whilst the plate remained on the 

stand the supernatant was carefully removed and discarded, 200 ml of 80% ethanol was 

added to each well and incubated for 30 seconds. The supernatant was then removed, 

and the process repeated, all ethanol was removed prior to the next step. With the plate 

in situ on the magnetic stand it was left to air dry for 15 minutes. The plate is then 

removed from the magnetic stand. 50 ml of AE buffer was added to each well and mixed 

thoroughly, then left to incubate at room temperature for 2 minutes. The plate was then 

placed on the magnetic stand and left for 2 minutes until the supernatant was clear. The 

supernatant was then aspirated and stored in a new 96 well PCR plate for up to 1 week 

at -20 ̄ C.  
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2.9.4 Post PCR Quantification and Sample Pooling 

This was performed by Dr Dagmar Alber and colleagues. Each sample was quantified 

using the Qubit HS assay for dsDNA on the Qubit analyser (Thermo Fisher, 

Leicestershire, UK), as previously described in Section 2.7. Furthermore, 2 ml of the 

sample DNA to be quantified was used per sample. Only samples with DNA 

concentrations greater than 0.5 ng/ml were taken forward to be sequenced, as they were 

considered to have amplified sufficiently for pooling. However, due to difficulties in 

amplifying the BAL samples, the threshold was lowered to 0.1 ng/ml. If a sample was 

above the threshold it was diluted appropriately to 0.5 ng/ml, if sample were 0.5 ng/ml 

they were used neat. Finally, 10 ml of each sample was combined into a single solution 

to produce the amplicon library. This was then aliquoted into smaller volumes and 

stored at -20 ̄ C. 

2.9.5 Pooled Library Quantificati on and Quality Check 

This was performed by Dr Dagmar Alber and colleagues. The pooled library was 

quality checked and quantified using the TapeStation dsDNA assay (Agilent 

Technologies, California, USA). All samples were allowed to equilibrate to room 

temperature for 30 minutes before use. To the first well of a 96 well plate (Elkay, 

London, UK) 2 ml of ladder and 2 ml of sample buffer was added. To all other wells 2 ml 

of sample buffer and 2 ml of sample was added. The plate was then covered and 

vortexed (IKA) for 1 minute, each well was then pooled by centrifugation. Samples 

were then loaded into the Agilent 42000 TapeStation (Agilent Technologies, California, 

USA), and the assay started. The resulting data was quantified and displayed in the 

following formats. Firstly, an image similar to that of a gel electrophoresis is produced, 

Figure 14. The results should show one clean band at the expected size, this was 

determined by the ladder run alongside each sample. Finally, a ópeak tableô is produced, 

which provided the concentration of each peak at pg/ml. These results were used during 

the dilution of the library. 
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Figure 14. An example of the data and results output from the TapeStation. (A) Is a gel image 

produced by the TapeStation. Also shown on the image is an upper marker highlighted in purple and a 

lower marker highlighted in green. (B) Is a line graph produced by the TapeStation, that shows the same 

data as the gel image. This graph also includes in the upper and lower markers. 

The final step is to quantify the library and to confirm the presence of Illumina primers 

on the 16S rRNA gene amplicons. This was achieved using the Next Library QuantKit 

for Illumina (New England Biolabs, Massachusetts, USA). The assay used a qPCR 

reaction containing 4 known standards to accurately quantify the concentration of DNA 

containing Illumina primers, within the pooled library. Prior to preparation of the library 

dilutions certain components of the QuantKit were prepared according to 

manufacturerôs instructions. The library dilutions were prepared as follows: 1:100, 

1:1000, 1: 10,000 and 1:100,000 with 1 x Dilution buffer prepared previously. 

Following this, the qPCR assays were prepared and run triplicate. 16 ml of the Master 

mix, prepared previously, was combined with 4 ml of each library dilution and 4 ml of 

the QuantKit standards (supplied in the kit ready for use). In addition, a no template 

control using only the dilution buffer was prepared. The assay was then run on the 

Biorad T100 machine using the FAM/SYBR channel, the thermal cycling conditions are 

shown in Table 10. 

Table 10. Thermal cycler conditions for quantification of pooled DNA library.  

Step Temperature Time Cycles 

Initial Denaturation 95 ̄ C 1 minute 1 

Denaturation 95 ̄ C 15 seconds 
x 35 Cycles 

Extension 63 ̄ C 45 seconds 

From the results the DNA concentration of the library was ascertained. The supplied 

DNA standards represents the following concentrations: 10 pM, 1pM, 0.1 pM, and 0.01 

pM. Using the standards and the calculation below, the library concentration can be 

adjusted: 
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Adjusted Concentration = Calculated Concentration x 399  

                                                   Library Size (bp) 

2.9.6 Denaturing, Dilution and Loading of the Library into the MiSeq  

This was performed by Dr Dagmar Alber and colleagues. Sequencing was performed on 

a MiSeq instrument (Illumina UK, Cambridge, UK). Prior to loading of the samples into 

the cartridge, the library is denatured by diluting with an equal volume of 0.2 N Sodium 

Hydroxide and Tris-HCL. The library was then further diluted with the hybridization 

HT1 buffer (Illumina UK, Cambridge, UK) to a concentration of 4 pM. Following 

denaturation and dilution the library was combined with denatured PhiX Control v3 

DNA (Illumina UK, Cambridge, UK), this was to act as an internal control alongside 

the low diversity amplicon library. The final library was then loaded into the MiSeq 

cartridge (Illumina UK, Cambridge, UK) alongside the custom primers. A clean flow 

cell (Illumina UK, Cambridge, UK) is also required for the reaction, so this was added 

before the run was started. The MiSeq run was then initiated. The resulting FASTQ files 

were then taken forward to analysis.        

2.10 Sequencing Data Processing using Mothur 

Mothur v1.39.5 was used to process the 16S rRNA gene sequencing data. Mothur is an 

open-source, platform-independent and community supported software for describing 

and comparing microbial communities (Schloss et al. 2009). In order to process the raw 

data in a timely manner, the HIVE multicore processor computer (School of Bioscience, 

Cardiff University, UK). Due to the remote nature of this computer the relevant files 

needed to be uploaded using a File Transfer Program (FTP). Due to working on both a 

Macintosh and Windows system both Cyber Duck and WinSCP, respectively, were 

used to facilitate files transfer. Furthermore, the inbuilt Terminal app on the Macintosh 

and the PuTTy program was used on a Windows system. This software facilitated 

access to the remote HIVE computer in order to give commands during the data 

processing. A full copy of all the commands used in the Mothur package to process the 

raw sequencing data can be found in Appendix 3.  

The aim of this protocol was to remove erroneous sequences and other unwanted data, 

this allowed the grouping of the remaining sequencing into Operational Taxonomic 

Units (OTUs) prior to data analysis. To begin with, the complementary forward and 
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reverse reads, another name for sequencing data, are combined to form contigs, or 

overlapping reads. Next, sequences that are greater than the 97.5th percentile and with 

more than 12 ambiguous bases are removed. All unique sequences are then combined to 

reduce time during further analysis. The resulting sequences are then aligned to the 

SILVA, version 132, reference database of 16S rRNA gene sequences (Quast et al. 

2013). Once the sequences have been aligned to 16S rRNA gene, sequences that do not 

cover the target sequence, V3-V4, are removed along with sequences that contain a 

maximum homopolymer length of 6. The regions V3-V4 were chosen as they provide 

the best coverage for bacterial species. The sequences are then trimmed by removing the 

overhangs at each end of the target sequence. The unique sequences command was then 

re-run, as the alignment and overhang stages will have generated more. Following this, 

all sequences with up to 2 base pair differences were combined into the most abundant 

group. Here it is assumed that these differences are due to sequencing errors and not 

phylogenetic differences. All chimeric sequences were then removed. The entire dataset 

is then split into rare and abundant sequences, with rare meaning one copy of the 

sequence. One of the most crucial steps in assigning each sequence a taxonomic 

classification. For this command a group of files called Trainset 16 was downloaded 

from the Ribosomal Database Project (RDP), these are the files Mothur uses to 

determine the identity of a sequence (Cole et al. 2014). Once the origin of the sequences 

was known, all organisms of non-bacterial origin can be removed, as they are not 

relevant to this study. The identity of all the sequences are them grouped into OTUs. A 

file was then created detailed the number of times each OTU appeared in each sample, 

this is one of the files taken forward to data analysis. However, this is a large amount of 

data and it was favourable to create a smaller sub sample of the larger dataset to take 

forward for data analysis. Therefore, all samples containing less than 1000 reads were 

excluded from further analysis. Using this subsampled dataset, the uncorrected pairwise 

distances between aligned DNA sequences were calculated, quantifies the relatedness 

between sequences and therefore samples. In addition, the alpha diversity indices of the 

subsampled data were determined, this allows for analysis into the relatedness of 

organisms within each sample.  

Outside of the Mothur software, further analysis was performed. Firstly, a phylogenetic 

tree using the FastTree software was drawn (Price et al. 2009). However, in Mothur the 

weighted UniFrac distances can be calculated using the phylogenetic tree drawn using 

FastTree. Secondly, using a file containing a representative sequence of each OTU the 
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species identity of each OTU can be determined using the USearch command and the 

16S rRNA Gene Sequencing Training Set reference database from the RDP (Edgar 

2010). A threshold of 97 % exact sequence match to the database was needed in order to 

assign a species identity to each OTU.  

During later analysis it was found that some of the species identified could be wrong, in 

other words it did not fit with previously published data in the area. As a result, the 

accuracy of the species identified was checked by comparing the representative 

sequence for the OTU with sequences in the RDP for the identified genus. Only samples 

where the sequence showed greater than 97 % similarity to only 1 species within the 

RDP, were taken as correct and remained in the dataset. In cases where more than one 

species shared greater than 97% identity with the representative sequence, the 

sequencing was determined not be of an adequate depth to identify species.              

2.11 Data Analysis 

2.11.1 16S rRNA Gene Sequencing Data 

The resulting output from the Mothur software was reformatted, in Microsoft Excel 

(2013), in order to be imported into R, a statistical computing and graphics software 

(Colin et al. 2017). The version of R used for all analysis was 3.4.1 (Single Candle). A 

core package used for this analysis was Phyloseq, allowing for the graphical 

representation of 16S rRNA gene sequenced microbiome data (McMurdie and Holmes 

2013). This package was used in the R environment.  

The Mothur output was reformatted into an OTU and a taxonomy table. The taxonomy 

table contained a list of all the OTUs identified by Mothur and the taxonomy for each 

OTU. The OTU table contained a list of all the OTUs and the number of times they 

appeared in each sample. In order to make the analysis more meaningful, in other words 

to examine the most predominant organisms, the OTUs containing less than 10 reads 

and that constituted less than 5% of the total sample, were removed. These resulting 

files were then imported into R and further analysis performed. 

In the R environment, independent of the analysis to be done there are several key steps. 

Firstly, the relevant packages, such as phyloseq, and working directory, i.e. the location 

of the files to be imported into R, have to be set. Furthermore, another step that is 

repeated across analysis of sequencing data is to transform the sample counts. This step 
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converts the number of reads per sample into a percentage in order to display the results 

as relative abundance. Then, depending on the analysis to be done the steps are 

different. 

2.11.1.1 Visualising 16S rRNA Gene Sequencing Data Using the R Software 

The bar charts were produced using the following method. The packages needed for this 

analysis are phyloseq and ggplot2. Firstly, using the OTU and taxonomy files a 

óphyloseq objectô can be created, a matrix data frame containing the information from 

both sources. Then using this object, a bar chart is plotted to show the presence of each 

organism in each sample. Furthermore, the taxonomic levels of the bar chart can be 

changed from Phylum to Genus, as appropriate. 

In order to determine the spread of data between groups, a combination of a boxplot and 

bee swarm can be used. The boxplot function is inbuilt to the R software, so an 

accessory package is not required, however for the bee swarm the óbeeswarmô package 

is needed. Firstly, the data is imported into the R environment. Then the boxplot is 

drawn first, followed by the bee swarm, which overlays onto the boxplot. This allows 

for the visualization of the spread of data alongside the mean and other statistics.  

2.11.1.2 Diversity Analysis of 16S rRNA Gene Sequencing Data 

Commonly the next step in microbiome data analysis is to determine the alpha diversity 

within samples. The data used during this analysis was generated in Section 2.10 using 

the Mothur software. In order to visualize the data, it was imported into Excel 

(Microsoft Office). Using the Excel software, histograms were drawn to show the 

change in alpha diversity over time.    

Beta diversity analysis, using Principal Coordinates Analysis (PCoA), started with the 

initial steps listed above and used the R software. PCoA plots are used to determine 

relationships between samples in a dataset. Furthermore, meta data on the samples can 

be included, which allows for investigations into the causes of potential clustering. 

Firstly, the necessary packages within R were loaded, these were phyloseq, ggplot2 and 

vegan. For this analysis three data files were needed, the OTU, taxonomy and a meta 

data file containing information such as the gender etc. In the same process as before a 

phyloseq object is created from the three data files. Specifically, to the PCoA plots the 

data contained within the phyloseq object was ordinated using the Bray-Curtis 
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dissimilarity index (Beals 1984). The Bray-Curtis dissimilarity index is a statistical 

method to quantify the compositional dissimilarity between two different sites, or 

samples, which is based on the counts, number of reads of an OTU, at each site. Then 

using gglot2 it was possible to plot the ordination data in 2-dimensional space on a 

PCoA plot. The full script for this analysis can be found in Appendix 4.     

2.11.2 General Data Analysis 

2.11.2.1 Statistics. 

For this project a p value of 0.05 was used. A Mann-Whitney U test, conducted in SPSS 

was used to determine significance for this thesis. 

2.11.3 STAMP 

STAMP as described by its creators is ña software package for analysing taxonomic or 

metabolic profilesò (Parks et al. 2014). Furthermore, the software allows you to choose 

the most appropriate statistical test for the data you have, this allows for more accurate 

reporting of results. The OTU and Meta data files are all that is needed for this software. 

For this project, this software was used to determine any significant effects of clinical 

data on microbiome profiles. The main test used to determine these differences was 

extended error bars.   

2.12 Determination of Protease Activity  

2.12.1 Preparation of Casein Fluorescein Isothiocyanate (FITC-Casein)  

Manufacturerôs instructions show that 5 mg/ml is an appropriate concentration for 

FITC-Casein for storage, with the following adjustments. 5 mg of FITC-Casein is 

dissolved in 1 ml of sterile deionised H2O. This solution was then aliquoted into 20 ml 

volumes in sterile 1.5 ml tubes (Eppendorf UK, Stevenage, UK) and stored at -20 ̄ C 

until further use. In addition, all FITC-Casein aliquots and working solutions were 

stored away from light. Upon use the 20 ml FITC-Casein would be diluted with 980 ml 

of sterile deionised H2O, to a working concentration of 50 mg/ml. 



 

 95 

2.12.2 Preparation of Standards 

Trypsin was used as the standard for all protease activity assays during this project. 

Each set of standards were prepared for each assay and were never stored or frozen, this 

was to ensure 100% activity. The top standard was prepared at 1 mg/ml of Trypsin in 1 

x PBS. The standards were then made using a serial dilution to 10 ng/ml. For each assay 

100 ml of the standard was used.    

2.12.3 FITC -Casein Assay for the Determination of Total Protease 

Activity  

FITC-Casein aliquots and samples were defrosted on ice for at least 2 hr before the 

assay was set up. Whilst the samples were defrosting the Trypsin standards were 

prepared and stored on ice. All reagents were stored on ice to prevent breakdown of the 

products, or premature proteolytic reactions. Once the FITC-Casein was defrosted, 980 

ml of sterile deionised H2O was added and the mixture thoroughly vortexed. In a 96 well 

plate (Nunc, Thermo-Fisher, Loughborough, UK) 50 ml of the working stock of FITC 

was pipetted into all appropriate wells. Then 100 ml of the sample or standard to be 

tested was pipetted into the necessary wells. All samples and standards were measured 

in triplicate. The plate was then sealed and incubated at room temperature in a light free 

environment. Numerous samples were tested for protease activity using this method 

such as Faecal Total Extracellular Protein Extracts (FTEPEs), supernatants from 

bacterial cultures, Faecal Total Protein Extracts (FTPEs), for example. Upon completion 

of the 1 hour incubation the pate was then unsealed and placed into the Tecan plate 

reader (Tecan, Switzerland). The fluorescence was then measured using an excitation 

and emission filter of 485 nm/538 nm respectively. Furthermore, a blank in triplicate of 

the sample diluent was assayed alongside the samples and standards. 

2.12.4 Analysis of Protease Activity Data 

The inclusion of the standards not only provided a positive control to the experiments 

but were also used to provide a quantitative measurement of the relative protease 

activity of the unknown samples. The final fluorescence measurement, once the 

background fluorescence had been deducted (negative control), for the top Trypsin 

standard was taken as 100% protease activity. The majority of samples tested were 

normalised to a total protein concentration of 1 mg/ml. Therefore, if a sample showed 
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100% protease activity then the 1 mg/ml protein content was purely proteases. Once the 

unknown samples had the background reading removed, it was compared to the top 

Trypsin standard and a percentage of activity compared to 1 mg/ml of Trypsin was 

given.  

2.13 ProteaseArrest Assay 

The samples tested using this assay were the faecal total extracellular protein extracts, 

previously normalised to 1 mg/ml total protein. The same protocol, as per 

manufacturerôs instructions, was followed for both the bacterial and human 

ProteaseArrest (G-Biosciences, USA). Furthermore, all reagents were kept on ice during 

this experiment and both the ProteaseArrest and samples were defrosted before use. In a 

96 well plate (G-Biosciences, USA) add 100 ɛl of the sample in question to the 

appropriate wells. To each sample 1.5 ɛl of ProteaseArrest and 1.5 ɛl of 100 x EDTA 

solution (G-Biosciences, USA) was added to each sample. Finally, 50 ɛl of FITC-

Casein was added to each well. The plate was then sealed and incubated for 1 hour at 

room temperature. The fluorescence was then measured on Tecan (Switzerland) to 

determine the inhibitor effect of the ProteaseArrest. These assays were used because 

there were no other suites of protease inhibitors available.  

2.14  ProteSeeker Assay 

During this assay all reagents were defrosted and kept on ice. In a 96 well plate (Nunc, 

Denmark) 100 ɛl of the sample to be test was added, this was followed by 1.5 ɛl of the 

100 x protease inhibitor to the appropriate well. In total there was 12 protease supplied 

in the kit that were tested, separately, upon the same sample. Finally, 50 ɛl of FITC-

Casein was added, the plate sealed and incubated for 1 hour at room temperature. The 

fluorescence was then measured on Tecan to determine the level of inhibition by the 12 

inhibitors of the ProteoSeeker kit (G-Biosciences, USA).  
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2.15 Determination of the Dominant Protease Profile of Preterm Infant 

Faecal Samples. 

2.15.1  Determination of Protease Origin using the G-Biosciences 

ProteaseArrest Kits 

The samples tested using this assay were the faecal total extracellular protein extracts, 

previously normalised to 1 mg/ml total protein. The same protocol was followed for 

both the bacterial and human ProteaseArrest, as per manufacturerôs instructions (G-

Biosciences, USA). Furthermore, all reagents were kept on ice during this experiment 

and both the ProteaseArrest and samples were defrosted before use. In a 96 well plate 

(G-Biosciences, USA) add 100 ɛl of the sample in question to the appropriate wells. To 

each sample 1.5 ɛl of ProteaseArrest and 1.5 ɛl of 100 x EDTA solution (G-

Biosciences, USA) was added to each sample. Finally, 50 ɛl of FITC-Casein was added 

to each well. The plate was then sealed and incubated for 1 hour at room temperature. 

The fluorescence was then measured on Tecan (Switzerland) to determine the inhibitor 

effect of the ProteaseArrest. Again, this was the only kit available on the market.  

2.15.2  Determination of Protease Families using the G-Biosciences 

ProteSeeker Kit 

Protocol was followed as per manufacturerôs instructions. During this assay all reagents 

were defrosted and kept on ice. In a 96 well plate (Nunc, Denmark)) 100 ɛl of the 

sample to be test was added, this was followed by 1.5 ɛl of the 100 x protease inhibitor 

to the appropriate well. In total there was 12 proteases supplied in the kit that were 

tested, separately, upon the same sample. Finally, 50 ɛl of FITC-Casein was added, the 

plate sealed and incubated for 1 hour at room temperature. The fluorescence was then 

measured on Tecan (Switzerland) to determine the level of inhibition by the 12 

inhibitors of the ProteoSeeker kit (G-Biosciences, USA). Again, this was the only kit 

available on the market.   

2.15.3  Fluorescence Assay to Determine the Protease Inhibition of 

Preterm Faecal Samples.   

The results of the ProteSeeker kit from Section 2.14, showed that only 2 of 12 inhibitors 

were significantly effective on a sample of the total faecal extracellular protein extracts. 
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Therefore, for the entire cohort it was decided to only test all the samples for the 

presence of these 2 proteases. This protocol was conducted as follows.  

The protease inhibitors were made as a concentrated stock solution, aliquoted and stored 

at -20 ɕC, prior to experiments. Phenylmethylsulfonyl fluoride (PMSF) (Melford, 

Suffolk, UK) was made to a stock concentration of 100mM, 0.01742 g of PMSF was 

diluted in 1 ml of 98 % ethanol. The solution was then aliquoted into 20 ɛl and stored at 

-20 ɕC. The second protease inhibitor was ethylenediaminetetraacetic acid (EDTA). 

EDTA (Acros Organics, Fisher Scientific, Loughborough, UK) was made to a 

concentration of 10 mg/ml in sterile H2O. The solution was stored at -20 ɕC in 100 ɛl 

aliquots.  

All reagents for the experiments were defrosted on ice for at least 1 hour prior to setting 

up, and then kept on ice throughout. Firstly, the PMSF stock solution was diluted 1 in 

10 to produce a working concentration of 10mM. Next 100 ɛl of each sample was added 

in triplicate to the appropriate wells. This was followed by 7.5 ɛl of PMSF and 3.75 ɛl 

of EDTA to each sample in the appropriate wells. Finally, 50 ɛl of FITC was added to 

each well, the pate sealed and incubated in the dark, at room temperature for 1 hour.  

After the 1 hour incubation, the plate was read in the Tecan Infinite M200 Pro (Tecan, 

Switzerland) at an excitation and emission filter of 485 nm and 538 nm.  

2.15.4  Analysis of the protease inhibition of preterm faecal samples. 

Included in the experiment is each sample without inhibition, in triplicate, the 

fluorescence of this sample is taken as 100 % activity. The sample containing an 

inhibitor are then compared to the 100 % value and the percentage inhibition calculated. 

For example, if a sample gave 56 % activity in the presence of an inhibitor, this would 

give a 44 % inhibition. This data analysis was performed using Excel from Microsoft 

Office.  

Further analysis from this allowed for the determination of the protease content of the 

sample in question. For example, using the previous example, if there was 44% 

inhibition by PMSF, but no inhibition by EDTA, then I would define this sample as 

having a varied protease profile. This is because the level inhibition by a serine protease 

does not constitute more than half of the inhibition of that sample, and there is no 

inhibition by EDTA. To give another example, if there was more than 50% inhibition by 
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both PMSF and EDTA, then this sample would be defined as having a serine and 

metalloprotease profile. All of the samples were evaluated in this way to determine the 

families of proteases present in each sample.      

2.16 Enzyme-Linked Immunosorbent Assays (ELISAs) Protocol 

The concentration of IL-6 and IL-8 in the total faecal extracellular protein extracts was 

tested using an enzyme-linked immunosorbent assay or ELISA. The principal of this 

assay is to quantify the amount of IL-6 or IL-8 in a sample by comparing it against the 

samples used. The amount of absorbance measured is proportional to the amount of the 

IL -6 or IL-8 in a sample. The ELISA utilises a capture antibody to the inflammatory 

molecule in question, this antibody is bound to the bottom of well in a 96 well plate 

(R&D Biosystems, Minnesota, USA). A biotinylated detection antibody is then 

incubated with capture antibody and molecule in question, it then binds to capture 

antibodies containing the molecule in question. All unbound detection antibody is 

washed away before the next step. When the sterptavidine HRP is added to the well it 

binds to the detection antibody, a blue colour develops when tetramethylbenzidine 

substrate solution is added to the well. This blue colour is proportional to the amount of 

inflammatory molecule bound to the capture antibody. Concentrated acid was added to 

stop the reaction and a yellow colour develops. The absorbance is then measure.   

2.16.1  IL -6 

The DuoSet IL-6 ELISA kit (R&D Systems, MN, USA) was used to measure the IL-6 

concentration in total extracellular faecal protein extracts, as per the manufacturerôs 

instructions and as detailed below. All antibodies and reagents were provided in the 

ELISA kit. This kit was chosen above others as it contains both IL-6 and IL-8. 

Firstly, the 96 well plate (R&D Biosystems, MN, USA) was prepared by diluting the 

capture antibody to a concentration of 2 ɛg/ml in plate coating buffer (1 x PBS, supplied 

in kit). 100 ɛl of the capture antibody solution was added to each well, the plate sealed 

and incubated at room temperature, protected from light overnight.  

The next day, the plate was washed with 200 ɛl of wash buffer (R&D Biosystems, MN, 

USA), in each well, this process was repeated 3 times. The plate was then incubated for 

1 hour at room temperature with a 1% BSA in reagent diluent solution, 200 ɛl of this 

solution was added to each well. The aim of this step is to óblockô any areas of the plate 
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from being able to contain any IL-6 when the same is added, so only the capture 

antibody contains the IL-6, this gives a more accurate reading. Following the 

incubation, the plate is washed as per above. Following this, 100 ɛl of either standard, 

sample or blank (reagent diluent, protein storage buffer) was added to the appropriate 

wells. IL-6 standards were prepared as follows: a stock solution of recombinant human 

IL -6 (supplied in kit) was prepared into a 1:2 serial dilution form 600 pg/ml to 9.375 

pg/ml. The standards were diluted in reagent diluent. The standards, samples and blanks 

were incubated for 2 hours at room temperature, protected from light. The samples were 

defrosted and kept on ice before addition to the plate. Once again, the incubation was 

followed by the wash step. Next, 100ɛl of the biotinylated detection antibody, made in 

reagent diluent to 50 ng/ml was added to the appropriate wells and incubated for 2 

hours, in the same conditions. The wash step was repeated before the addition of the 

streptavidine-HRP. The Strepavidine-HRP was diluted 1 in 40 in reagent diluent, and 

100 ɛl was added to each well and incubated for 20 minutes at room temperature, 

protected from light. Another wash step was performed. The substrate solution 

(supplied in kit) was prepared using equal volumes of reagent A and reagent B, 100 ɛl 

of this was then added to each well and incubated in the dark for 20 minutes. Wells 

containing IL-6 turned blue. After 20 minutes 50 ɛl of stop solution (2 N Sulphuric 

acid, supplied in kit), this turned the blue to a yellow colour. The absorbance of each 

well was then measured using a plate reader (Tecan, Switzerland) at 450 nm.   

2.16.2  IL -8 

A DuoSet IL-8 ELISA kit (R&D Systems, MN, USA) was used to measure the IL-8 

concentration in total extracellular faecal protein extracts, as per the manufacturerôs 

instructions. All antibodies and reagents were provided in the ELISA kit. This kit was 

chosen above others as it contains both IL-6 and IL-8. 

Firstly, the 96 well plate (R&D Systems, MN, USA) was prepared by diluting the 

capture antibody to a concentration of 2 ɛg/ml in plate coating buffer (1 x PBS, supplied 

in kit). 100 ɛl of the capture antibody solution was added to each well, the plate sealed 

and incubated at room temperature, protected from light overnight.  

The next day, the plate was washed with 200 ɛl of wash buffer (R&D Systems, MN, 

USA), in each well, this process was repeated 3 times. The plate was then incubated for 

1 hour at room temperature with a 1% BSA in reagent diluent solution, 200 ɛl of this 
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solution was added to each well. The aim of this step is to óblockô any areas of the plate 

from being able to contain any IL-6 when the same is added, so only the capture 

antibody contains the IL-6, this gives a more accurate reading. Following the incubation 

the plate is washed as per above. After the wash step the standards, samples and blanks 

(reagent diluent and protein storage buffer) are added to the appropriate wells and 

incubated for 2 hours at room temperature, protected from light. The IL-8 standards 

were prepared were prepared using a stock of recombinant human IL-8 supplied with 

the kit, and reagent diluent prepared as follows: 0.1% BSA in Tris-buffered saline and 

0.05 % Tween 20. A 2:1 serial dilution was prepared from 2000 pg/ml to 31.25 pg/ml in 

reagent diluent. The standards, samples and blanks were incubated for 2 hours at room 

temperature, protected from light. The samples were defrosted and kept on ice before 

addition to the plate. Once again, the incubation was followed by the wash step. Next, 

100ɛl of the biotinylated detection antibody, made in reagent diluent to 50 ng/ml was 

added to the appropriate wells and incubated for 2 hours, in the same conditions. The 

wash step was repeated before the addition of the streptavidine-HRP. The Strepavidine-

HRP was diluted 1 in 40 in reagent diluent, and 100 ɛl was added to each well and 

incubated for 20 minutes at room temperature, protected from light. Another wash step 

was performed. The substrate solution (supplied in kit) was prepared using equal 

volumes of reagent A and reagent B, 100 ɛl of this was then added to each well and 

incubated in the dark for 20 minutes. Wells containing IL-6 turned blue. After 20 

minutes 50 ɛl of stop solution (2 N Sulphuric acid, supplied in kit), this turned the blue 

to a yellow colour. The absorbance of each well was then measured using a plate reader 

(Tecan, Switzerland) at 450 nm.       

2.16.3  Analysis of ELISA Results 

The value of the blanks was subtracted from the samples and standards, in order to 

begin analysis. A standard curve was drawn using the values obtained from the known 

standards, using a 4-parameter logistic curve fit. The concentration of the unknown 

samples was then interpolated from the standard curve. The software used to perform 

this analysis was GraphPad Prism. Shown below is an example of the standard curve 

generated from the analysis if an IL-6 ELISA.  
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2.17 qPCR for Total Bacterial Load 

2.17.1  Preparation of Standards 

Escherichia coli (E. coli) genomic DNA was obtained using the following method. A 

pure culture of E. coli was grown from a freezer stock provided by Prof Julian 

Marchesi. The freezer stock was prepared from tryptic soy broth (TSB) and 10 % 

DMSO. E. coli was grown on plates of nutrient agar overnight at 37 ɕC and 5 % CO2. A 

single colony was then picked using a sterile loop in aseptic conditions and grown in 

TSB overnight with shaking at 37 ɕC and 5 % CO2. The overnight culture was then 

centrifuged at 4000 rpm for 30 minutes at 4 ɕC. The supernatant was removed, and the 

cell pellet taken for DNA extraction using the method outlined in Section 2.8.1. 

Concentration of the DNA extract was determined using a Qubit fluorometer as detailed 

in Section 2.7. This was determined to be 24.5 ɛg/ml. 

 The E. coli genome contains 7 copies of the 16S rRNA gene (Klappenbach et al. 2001) 

and in total the genome comprises of 4.6 x 106 base pairs (Blattner et al. 1997). 

Furthermore, the average molar mass of a single base pair is 650 g/mol/bp. Below is the 

calculation to determine the number of copies of the 16S rRNA gene in the extracted 

DNA from a pure E. coli culture, where the DNA concentration was measured to 24.5 

ɛg/ml. 

1. Calculate the weight of 1 mole of the E. coli genome: 

= Size of the E. coli genome x Molar mass per base pair 

= 4.6 x 106 base pairs x 650 g/mol/bp 

= 2.99 x 109 g/mol 

2. Calculate the Molarity of the E. coli genome within the solution of extracted 

DNA: 

= Concentration of DNA in solution / Molar mass of E. coli genome 

= 24.5 x 10-3 g/L / 2.99 x 109 g/mol 

= 8.194 x 10-12 M 

3. Multiply by Avogadroôs constant to calculate the number of copies of the E. 
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coli genome in solution: 

= 8.194 x 10-12 x 6.022 1023 

= 4.934 x 1012 copies/L 

= 4.934 x 109 copies/ml 

4. Multiply  by 7 to find the number of copies of the 16S rRNA gene within the 

extracted DNA: 

= 4.934 x 109 copies/ml x 7 

= 3.454 x 1010 copies of the 16S rRNA gene per ml 

5. It was decided that seven standards would be used, ranging from 1 x 107 to 1 x 

101 copies per ml. Therefore, the standards were prepared using the following 

calculations: 

1ml (1000 ɛl) / 2.5 ɛl (volume used in the qPCR reaction) 

= 400 

6. Therefore, the first standards needs to be 400 times more concentrated in order 

for 2.5 ɛl to contain 1 x 107 copies of the 16S rRNA gene: 

1 x 107 x 400 = 4 x 109 copies per ml 

7. Using the C1 x V1 = C2 x V2 calculation: 

4 x 109 copies/ml x 1 ml = 3.454 x 1010 copies/ml x V2 

= 4 x 109 x 1 / 3.454 x 1010 

= 0.1158 ml 

= 115.8 ɛl of the extracted E. coli DNA 

8. Therefore, a serial dilution was made using 115.8 ɛl and 884.2 ɛl nuclease free 

water (Severn Biotech).   

2.17.2  qPCR Protocol for Quantification of Bacterial Load 

The assay to quantify bacterial load in samples was adapted by Dr David Gallacher and 

performed by myself, from the BactQuant protocol published by Liu et al 2012 (Liu et 

al. 2012). All experiments were performed using strips of white Thermo-Tubes in white 
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with clear caps (Thermo Scientific, UK) on the Bio-Rad machine. Furthermore, the 

MxPro software package was used to collect and export the data. A master mix was 

prepared as per Table 11. 

Table 11. qPCR for bacterial load reaction components and volumes. The total reaction volume used 

is 10 ɛl. All reagents were stored at -20 ɕC and kept on ice during any experiments.   

Volume Reagent 

5 ɛl 
Platinum qPCR Supermix ï UDG ï with ROX (Thermo Scientific, 

Leicestershire, UK) 

2.12 ɛl Nuclease Free H2O (Severn Biotech Ltd, Worcestershire, UK) 

0.18 ɛl Forward Primer (100 ɛM) (Thermo Scientific, Leicestershire, UK) 

0.18 ɛl Reverse Primer (100 ɛM) (Thermo Scientific, Leicestershire, UK) 

0.0225 ɛl TaqMan Probe (Thermo Fisher, Leicestershire, UK) 

 

The sequences of the forward and reverse primers used during this protocol are as 

follows (Liu et al. 2012): 

1. Forward Primer: 5ô ï CCTACGGGDGGCWGCA - 3ǋ 

2. Reverse Primer:  5ǋ- GGACTACHVGGGTMTCTAATC -3ǋ 

 

The above primers were obtained in a lyophilised form (Thermo Scientific, 

Leicestershire, UK) and reconstituted to 100 ɛM, according to manufacturerôs 

instructions, using nuclease free H2O.  

A TaqMan Probe incorporating a 6-FAM (6-Carboxyfluorescein) reporter and a 

Molecular-Groove Binding Non-Fluorescence Quencher (MGBNFQ) was used for this 

assay (ThermoFisher, Leicestershire, UK). The sequence is detailed below: 

TaqMan Probe: (6FAM) 5ǋ-CAGCAGCCGCGGTA-3ǋ (MGBNFQ) 

Prior to each reaction the pipettes used during this assay were irradiated using UV light 

for 5 minutes. Furthermore, set up of the reaction is done under a flow hood. This was 

done to reduce contamination. For each reaction 7.5 ɛl of the master mix, detailed in 

Table 11, was added to each tube. In addition, to the master mix 2.5 ɛl of standard DNA 

or unknown sample was added. This makes the total reaction volume to be 10 ɛl.  

The thermal cycling conditions are listed below: 
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¶ 3 minutes at 50 ɕC for UNG treatment 

¶ 10 minutes at 95 ɕC for Taq activation 

¶ Followed by 40 cycles of: 

o 15 seconds at 95 ɕC for DNA denaturation 

o 1 minute at 60 ɕC for annealing and extension 

A standard curve was included in every reaction, this was achieved by running the 

previously made standards, Section 2.17.1, in triplicate. In addition, all samples were 

run in triplicate for each experiment. Analysis of the data can be found in Section 

2.17.3.    

2.17.3  Analysis of qPCR Results 

qPCR results were analysed using Excel. The standards allowed for the creation of a 

standard curve. This standard curve was then used to determine the total bacterial load 

in the unknown samples. The total bacterial load was then determined per mg of stool 

within that stool by dividing the total by the number of mg of stool used during sample 

processing.  
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Chapter 3 

The Development of the Preterm Infant Gut 

Microbiome in the First Month of Life
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Chapter 3.  The Development of the Preterm Infant Gut 

Microbiome in the First Month of Life.  

3.1 Introduction  

The microbiome is a term used to describe the whole study environment, which is often 

a particular site on or within the human body. Of particular interest in the research 

community is the gut microbiome. Therefore, the gut microbiome encompasses all 

organisms contained within that environment, the surroundings, such as the gut lumen, 

and transient components, such as digested food, and finally all the genetic material 

contributed by each component of the system (Marchesi and Ravel 2015). This 

symbiotic relationship contributes numerous advantages to the host (Gill  et al. 2006; 

Momose et al. 2008; Cantarel et al. 2012; Tremaroli and Bäckhed 2012).  

Colonisation of the gut microbiome begins before birth and continues to develop 

throughout the first two years of life. From birth until 3 months of age, the infant 

microbiome is dominated by Firmicutes, after 3 months the community is dominated by 

Actinobacteria. This continues until 1 year of age when Bacteroidetes and Firmicutes 

are the main constituents (Koenig et al. 2011b; Azad et al. 2013). At two to three years 

of life the infant microbiome is beginning to resemble that of an adult. This is a result of 

the abundance of Clostridia becoming predominant alongside the Bacteroidia 

(Avershina et al. 2016). Finally, the healthy adult microbiome is dominated by the 

Bacteroidetes and Firmicutes phyla, and remains relatively stable until old age 

(Consortium et al. 2012).  

The gut microbiome development of preterm infants deviates significantly from the 

route described above and is a result of numerous factors. Current research indicates the 

initial colonisation of the preterm infant gut begins with Gram-positive cocci, such as 

the Bacilli family. These initial colonizers are then overtaken by facultative anaerobes, 

within the Gammaproteobacteria class. This then leads to a final strictly anaerobic state 

(Jacquot et al. 2011; Normann et al. 2013; Torrazza et al. 2013; Sim et al. 2015; Zhou 

et al. 2015). Therefore, the development of the gut microbiome of preterm infantôs 

progresses towards a Proteobacteria dominated state (Moles et al. 2013). 



 

108 

 

Furthermore, as a result of the reduced diversity and richness seen in preterms, greater 

than 90% of all organisms found in the gut of preterm infants predominate the 

community. Furthermore, the Gammaproteobacteria class are proportionally over-

represented in preterm infants, often comprising greater than 50% relative abundance. 

This is in contrast with less than 20% seen in full term infants (La Rosa et al. 2014; 

Ward et al. 2016).  

Furthermore, as a result of the cumulative exposure to antibiotics in the NICU, overall 

species and richness and diversity in preterm infants is significantly reduced. In 

addition, the majority of preterm infantôs sampled carried plasmid encoded antibiotic 

resistance genes for more than six classes of antibiotic (Gibson et al. 2016; Ward et al. 

2016). Not only do treatments received in the NICU contribute to colonization of the 

gut microbiome, the abnormal environment has been found to play a significant role. 

As described previously in Section 1.3.1.2, the NICU is a breeding ground for bacteria, 

therefore it is not surprising for these environmental bacteria to be seen in the guts of 

hospitalized infants. One study found that dominant gut taxa, such as Staphylococcus 

epidermidis, Klebsiella pneumoniae, Bacteroides fragilis, and Escherichia coli, were 

also found in over half of the samples taken from the NICU environment (Brooks et al. 

2014). 

Anomalous to preterm infants is the high inter-individuality seen in this sub population. 

In contrast to full term infants and adults, the preterm gut microbiome shares no 

common features or characteristic between individuals (Magne et al. 2006). Currently 

this is no explanation for this phenomenon, but it can be hypothesised to be a result of 

the NICU environment.      

Gestation is not the only factor during infancy to affect the gut microbiome 

developmental process. The abundance of Bacteroides are demonstrated to be reduced 

in infants delivered by caesarean section (CS). Furthermore, the caesarean delivered 

infants were shown to have a reduced gut microbiome diversity (Grönlund et al. 1999; 

Jakobsson et al. 2014). Furthermore, CS has been found to seed the neonatal 

microbiome with opportunistic pathogens including species from the Haemophilus, 

Enterobacter, Veilonella and Staphylococcus genera (Dominguez-Bello et al. 2010; 

Bäckhed et al. 2015). A recent systematic review provided further evidence to a reduced 



 

109 

 

diversity in CS delivered infants, and showed that the significant differences observed 

in the infants during the first 6 months of life had reduced after this time (Rutayisire et 

al. 2016). A vaginal delivery is currently accepted as the more beneficial mode of 

delivery, as demonstrated in several studies. Infants delivered vaginally are enriched 

with Escherichia/Shigella and Bacteroides compared with infants delivered by CS 

(Azad et al. 2013). Furthermore, there is a high level of Lactobacilli in vaginally 

delivered infants (Dominguez-Bello et al. 2010; Aagaard et al. 2012; Avershina et al. 

2014).  However, mode of delivery has been shown to have no impact on the gut 

microbiome community in preterm infants (Stewart et al. 2017). This is an interesting 

finding as the birthing procedure is the same for both full and preterm infants, therefore 

similar differences should be found in both groups of infants.   

In addition, the feeding routine influences the type of bacteria acquired during gut 

microbiome development in both full and preterm infants (Cong et al. 2017; 

Timmerman et al. 2017). More specifically, preterm infants fed their motherôs own milk 

had the highest abundance of Clostridales, Lactobacillales and Bacillales. Whereas 

infants fed primarily donor breast milk or formula had a higher abundance of 

Enterobacteriales. Furthermore, the gut microbiome diversity in infantôs fed their 

motherôs own milk was higher compared to the other feeding types (Cong et al. 2017). 

Location and environment dramatically affect the infant gut microbiome. For instance, 

the preterm gut microbiome has been shown to reflect that of the NICU (Groer et al. 

2014). It is believed this to be a result of the handling, feeding and treatment regimens 

performed in the NICU (Brooks et al. 2014). However, there is no evidence to show if 

this is consistent throughout different NICUs.  

Finally, gender has also been shown to be an important driving factor in preterm infant 

gut microbiome development. For example, the abundance of Enterobacteriales is 

higher in male infants, and numbers of Clostridales are increased in females (Cong et 

al. 2016).  

One of the primary outcomes of preterm birth is the increased incidence of disease, such 

as NEC, and results in high rates of neonatal mortality and morbidity (Kosloske 1994; 

Holman et al. 2006; Fitzgibbons et al. 2009; Horbar et al. 2012). A recent systematic 

review concluded that NEC is preceded by an increase in the relative abundance of 
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Proteobacteria and a decreased relative abundance of Firmicutes and Bacteroidetes 

(Pammi et al. 2017). This result could translate that the Bacteroidetes phylum confers a 

form of ñprotectionò against disease such as NEC. One reason for this could be its 

ability to confer stability in the gut ecosystem, such that it can utilize host 

polysaccharides in the absence of dietary ones (Bäckhed et al. 2005). Even though there 

are organismal changes occurring as a result of NEC development, no change in 

bacterial load has been observed as a result of the disease (Abdulkadir et al. 2016b).  
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3.2 Aims 

It can be concluded that the gut microbiome of preterm infantôs progresses towards a 

Proteobacteria dominated state. However, it is highly individualistic, and no common 

characteristics have been discovered. The development of the preterm and full -term gut 

microbiome is affected by several factors such as, gender and feeding. However, in 

contrast to full term infants the gut microbiome of preterms remains unaffected by mode 

of delivery. Gestation has been shown to be a significant factor in the development of 

the gut microbiome, especially in relation to disease. It has been demonstrated that 

preterm infants who do not develop NEC have a greater abundance of Bacteroidetes, 

and therefore this phylum has been labelled as óprotectiveô against the disease. Taking 

previous research into consideration, the aims of this study were: 

1. To determine if the cohort of preterm infants recruited to this study, showed similar 

results to those previously published. For example, I hypothesise that the gut 

microbiome of the preterm infants in this cohort will be affected by most clinical 

factors such as gender and feeding.  

2. In addition, I wanted to investigate the occurrence of a Proteobacteria dominated 

state occurred over time and if there were substantial inter individual differences. 

3. Finally, I aimed to determine if the reduction in the presence of the Bacteroidetes 

phylum in infants who develop NEC is significant. This will enable us to 

substantiate this finding, which may then encourage the research community to 

investigate the mechanisms behind this óprotectiveô effect.  
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3.3 Materials and Methods 

3.3.1 Determination of the Preterm Gut Microbiome using Illumina 

MiSeq Sequencing Techniques on DNA Extracted from Stool.  

In order to determine the gut microbiome of preterm infants, stool samples were 

collected as previously described in Chapter 2, Section 2.2.4. These samples were then 

processed and the DNA extracted according to the methods detailed in Chapter 2, 

Sections 2.6 and 2.8.2. Sequencing of the 16S rRNA gene by Illumina MiSeq 

technology was performed by Dr Dagmar Alber at the Child Health Institute, Great 

Ormond Street Hospital, University College London, as referenced in Chapter 2 Section 

2.9. Processing of the raw sequencing data was conducted using the Mothur software 

package, version 1.39.5.  

3.3.2 Analysis of the Preterm Gut Microbiome Data. 

The raw sequencing reads were processed using the Mothur software, v1.39.5, as 

detailed in Section 2.10. As part of the data processing protocol, all samples containing 

less than 1000 reads were removed, as they were deemed to not accurately reflect the 

microbial community present in that sample. This was determined by using the 

coverage value, calculated during the Mothur pipeline, Section 2.10. A coverage value 

ranges from 0 to 1, with a score of 1 indicating that the microbial community is 100% 

accurately reflected at that sub sampling threshold. As a result, a value Ó 0.99 was used 

as the cut off during this study. Using this value, a sample needed to contain Ó 1000 

reads in order to accurately reflect the microbial community. Therefore, the dataset was 

subsampled at 1000 reads to create the Microbiome Cohort. The resulting dataset, the 

Microbiome Cohort, was visualised and analysed as detailed in Section 2.11.  
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3.4 Results  

3.4.1 Determination of the Optimum Starting Material and DNA 

Extraction Methods for Bacterial DNA from Preterm Infant 

Stool 

The aim of this investigation was to determine the best DNA extraction method and 

weight of stool to use for this project. There were two methods available at the start of 

this project, the Qiagen QIAamp DNA Stool Mini Kit and the Promega Maxwell 16 

instrument for automated DNA extraction. Established protocols within the lab used a 

bead beating step prior to DNA isolation with said kits, however stool was tested with 

and without bead beating during this investigation. As defined in the Qiagen protocol, 

200 mg of faecal material was used with the Maxwell protocol.  

 

Figure 15. A Comparison of Different DNA Extraction Methods using 16S rRNA Gene PCR. Notations are as 

follows: L = Ladder (1kb), PC = Positive Control, * = Samples were bead beaten prior to DNA extraction. The 

samples extracted with the Maxwell instrument are within the bracket labelled ñMaxwellò, each sample was done in 

duplicate. The samples extracted by a colleague (Ms. Giulia Masetti) with the Qiagen kit are within the bracket 

labelled ñQiagen 1ò. The samples extracted by me, using the Qiagen kit, are within the bracket labelled ñQiagen 2ò. 

From this experiment Figure 15, shows that the Qiagen DNA extraction yielded more 

bacterial 16S rRNA than the Maxwell protocol. Furthermore, it also showed that the 

bead beating step improved the total bacterial 16S rRNA yield. As a result, all DNA 

extractions used a bead beating step and the Qiagen QIAamp DNA Stool Mini Kit.  

Next the minimum weight of stool required to extract the highest yield of 16S rRNA, 

was determined. This was important as many of the samples were less than 200 mg. 

Figure 16, clearly shows that the weight of stool used during DNA extraction did not 
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affect the yield of 16S rRNA, thus showing that the starting weight of the stool will not 

affect the DNA yield. Even a stool weight of 10 mg yielded sufficient DNA. It was 

decided that 200 mg of stool would be used as standard. 

 

Figure 16. The Effect of Faecal Weight on the Yield of 16S rRNA gene DNA. Notations are as follows: L = 

Ladder (1 kb), PC = Positive Control. The numbers 1 to 8 represent a series of DNA extractions on stool ranging 

from 200 mg to 10 mg in weight. Note these samples were collected from a full-term infant. The numbers 9 to 16 

represent a series of DNA extractions on stool ranging in weight from 200 mg to 10 mg. Note these samples were 

collected from a preterm infant. The weights of stool used during the extractions was as follows: 1 and 9 = 200 mg, 2 

and 10 = 150 mg, 3 and 11 = 100 mg, 4 and 12 = 80 mg, 5 and 13 = 60 mg, 6 and 14 = 40 mg, 7 and 16 = 20 mg, 8 

and 16 = 10 mg.  

3.4.2 Illumina MiSeq 16S rRNA Gene Sequencing to Map the Gut 

Microbiome of Preterm Infants 

A total of 210 DNA extractions, extracted by me, were sent to our collaborators, Dr 

Dagmar Alber and colleagues. As detailed in Section 2.9, after PCR amplification on 

samples with a DNA concentration greater than 0.5 ng/ɛl were taken forward to 

sequencing. This resulted in 194 (92%) of samples being returned with sequence data to 

be processed in the Mothur pipeline and other downstream packages, as detailed in 

Section 2.11.1. During the Mothur pipeline a number of samples were removed from the 

dataset, as they contained less than 1000 reads. A threshold of 1000 reads was used as 

this was the lowest number possible to achieve a coverage level of Ó 0.99. The aim of 

this study was to determine as much detail on the colonisation of the preterm gut 

microbiome, therefore a high coverage was necessary to ascertain the most detailed 

results possible. Thus, 151 (72%) of samples were included in the analysis of the 

preterm gut microbiome, the Microbiome Cohort. 
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Table 12. Number of Samples Collected by Day of Life. Data included in this are the number of samples that were 

sent for sequencing (Sent); the number of samples that were returned with sequencing data (Sequenced); the 

percentage of the samples sequenced and included in the Microbiome Cohort. 

Samples Day of Life Total 
1 to 5 6 to 10 11 to 15 16 to 20 21 to 25 > 25 

Sent 31 49 37 23 35 35 210 

Sequenced 23 45 35 22 35 34 194 

Percentage 74% 92% 95% 96% 100% 97% 92% 

Analysed 10 35 28 19 30 29 151 

Percentage 32% 71% 76% 83% 86% 83% 72% 

 

The quality of the sequencing data produced can be a very informative result, indicating 

the overall quality of the techniques and methods used. This information can be found 

in Table 13. Observing the controls first, it can be seen that the numbers are vastly 

lower than that for the samples, the only exception being the minimum values. Overall, 

this shows that the DNA extraction method was successful and minimal amounts of 

contamination was introduced during this process. The organisms present in these 

samples was assessed and determined to not affect the results and were removed from 

the Microbiome Cohort. The number of reads generated in the samples vastly 

outnumber those seen in the controls, further validating the results observed to be 

biologically relevant. In addition, the high mean and median show that overall the 

sequencing was successful and able to produce a high number of reads. Therefore, this 

should be accurate regarding the bacterial content of the preterm infant gut microbiome. 

However, due to the low biomass seen in samples from this section of the population, it 

is not unexpected to find a minimum number of reads to be one. Actually, this is more 

likely due to reaction failure rather than low biomass or DNA content, as these samples 

will have already been removed prior to sequencing, under the threshold mentioned in 

Section 2.9. The high standard deviation score seen is a result of the low read numbers, 

in contrast, it could be due indication of the variety in the microbiome data seen in 

Section 3.4.6. As will be discussed in Section 3.6.2, the variation in read numbers per 

sample made it difficult to choose an accurate number of reads in which to subsample 

the data. 
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Table 13. Simple Statistics for the Number of Reads Generated by Illumina MiSeq 16S rRNA Gene 

Sequencing. This table provides a comparison of simple statistics between the samples and controls.  

Statistic Samples (n=194) Controls (n=5) 

Minimum 

 

1 5 

Maximum 481757 206 

Median 45314 64 

Mean 59329 89 

Standard Deviation 65829 80 

 

The simple statistics shown in Table 13 are relevant but are limited in presenting the 

spread of data in the number of reads generated per sample. Therefore, a box and bee 

swarm plot can be seen in Figure 17, and clearly shows the dispersal around the mean. 

Without visualising this data, it would be impossible to see the high number of samples 

clustered towards the bottom of the graph. This shows that a high number of samples 

did not sequence very successfully, and indicates as to why the mean is low, as these 

low numbers are skewing the mean. Importantly, it shows that the controls, coloured in 

green, cluster at the bottom of the graph, confirming they are low in number and why 

they were not included in downstream analysis. Ignoring the lower values, there is a 

good spread of samples, further implying a diversity in microbiome communities 

between individuals and samples.  
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Figure 17. The Number of Reads Generated by the Controls, Study and Microbiome Cohorts. This box and bee 

swarm plot includes all positive samples that were included in the Microbiome Cohort (Red); all samples that were 

removed due to containing less than 1000 reads (Green); and the DNA extraction controls (Black). The box plot 

underneath the swarm points shows the mean, upper and lower quartiles, and the minimum and maximum values. 

To summarize, the number of reads generated by the sequencing was high and will 

provide an accurate representation of the bacterial content of the preterm infant gut 

microbiome. Furthermore, the Illumina MiSeq process was successful and only 

produced minor errors.  

3.4.3 Comments on the DNA Extraction Controls and Sub-Sampling 

DNA extraction controls were used to ensure the process had been carried out in a 

manner that introduced little or no bacterial contamination. The organisms present in 

Figure 18 were very similar to those present in Microbiome Cohort, for example 

Klebsiella, Escherichia, Staphylococcus, and Enterococcus, were present in all samples 

and controls. However, the number of reads produced during sequencing were 

substantially lower than those included in the Microbiome Cohort. Taking into account 

the similarities in community structure and the dramatic reduction in numbers, it was 

decided that these sample would be removed from the Microbiome cohort. Due to the 

presence of similar organisms present in both the extraction controls and samples, it was 

not possible to remove the organisms found in the controls from the sample 
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communities. The predominance of the organisms, seen in the controls, within the 

sample communities demonstrated that these were integral components of the microbial 

community, rather than artefacts of the DNA extraction methods. Therefore, the 

decision to acknowledge and report, but removed was chosen.  

 

Figure 18. The Relative Abundance of the Genera Present in the DNA Extraction Controls. The relative 

abundance of each organism within a sample is shown by the y axis with each colour denoting a different organism. 

The number of reads in each control is as follows: Control 1 = 38, Control 2 = 5, Control 3 = 87, Control 4 = 184, and 

Control 5 = 55.  
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3.4.4 Patient Recruitment and Sample Demographics 

The aim of this analysis was to determine if there were any simple differences between 

the infants who provided samples that sequenced successfully and those who did not. 

Furthermore, it provided details on the infants recruited described as a cohort. This 

allowed analysis to be conducted to determine if there was any bias during the 

recruitment process, such as more males than females recruited to the study.  

Table 14 shows the demographics for the cohort before and after sequencing. The 

complete cohort is referred to as the Study Cohort and the successfully sequenced 

cohort are referred to as the Microbiome Cohort. As mentioned in Section 3.3.2, as part 

of the 16S rRNA gene sequencing data processing, a number of samples were removed 

due to containing less than 1000 reads. This was a result of the coverage level, as any 

samples with a 1000 reads or more gave a coverage of more than 0.99. As a result, the 

only samples included in the Microbiome Cohort were those containing Ó 1000 reads. 

As demonstrated in Table 2 all samples collected form infants residing on the post-natal 

ward (PNW) did not generate a coverage value Ó 0.99 and were therefore removed from 

the Microbiome Cohort.  

Overall, from Table 14, it can be seen that not all of the samples used during this study 

were sequenced adequately in order to be included in the Microbiome Cohort, there are 

numerous explanations for this detailed in Section 7.1 (Chapter 7). In total there were 

nine infants without sequencing data. However, there was only one infant for which all 

of the sample provided, a total of 4, which were not included, this was infant 19. 

Not included in the table is data referring to the average gestational age between males 

and females. When calculated there is very little difference. The average gestational age 

for males is 27 weeks compared to 25 weeks for female preterm infants.    
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Table 14. Table Containing the Patient and Sample Demographics. Abbreviations are as follows: Post Natal Ward (PNW), University Hospital Wales (UHW), North Bristol Trust (NBT), Caesarean 

Section (CS), and Necrotising Enterocolitis (NEC). The Study Cohort includes all infants recruited to the study and their associated demographics. However, the Microbiome Cohort includes only the 

samples that produced more than 1000 reads during sequencing and were taken forward to analysis. 

Study Cohort Microbiome Cohort  
 

Preterm Term PNW Total Preterm Term Total 
 

N         
Infants 52 (90%) 3 (5%) 3 (5%) 58 (100%) 49 (96%) 2 (4%) 51 (100%)   

Samples 199 (95%) 8 (4%) 3 (1%) 210 (100%) 140 (96%) 6 (4%) 146 (100%)  

Sex    

Male 33 (64%) 2 (67%) 2 (67%) 37 (64%) 29 (62%) 1 (50%) 30 (61%)   

Female 19 (37%) 1 (33%) 1 (33%) 21 (36%) 18 (38%) 1 (50%) 19 (39%)   

Sample Site    

UHW 18 (35%) 3 (100%) 3 (100%) 24 (41%) 15 (32%) 2 (100%) 17 (35%)   

NBT 34 (65%) 0 (%) 0 (0%) 34 (59%) 32 (68%) 0 (0%) 32 (65%)   

Gestation (Complete Weeks)    

Mean ± Standard Deviation 26 ± 2.5 38 ± 2.3 40 ± 1 NA 26 ± 2.5 37 ± 0 NA   

Birthweight (grams)    

Mean ± Standard Deviation 869 ± 309.8 2783 ± 752.2 3640 ± 471.6 NA 873 ± 324 2350 ± 71 NA   

Length of Hospital Stay (Days)    

Mean ± Standard Deviation 102 ± 45.4 23 ± 11.8 2 ± 0 NA 102 ± 40 28 ± 11 NA   

Survival    

Yes 46 (89%) 3 (100%) 3 (100%) 52 (90%) 44 (94%) 2 (100%) 46 (94%)   

No 6 (11%) 0 (0%) 0 (0%) 6 (10%) 3 (6%) 0 (0%) 3 (6%)   

Delivery    

Vaginal 29 (56%) 3 (100%) 2 (67%) 24 (50%) 27 (57%) 2 (100%) 29 (59%)   

CS 23 (44%) 0 (0%) 1 (33%) 24 (50%) 20 (43%) 0 (0%) 20 (41%)   

Developed NEC    

Yes 13 (25%) 0 (0%) 0 (0%) 13 (22%) 11 (23%) 0 (0%) 11 (22%)   

No 39 (75%) 3 (100%) 3 (100%) 45 (78%) 36 (77%) 2 (100%) 38 (78%)   

Maternal Age    

Mean ± Standard Deviation 29 ± 5.7 22 ± 5.0 37 ± 3.1 NA 29 ± 6 20 ± 4 NA   
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There was no change in average gestation and maternal age between the Study and 

Microbiome Cohorts. The birthweight of the preterm infants increases slightly in the 

Microbiome Cohort. The length of hospital remained static and there was a decrease in 

infants from the survival and NEC groups in the Microbiome Cohort. 

As a result of the reduction in samples from term infants in the Microbiome Cohort, it 

was decided that it would be difficult to make meaningful comparisons between the 

microbiome of term and preterm infants. Therefore, the term samples were removed 

from the final data set and the focus of this thesis became to report to the development 

of the preterm gut microbiome. To confirm the number of samples included in later 

analyses using 16S rRNA gene sequencing data was 140, unless otherwise stated.  

3.4.5 qPCR for Total Bacterial Load in the Stool of Preterm Infants 

In contrast, to the later analysis of the bacterial community in the microbiome, total 

bacterial load was determined for all samples collected, the Study Cohort. Unless 

otherwise stated the results shown in this section included all 210 samples that were 

collected. The aim of this experiment was to determine the total bacterial load of 

preterm infant stool and compare this to the bacterial community present in the stool 

and clinical factors such as mode of delivery and feeds. 

Table 15. Simple Statistics for the Total Bacterial Load of Preterm Infant Stool. Total bacterial load was 

calculated and given as copies of the 16S rRNA gene per mg of stool. Copies of the 16S rRNA gene were determined 

using a standard curve produced during each reaction of a known copy number of E. coli genomic DNA. This number 

was then divided by the mg of stool used during the DNA extraction protocol. 199 samples were included.  

Statistic Copies of 16S Gene/mg of Stool 

Minimum 0 

Maximum 368,800,000 

Mean 6,861,649 

Standard Deviation 28,689,414 

Median 420,000 

25th Quartile 12,773 

75th Quartile 5,631,100 

 

From Table 15, there is a large variation in the total bacterial load from preterm infant 

stool. However, on average there is a substantial bacterial load contained within the 

stool of preterm infants. As a result, it was determined that 16S rRNA gene Illumina 

MiSeq sequencing was a viable option for determination of the bacterial community 
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within these samples. Moreover, associations between the total bacterial load and 

clinical factors could be investigated. 

Firstly, to reflect on the total bacterial load and sequencing results, it was found that the 

mean bacterial load significantly, p < 0.01, affected the positivity of sequencing results. 

This can be seen in Figure 19. A major reason for this difference is detailed in a later 

chapter, Chapter 5. The main result, in terms of future preterm microbiome research, is 

that samples with a total bacterial load of less than 2,000,000 copies per mg of stool, 

should not be considered for high through put sequencing as they are more than likely to 

give a negative result. Therefore, this would save time and money in future research.  

   

Figure 19. The Effect of Total Bacterial Load on the Outcome of 16S rRNA gene Illumina MiSeq Sequencing. 

Significance was tested using an independent samples Mann-Whitney U test in SPSS, and significance was shown by 

the *. Number of samples included in each group is given by the number at the base of each bar. The error bars are 

the standard error of the mean (SEM).   

The design of this study allowed for investigations into the development of the preterm 

gut microbiome over the first 30 days of life. As a result, the total bacterial load over 

this time was determined, Figure 20. The lowest total bacterial load was present at the 

earliest days of life, with the highest followed very soon after at days 6 to 10 life. The 

total bacterial load steadily decreased until 20 days of life, where it peaked again until a 

minor decrease after 25 days of life. Therefore, the total bacterial load during the first 

30 days of life is not stable and peaks at 6 to 10 days of life.   
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Figure 20. Total Bacterial Load of Preterm Infant Stool during the First 30 Days of Life. The error bars 

represent the standard error of the mean. The number callouts are the number of samples used to calculate the mean 

for that day of life grouping.  

One of the aims of this research was to determine if there was a difference in gut 

microbiome development in infants from separate NICUs. There was no significant 

difference between samples collected from the two NICUs. However, Figure 21 does 

shows that the mean bacterial load for samples taken at UHW is higher than that of 

NBT. Furthermore, the range of bacterial loads from UHW varied greater than those 

taken from NBT. Therefore, sampling site does not significantly affect bacterial load.   

 

Figure 21. A Comparison of Total Bacterial Load from Samples Collected at Different NICUs. The error bars 

are the standard error of the mean. The number at the bottom of the bars are the number of samples collected from 

each site. Abbreviations are as follows: NBT (North Bristol Trust) and UHW (University Hospital Wales).  
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The sampling sites differed by location but also by the administration of probiotics. 

During the sampling period only UHW was administering probiotics to the recruitment 

population, and then only to infants who met the minimum feeding criteria. As a result, 

probiotics and their effect of total bacterial load was investigated. There was no 

significant differences in mean total bacterial load as a result of gestational age, a 

Mann-Whitney U test was performed, as seen in Figure 22. As seen in Figure 22, there 

is a large variation in total bacterial load in the samples taken in the presence of 

probiotics. Therefore, probiotics does not significantly affect total bacterial load of 

preterm infant stool.    

 

Figure 22. The Effect of Probiotics on Total Bacterial Load of Preterm Infant Stool. For this graph the error bars 

are given as the standard error of the mean and the number of samples included in each group are given at the bottom 

of each bar.  

It was shown that the trend in total bacterial load was increasing over time, therefore the 

effect of gestation on bacterial load was also investigated. Figure 23, showed that there 

were no significant differences in mean total bacterial load as a result of gestational age, 

a Mann-Whitney U test was performed. In contrast, there was a decrease in mean total 

bacterial load in the samples taken from full term infants. Once again, there is a large 

range in total bacterial load taken from the extremely preterm group. This indicates that 

full term infants harbour a lower total bacterial load compared to full term infants, but 

due to the limited number of full -term infants recruited to this study, this remains 

inconclusive.  
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Figure 23. A Comparison between Corrected Gestational Age and Total Bacterial Load. Again, the error bars 

are included to show the standard error of the mean and the numbers at the bottom of each bar are the number of 

samples included in each group.  

During sample collection if the attending clinician had any concerns for sepsis in the 

infant, this was noted as part of the clinical data. It was found that there was no 

significant difference in the total bacterial load of preterm infant stool taken from 

infants with and without clinical sepsis concerns. However, as shown in Figure 24, there 

is a decrease in bacterial load from the infants with no reported sepsis concerns, and a 

large variation in total bacterial load from the infants who were noted as possibly septic. 

Therefore, this indicates at a possible role for specific bacteria in the pathology of sepsis 

rather than the overall bacterial load.  

As detailed previously feeding type has a dramatic effect on the bacterial community 

within both full and preterm infant stool. As a result, this variable was analysed in this 

cohort to determine if these findings were repeatable. As shown in Figure 25, there was 

a substantial increase in bacterial load in samples taken from infants who were 

exclusively fed a preterm formula diet. The bacterial load in preterm infant stool taken 

from infants fed either motherôs own milk or a donor breast milk was highly 

comparable. Finally, to be expected, the lowest total bacterial load was seen in infants 

receiving no enteral feeds. These results suggest that the administration of a preterm 

infant formula as the primary diet component increases faecal bacterial load in preterm 

infants. 
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Figure 24. A Comparison in Bacterial Load taken from Infants who did and did not Present Sepsis Concerns 

at the Time of Sampling. Again, the error bars are included to show the standard error of the mean and the numbers 

at the bottom of each bar are the number of samples included in each group.  

The relationship between gender and bacterial load was also investigated as part of this 

study. There was a large increase in total bacterial load from male preterm infant stool 

compared to females, Figure 26. However, this was found to not be significant. Yet the 

difference in total bacterial load between the genders is an interesting finding, that is yet 

to be explained.   
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Figure 25. A Comparison between the Total Bacterial Loads in Preterm Infant Stool as a Result of Diet. The 

error bars are included to show the standard error of the mean and the numbers at the bottom of each bar are the 

number of samples included in each group. When tested it was not significant. 

 

Figure 26. A Comparison between Total Bacterial Load in Female and Male Infants. The error bars included to 

show the standard error of the mean and the numbers at the bottom of each bar are the number of samples included in 

each group. When tested it was not significant. 

As detailed in Section 1.2.4.3.1, the development of the gut microbiome is influenced 

by the mode of delivery. This difference was conformed in this study. There is a 

significant increase, p = 0.045, in total bacterial load in the stool of infants who are 

delivered by caesarean section (CS), as shown in Figure 27. Further analysis is needed 

to determine if this is the result of the difference in bacterial content encountered via the 

different mode of delivery.  
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Figure 27. A Comparison of Total Bacterial Load in the Stool of Infants Delivered Vaginally and by Caesarean 

Section. The error bars are included to chow the standard error of the mean and the numbers at the bottom of each bar 

are the number of samples included in each group.  

NEC is one of the primary causes of neonatal mortality and morbidity and has been 

linked to changes in the gut microbiome. Therefore, it was important to determine if 

there was a change in bacterial load in infant stool prior to the development of NEC. 

There was a substantial increase in total bacterial load in samples taken from infants 

who developed NEC, but this was not determined to be significant, as shown in Figure 

28. Furthermore, there was a greater variety in total bacterial load in stool from infants 

who did develop NEC compared to those who did. This indicates that unlike bacterial 

community structure in the microbiome the total bacterial load is not linked to the 

development of NEC.  
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Figure 28. A Comparison between the Total Bacterial Load in Infants who did and did not Develop NEC. The 

error bars are included to show the standard error of the mean and the numbers at the bottom of each group. 

The length of an infantôs stay in hospital in determined by their health, and so length of 

hospital stay has the potential to act as a proxy for health. Therefore, the effect of the 

duration of hospital stay on the total bacterial load was determined. The bacterial load 

was higher in infants whose hospital stay was greater than 3 months, as shown in Figure 

29. However, this was not significant. This indicates that an increase in faecal bacterial 

load during the first month of life may affect the length of hospital stay, and as a result 

the possibility of reduced health. 
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Figure 29. A Comparison between Length of Hospital Stay and Total Faecal Bacterial Load. The error bars are 

included to show the standard error of the mean and the numbers at the bottom of each bar are the number of samples 

included in each group.  

Directly related to an infantôs hospital stay is there survival to hospital discharge, as 

shown in Figure 30, there is a clear link between bacterial load and survival. A 

significant increase, p = 0.028 in faecal bacterial load is associated with survival to 

hospital to discharge. This indicates that bacterial colonisation of the gut is essential for 

survival in this population.  

Antenatal steroids are often given to women threatened by preterm delivery, as a result 

a large portion of the infants recruited to this study were prenatally exposed to these 

drugs. Therefore, it was interesting to determine if antenatal steroids had an effect on 

the infant microbiome. As shown in Figure 30, antenatal steroids had no significant 

effect upon the total faecal bacterial load.    
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Figure 30. A Comparison of Total Faecal Bacterial Load in Infants who did and did not survive until Hospital 

Discharge. The error bars are included to show the standard error of the mean and the numbers at the bottom of each 

bar are the number of samples included in each group.  

In order to determine if the dominance of the microbiome by a certain organism was 

linked to total bacterial load, Figure 15 was constructed. As can be determined from 

Figure 31, there was no association between a high bacterial load and the dominance of 

the gut microbiome by one organism. This indicates that total bacterial load is not 

affected or influenced by the dominance of one particular organism or set or organisms. 

In other words, the gut microbial community changes in response to the increased 

growth of an organism. Furthermore, this suggests that there have been decreases in 

other members of the community in order to accommodate this dominance by one 

specific organism or set of organisms. Otherwise, there would be an increase in 

bacterial load as a result of the dominance of the microbial community by a particular 

organism.      

**  
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Figure 31. Total Bacterial Load and the Dominance of the Gut Microbiome by an Individual Organism. The 

error bars represent the standard error of the mean for the mean bacterial load represented by each bar. The numbers 

at the bottom of each bar are the number of samples dominated by the particular organism. Panel A shows the mean 

bacterial load for each group dominated by a certain genus. Panel B shows the mean bacterial load for each group of 

samples dominated by a certain genus. 
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3.4.6 The Development of the Preterm Gut Microbiome during the 

First Mo nth of Life. 

The Microbiome Cohort of infants showed an overall trend towards a Proteobacteria 

dominated community during the sampling period, Figure 32. From birth until 

approximately 1 week of age, the majority of infants are shown to have a gut 

microbiome community dominated by organisms from the Firmicutes phylum. After 

this milestone the microbial community in the majority of infants shifts towards being 

dominated by organisms from the Proteobacteria phylum. Also, of note from Figure 16, 

is that the Actinobacteria phylum appears at varying levels of dominance during the 

first 30 days of life in preterm infants. Furthermore, the Fusobacterium phylum appears 

in only 2 samples, in complete dominance in one, during the very first days of life, 1 to 

5. Finally, the presence of the Bacteroidetes phylum decreases in presence and 

dominance during the first 30 days of life in the preterm infant.  

These results translate into the genus taxonomic level. The Firmicutes dominating the 

preterm infant microbiome at the beginning of life are Staphylococcus. The 

Proteobacteria dominating the preterm gut microbiome at the end of the first month of 

life are Escherichia and Klebsiella. Therefore, the bacterial community of the preterm 

infant gut transforms from a Staphylococcus dominated environment to an Escherichia 

and Klebsiella dominated community. The varying appearance of the Actinobacteria 

phylum translates into the Bifidobacterium genus and the decreasing presence of the 

Bacteroidetes phylum is a gradual decrease in the presence of Bacteroides during the 

first month of life.  

In contrast to the overall progression to a Proteobacteria dominated microbiome, 

infants can demonstrate individual patterns very different to that of the cohort in 

general. This is demonstrated in Figure 33.         
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Figure 32. The Development of the Gut Microbiome Community in the First 30 Days of Life in Preterm Infants. The y axis shows the percentage abundance of each organism from the 

respected phylum in that sample, where each sample is represented by a bar on the chart. The x axis has been split to show the samples that are included in each day of life category. The samples 

have been ordered by both day of life and the Proteobacteria phylum. This enabled for the visualisation of the trend towards a Proteobacteria dominance over time. 
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Figure 33. The Individualistic Nature of Gut Microbiome Development in Preterm Infants. Graphs A, B and C 

represent an individual infant and each bar a sample taken at the noted day of life on the x axis. The y axis represents 

the percentage abundance, to a total of 100%. The colours represent the following organisms: Cyan = Fusobacteria, 

Green = Firmicutes, Red = Actinobacteria, Blue = Proteobacteria.  

Firstly, infant A of Figure 33, clearly shows the trend towards Proteobacteria 

dominance over time, however the dominance of Firmicutes at the beginning of life 

does not occur until day 7 of life. Secondly, infant B of Figure 33, never develops a 

Proteobacteria dominance at the end of 30 days of life. There is an exchange of 

dominance between the Firmicutes and Actinobacteria phyla. Lastly, infant C of Figure 

33, clearly shows the majority pattern of a Proteobacteria dominated phylum towards 

the end of the first month of life. Moreover, infant C also demonstrates the highly 

changeable nature of the preterm infant gut microbiome. For instance, on day 7 of life 

the gut microbiome is dominated by organisms from the Firmicutes phylum. However, 

24 hours later this has shifted to a Proteobacteria dominance.  

Figure 34 shows a progression from Staphylococcus dominated to a more Escherichia 

and Klebsiella dominated one. Moreover, this figure further demonstrates the dominant 

nature of the preterm gut microbiome. 

In summary, the gut microbiome of preterm infants is individualistic and subject to 

dramatic change within a short amount of time. However, when observed as a group the 

development of the gut microbiome community begins with a dominance of Firmicutes, 

this then progresses towards a Proteobacteria dominated state during the first 30 days 

of life. Other key contributing organisms during development are Actinobacteria and 

Bacteroidetes. 
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Figure 34. The Development of the Gut Microbiome Community at the Genus Taxonomic Level during the First 30 Days of Life. The y axis shows the percentage abundance of each 

organism from the respected phylum in that sample, where each sample is represented by a bar on the chart. The x axis has been split to show the samples that are included in each day of life 

category. The samples have been ordered by both day of life and the Klebsiella genus. This enabled for the visualisation of the trend towards a Klebsiella and Escherichia dominance over time.  
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3.4.7 The Effect of Development on the Diversity of the Preterm 

Infant Gut Mi crobiome. 

As a result of the observations in the previous Section 3.4.6, it was hypothesised that the 

overall diversity of the preterm infant gut microbiome would be low. This is a result of 

the dominance of the microbial community by an individual organism. Taking these 

findings into account, the results of several alpha diversity measures can be found in 

Figure 35. To note alpha diversity measures the diversity of organisms within samples. 

Firstly, charts A, B and C of Figure 35 shows different measures of richness within 

samples. Measures of richness indicate how many different organisms are observed 

within a sample. The three different indices used during this analysis was SOBS 

(Species Observed), chart A, Chao1 index, chart B, and the Ace index, chart C. All 

three measures of richness show that the number of organisms observed is the highest 

during the first week of life. It then gradually decreases until 3 weeks of life where it 

increases once more. Therefore, very soon after birth the gut microbiome of preterm 

infants contains the highest number individual organisms. Over the next 3 weeks certain 

organisms begin to outcompete the others, thereby reducing the number of species 

present. After 3 weeks of life different organisms begin to thrive, as a result increasing 

the richness of the microbial community in the gut.  

In comparison, charts D and E of Figure 35, show the diversity of samples during the 

fi rst month of life. More specifically, chart D shows the Simpson diversity index and 

chart E the Shannon diversity index. Measures of diversity take into account both 

number of species and the number of organisms within a species that are present. 

Therefore, both D and E of Figure 35, show that the diversity of samples remains 

consistent until 3 weeks of age. At 3 weeks of age it increases slightly and then falls 

after 25 days of life. Overall, these results show that during the first month of life there 

are no significant changes in the diversity of the preterm gut microbial community. 



 

138 

 

 

Figure 35. The Development of the Preterm Gut Microbiome Community in Terms of Alpha Diversity. For all charts in the figure, the day of life group is given on the x axis and the measure of 

alpha diversity on the y axis. In total 142 samples were used during this analysis, if more than one sample within the same day of life grouping from the same infant was present, the average of these 

samples was taken. All error bars in the figure represent the standard error of the mean.   
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In summary, the alpha diversity of the gut microbiome of preterm infants remains 

relatively stable throughout the first 30 days of life. There are no dramatic shifts as a 

result of time. The effects of clinical factors such as antibiotics, feeding etc. will be 

discussed in later section in this chapter, Section 3.4.8. 

The second measure of diversity for analysis into the microbial community of the gut 

microbiome is beta diversity. Beta diversity measures the diversity between samples. 

The aim of this analysis was to determine if development had an impact upon the 

diversity between samples from early in life to those taken during the fourth week of 

life. Upon testing the effect of development and numerous other factors, such as gender 

or feeding, the beta diversity remained unaffected by any of these factors. Instead it was 

discovered that samples clustered only according to the organism that was dominant in 

that sample, see Figure 36. From this analysis it was determined that the samples 

clustered into 5 distinct groups. The Escherichia and Klebsiella groups, ellipses A and 

B, cluster separately and away from the main group of samples. However, even though 

there is a clear progression towards a Proteobacteria dominance over time, these results 

were not reflected in the beta diversity analysis. In the main group of samples, there are 

3 clusters, Staphylococcus, Enterococcus and a mixed group. The organisms of 

Firmicutes origin cluster away from the Proteobacteria is clear, and provides some 

explanation as to the pattern observed, however a clear explanation remains to be 

determined.     

In summary, when these results are compared to those in previous sections, it clearly 

demonstrates that the dominance of certain organisms within the preterm gut are 

unaffected by confounding factors such as age. Therefore, the dominance of organisms 

within a sample affect the community structure and subsequent beta diversity analysis, 

to such an extent that clinical factors do not.        
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Figure 36. The Effect of Dominant Organisms on the Clustering of Samples using the Bray-Curtis Dissimilarity Index. Each sample is represented on the 

graph by a coloured dot. The colour and text refer to the dominant genera within that sample. The ellipses are drawn to clarify the individual clusters. This is a 

Principal Co-Ordinate Analysis (PCoA) using the Bray-Curtis dissimilarity index. This method calculates the similarity between samples and then organises them in a 

3D space. The plot then allows for this matrix to be seen in 2 dimensions; this is why there is a lot of overlap between samples. Cluster A is Escherichia dominated, 

cluster B is Klebsiella dominated, cluster C is Staphylococcus dominated, cluster D is Enterococcus dominated and cluster E contains a mix of dominant organisms. 

On each axis there is a percentage, 30.7% and 21.9%, this refers to the amount of variability between the samples that is explained by this plot.  
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3.4.8 The Effect of Clinical Factors on the Development of the 

Preterm Gut Microbiome. 

Previously it has been determined that the dominance of certain organisms remains 

unaffected by clinical factors when analysed using beta diversity techniques. However, 

when looking at the effects of clinical factors on the whole cohort, significant 

differences were determined. One of the most influential factors was the administration 

of antibiotics. As a result, the effect of antibiotics on the developing gut microbiome is 

detailed in Chapter 5.  

Gender is determined at the moment of conception and the results of this study show 

that it can have a dramatic impact on the development of the preterm gut microbiome. 

The results in Figure 37, illustrate the effect of gender of the gut microbial community. 

Firstly, panel A of Figure 37, shows that the abundance of Proteobacteria is increased 

in male infants, whereas the number of Firmicutes is increased in female infants. At the 

genus level, panel B of Figure 37, the abundance of Proteobacteria translates into 

increases of Klebsiella and Escherichia in the male infants. On the other hand, the 

increase in Firmicutes in the female infants translates into an increase in Staphylococcus 

at the genus level, panel B of Figure 37. Finally, when analysed using the software 

package STAMP the increase in Proteobacteria observed in male infants was found to 

be significant, p = 0.029, panel C of Figure 37. Therefore, confirming the effect of 

gender on the development of the preterm gut microbiome. 

The mode of delivery can sometimes be a choice of preference by the mother, however 

in preterm delivery it is often a decision made by the attending clinicians in order to 

give mother and baby the best outcome. Due to the differences in the skin and vaginal 

microbiome, mode of delivery can have a dramatic impact on the developing gut 

microbiome. The same was seen in this study, as shown in Figure 38.  
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Figure 37. The Effect of Gender on the Gut Microbiome Community of Preterm Infants. Panel A shows the effect of gender on the gut microbiome development at the phylum taxonomic level. 

Panel B shows the effect of gender on the gut microbiome at the genus taxonomic level. The y axis in panels A and B shows the percentage abundance of each organism, and the x axis shows the 

gender. Furthermore, the numbers at the base of each bar on panels A and B, indicate the number of samples included within that group. Panel C is the output of an extended error bar using Welchôs t 

test, a significance threshold of 0.05 was used during this analysis. 
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At the phylum taxonomic level, as shown in panel A of Figure 38. The Bacteroidetes 

phylum is only present in samples taken from infants who were delivered vaginally. 

Furthermore, the numbers of Proteobacteria are increased in samples taken from infants 

who were delivered by caesarean section. These differences are also demonstrated at the 

genus level in panel B of Figure 38. There is a greater abundance of Klebsiella in the 

samples taken from infants delivered by caesarean section. The Bacteroides genus is 

only present in samples taken from vaginally delivered infants. Moreover, these 

differences were shown to be statistically significant, as shown in panels C and D of 

Figure 38. In summary, mode of delivery has a significant effect on the development of 

the gut microbiome in preterm infants. 

Often unreported is the effect of sampling site if multiple centres are used during a 

study of this kind. Therefore, the aim of this analysis was to determine if samples taken 

from infants residing on geographically different NICUs were significantly different. 

Ultimately, this analysis was a necessary prerequisite in order to determine if these 

infants could be treated as a collective group. 

The effect of sampling site on the preterm gut microbiome can be seen in Figure 39. 

Firstly, as shown in panel A of Figure 39, there is a substantial increase in the 

abundance of Actinobacteria in the samples taken from infants residing on the NICU at 

UHW. In contrast, the infants at NBT have a higher level of both Firmicutes and 

Proteobacteria. Secondly, in panel B of Figure 39, the increase of Actinobacteria in the 

UHW infants translates into an increase of Bifidobacterium. On the other hand, the 

infants from NBT have an increase in Escherichia and Enterococcus. Upon statistical 

analysis, it was found that the increase in Actinobacteria in the gut microbiome of 

preterm infants from UHW was statistically significant, p < 0.01. Moreover, the 

abundance of Bifidobacterium in these infants was also discovered to be statistically 

significant, p < 0.01. Whereas at NBT, the samples taken from infants residing on the 

NICU at NBT were found to harbour statistically significant levels of Escherichia and 

Serratia, p < 0.01 and p = 0.02 respectively.     
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Figure 38. The Effect of Mode of Delivery on the Gut Microbiome of Preterm Infants. Panel A shows the effect of delivery mode on the gut microbiome community at the phylum taxonomic level. 

Panel B shows the effect of mode of delivery of the gut microbiome community at the genus taxonomic level. The y axis in panels A and B shows the percentage abundance of each organism, and x axis 

the delivery mode. Furthermore, the numbers at the base of each bar on panels A and B, shows the number of samples within that group. Panel C is the output of an extended error bar using Welchôs t 

test, a significance threshold of 0.05 was used during this analysis. This was done at the phylum taxonomic level. Panel D is the output of an extended error bar using Welchôs t test, a significance 

threshold of 0.05 was used during this analysis. This was done at the genus taxonomic level.  
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Figure 39. The Effect of Sampling Site on the Development of the Preterm Gut Microbiome. Panel A shows the effect of sampling site on the gut microbiome community at the phylum taxonomic 

level. Panel B shows the effect of sampling site on the gut microbiome community at the genus taxonomic level. The y axis in panels A and B shows the percentage abundance of each organism, and x 

axis the sampling site. Furthermore, the numbers at the base of each bar on panels A and B, shows the number of samples within that group. Panel C is the output of an extended error bar using Welchôs 

t test, a significance threshold of 0.05 was used during this analysis. This was done at the phylum taxonomic level. Panel D is the output of an extended error bar using Welchôs t test, a significance 

threshold of 0.05 was used during this analysis. This was done at the genus taxonomic level.
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In order to determine if the two sample sites could be combined into a single dataset, the 

origin of the significantly increased levels of Bifidobacterium in the samples taken from 

UHW infants, were investigated. The result of this investigation can be found in Figure 

39. Firstly, in panel A of Figure 39, it can be seen that the use of probiotics results in a 

significant increase in the abundance of Actinobacteria. Secondly, in panel B of Figure 

39, there is a significant increase in the number of Bifidobacterium as a result of 

probiotic administration. Furthermore, there is a significant increase in the abundance of 

Escherichia and Serratia in the samples taken from infants who did not receive 

probiotics. To clarify, the probiotic, Infloran, given to infants contained only 2 

organisms a Bifidobacterium and a Lactobacillus species. Moreover, this probiotic was 

only administered to infants at UHW during the sampling period.   

When comparing the results of Figure 38 and Figure 39, they are strikingly similar, 

especially in regards to the results of the STAMP software. Therefore, the differences 

observed in samples taken from infants at NBT and UHW is a result of probiotic 

administration, and not as a result of any extraneous environmental variable. As a result, 

it was possible for the UHW and NBT datasets to be combined during further analysis, 

to determine the development of the preterm gut microbiome during the first month of 

life.  

 

Figure 40. The Effect of Probiotics on the Microbial Content of the Preterm Infant Gut Microbiome. Panel A 

of this figure is an extended error bar plot using Welchôs t test for significance, p = 0.05 threshold. This was the data 

analysed at the phylum taxonomic level. Panel B of this figure is another extended error bar plot using Welchôs t test 

for significance, p = 0.05. This data was analysed at the genus taxonomic level. The 0 or blue colour are the samples 

taken in the absence of probiotics, and the 1 or orange colour are the samples taken in the presence of probiotics. 

There were 124 samples taken in the absence of probiotics and 27 in the presence of probiotics, therefore a total of 

151 samples were used during this analysis. 
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A key factor affecting the gut microbiome is mode of feeding. As part of this study, the 

effect of feeding on the development of the preterm gut microbiome was investigated. 

The results of this investigation can be found in Figure 40. Firstly, panel A of Figure 40, 

shows that the Bacteroidetes phylum is only present in infants who are exclusively 

breast fed. The greatest abundance of Actinobacteria can be found in the infants who 

received exclusively formula feeds. Finally, the infants who received exclusively donor 

breast milk had the greatest abundance of Proteobacteria. At the genus taxonomic level, 

panel B of Figure 40, there are no Klebsiella present in the infants receiving no enteral 

feeds at the time of sampling. The Enterococcus genus is only present in the infants who 

received exclusively motherôs own breast milk or no enteral feeds. Furthermore, 

Lactococcus organisms are only found in the infants who received exclusively formula 

feeds during the sampling period. The greatest abundance of Staphylococcus was found 

in samples taken from infants receiving donor breast milk. Finally, levels of Escherichia 

remain relatively consistent across all feeding types.  

In summary, the gut microbiome of preterm infants is significantly affected by several 

factors before, during and after birth. Therefore, this indicates that the development of 

the preterm gut microbiome to be a multifactorial process, with numerous of influencing 

variables.   
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Figure 41. The Effect of Feeding Routines on the Development of the Preterm Gut Microbiome. Panel A shows the percentage abundance, y axis, of organisms at the phylum taxonomic level as a 

result of different feeding routines received on the NICU, x axis. Panel B shows the percentage abundance, y axis, of organisms at the genus taxonomic level as a result of different feeding routines 

received on the NICU, x axis. The numbers at the bottom of all the bars are the number of samples included in each group. The total number of samples used during this analysis was 149. 
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3.4.9 . The Gut Microbiome of Preterm Infants who Develop NEC 

Significantly Differs from those Who do not.  

NEC is a neonatal disease with high incidences of mortality and morbidity. Currently 

the cause remains unknown, therefore it is of great interest to the scientific community 

to determine the risk factors for the development and progression of this disease. The 

gut microbiome has been implicated in the pathology of this disease, but a specific 

organism has yet to be identified. Therefore, the aim of this investigation was to further 

investigate the potential links between the gut microbiome and the development of 

NEC. 

Table 16 summarizes the clinical data of the groups of infants who did and did not 

develop NEC. In total there were 11 infants who provided 29 samples recruited to this 

study. The average birthweight and gestation of the infants who developed NEC was 

lower than those who did not. Interestingly, more male infants developed NEC, 

however there were more male infants recruited to the study as a whole. Furthermore, 

all infants who received donor breast milk did not develop NEC. Finally, the majority of 

infants who developed NEC were delivered vaginally, however this could also be a 

spurious result of there being more vaginally delivered infants in the study as a whole. 

Table 16. A Demographics Table Focusing on the Development of NEC. The percentages in brackets are 

comparisons within groups. The NAs are non-applicable to that grouping. For an infant to be grouped into the óyesô 

column they developed Grade 1 to 3 NEC, according Bellôs criteria. 

  

 Development of NEC Yes No Total 

N    

Number of Infants 11 36 47 

Number of Samples 29 117 146 

Birthweight (mean ± standard deviation) (grams) 759 ± 154 989 ± 457 NA 

Gestation (mean ± standard deviation) (complete weeks) 25 ± 1 27 ± 3 NA 

Gender    

Male 19 (66%) 73 (62%) 92 

Female 10 (34%) 44 (38%) 54 

Feeding Routine    

Motherôs Own Milk 22 (76%) 97 (83%) 119 

Formula  2 (7%) 3 (3%) 5 

Parenteral  5 (17%) 7 (6%) 12 

Donor Breast Milk 0 (0%) 10 (9%) 10 

Delivery Mode    

Caesarean 12 (41%) 49 (42%) 61 

Vaginal 17 (59%) 68 (58%) 85 
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In order to determine the influence of the gut microbiome on the development of NEC, 

the infant and the samples they gave were grouped according to the development of 

NEC status. All infants who developed NEC of Grade 1 or higher, according to Bellôs 

criteria, were classed as having developed NEC and were included in the óyesô category. 

The results of this analysis can be found in Figure 42. Firstly, panel A of Figure 42, 

shows that the Bacteroidetes and Actinobacteria phyla were only present in samples 

taken from infants who did not develop NEC. However, these differences were found to 

be not significant. Secondly, panel B of Figure 42, shows that the Enterococcus genus is 

enriched in infants who do develop NEC. This is an interesting result as the 

Enterococcus genus is known to produce proteases and has been linked to sepsis. The 

abundance of Klebsiella, Escherichia, and Staphylococcus are increased in infants who 

do not develop NEC. Finally, panel C of Figure 42, shows the significant differences 

between the 2 groups of infants, with Citrobacter and Veilonella significantly increased 

in infants who do not develop NEC. Furthermore, the increase in Enterococcus in 

infants who do develop NEC is significant, p = 0.021.  

3.5 Summary 

The results of this Chapter have shown that the preterm gut microbiome progresses 

from a Firmicute dominated environment to a Proteobacteria one, during the first 30 

days of life. Differences as a result of several clinical factors have been found. 

Moreover, the total bacterial load of infants as a result of different conditions have also 

been shown. However, the diversity of the preterm gut microbiome did not change over 

time or as a result of clinical factors. Finally, significant differences between the gut 

microbial communities in infants who do and do not develop NEC were found. These 

results will be discussed further in the following section.  
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Figure 42. The Gut Microbiome of Preterm Infants before the Development of NEC. Panel A shows the percentage abundance, y axis, of organisms at the phylum taxonomic level. The samples for 

this analysis were grouped according to the development of NEC in the infant the samples were given by, x axis. Panel B shows the percentage abundance, y axis, of organisms at the genus taxonomic 

level. The samples for this analysis were grouped according to the development of NEC in the infant the samples were given by, x axis. The numbers at the bottom of each bar in panels A and B, are the 

number of samples included in the group. These sample number apply to the groupings in panel C. In total 150 samples were used during this analysis.  
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3.6 Discussion 

3.6.1 The Optimum Stool Weight and DNA Extraction Method for 

Studies into the Preterm Gut Microbiome. 

The aim of this investigation was to confirm the optimum weight of stool necessary to 

produce adequate 16S rRNA gene. In addition, multiple DNA extraction kits with 

established protocols were being used by colleagues. There have been several studies 

investigating the best kits and methods to extract 16S rRNA gene from faecal samples. 

However only one study has focused specifically on preterm stool samples. Therefore, it 

was necessary to determine which one would be optimal during this study. 

Research into the efficacy of different DNA extraction methods has shown that kits 

such as the MoBio PowerSoil, Qiagen QiAmp, and MPBio are highly successful in 

yielding 16S rRNA gene DNA (Holland et al. 2000; McOrist et al. 2002; Li et al. 2003; 

Nechvatal et al. 2008; Mirsepasi et al. 2014; Wesolowska-Andersen et al. 2014). 

Furthermore, these kits are often less time consuming than manual protocols such as 

phenol-chloroform extraction. Further research has investigated the role of mechanical 

extraction methods such as bead beating. These studies have shown that in order to gain 

an accurate reflection of a microbiome community, bead beating is a necessary step (de 

Boer et al. 2010; Salonen et al. 2010; Yuan et al. 2012; Wesolowska-Andersen et al. 

2014). This is to ensure complete breakdown of the thick peptidoglycan cell wall in 

gram positive organisms. Therefore, the two methods tested during this study tested 

including a bead beating step, before the sample was taken forward to the kit protocol 

proper.  

A key issue of research using preterm infants as the recruiting population, is the limited 

sample size that can be collected. Therefore, it was important for this study to ensure 

that any samples given below the manufacturer recommended volume would be viable. 

As shown by the data in Section 3.4.1., the volume of starting material did not impact 

the yield of 16S rRNA gene. As a result, all samples were extracted regardless of 

weight, however samples more than 200 mg were weighed and only 200 mg used.  

These results were compared to previous research into the optimisation of DNA 

extraction from preterm stool samples by Alcon-Giner et al in 2017. Their research 
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concluded that the DNA extraction kit QIAmp Stool Mini by Qiagen yielded 

satisfactory 16S rRNA gene for sequencing. Secondly, they found that a prolonged bead 

beating step was necessary for optimal bacterial DNA extraction. Furthermore, they 

commented that this was especially important for infants receiving probiotics, of which 

a proportion of the study cohort did (Alcon-Giner et al. 2017).  

In summary, this investigation and previously published research strongly established 

the DNA extraction method chosen for use during this study. Furthermore, all the 

necessary steps and experiments were conducted in order to confidently choose the 

optimal methods. As a result, the data discussed in this thesis accurately reflects the 

bacterial community of the preterm gut microbiome.          

3.6.2 Illumina MiSeq 16S rRNA Gene Sequencing for Mapping the 

Preterm Gut Microbiome 

Often overlooked but extremely informative is the number of DNA samples sent for 

sequencing, the number of samples returned, and the number of reads they produced 

during sequencing. In total, 151 (72%) of samples were in included in the Microbiome 

Cohort, this was just below three quarters and provided a clear and detailed analysis of 

the colonisation of the preterm infant gut colonisation. Furthermore, the higher 

percentage demonstrates the efficacy of the DNA extraction, sequencing and analysis 

techniques used.  

Lest not forget, there were a number of samples that were not included in the 

Microbiome Cohort, this was a result of both low reads numbers but also a number of 

samples did not amplify sufficiently during Section 2.9. There are numerous possible 

explanations for this. For instance, infant 19, was administered antibiotics throughout 

the entire sampling period, thereby reducing bacterial abundance. To confirm this, the 

total bacterial load of each sample was determined, Section 2.17. Infant 19 had a mean 

bacterial load of 3342 copies/mg this was substantially lower than the mean for the 

Study Cohort. Moreover, this infant was exposed to three different antibiotics at each 

time of sampling. As research has shown (Dethlefsen and Relman 2011), this could 

cause a reduction in bacterial richness, therefore increasing the likelihood of a negative 

sequencing result. Furthermore, meropenem was used throughout the sampling period in 

this infant. Meropenem is a broad spectrum ɓ-lactam antibiotic used to treat serious 
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bacterial infections (Kollef 2008). Therefore, the use of the broad-spectrum antibiotic, 

which is not often used in this cohort, may explain the limited bacterial numbers. As 

discussed in Chapter 5, these results indicated at a tangible link between antibiotics, 

bacterial load and sequencing results. Furthermore, infant 19 provided 2 stool samples 

of only 10 mg, therefore the lack of starting material could be another possible factor in 

the low bacterial DNA and subsequent sequencing results. 

To summarize, there is no clear explanation for the lack of conclusive results for this 

infant, there are two possible explanations for this. Firstly, a failure of the Illumina 

MiSeq process may be the reason, however for it to affect all sample from only one 

infant is highly unlikely. Therefore, this indicates a contribution from each of the 

reasons discussed. However, this was not the only individual or sample to produce 

unusable results and upon further examination of the 59 samples removed, there were 

several reasons to explain these results. The following cause have been mentioned but 

are expanded and added to here. 

Firstly, the Illumina MiSeq reaction may not have executed correctly and led to these 

samples being removed, because there was bacterial DNA present, albeit in low 

numbers. The reaction disruption could be due to a number of reasons for example, a 

lack of correct primer adhesion would lead to little or no amplification. Secondly, the 

mean weight of the stool collected for the missing samples was 628 mg, compared to 

640 mg for the Microbiome Cohort. This shows that the weight of the stool is a 

contributing factor but not a definitive cause. Thirdly, as mentioned previously the 

effect of antibiotics on the positivity of sequencing results can be seen in the entire 

group of samples that were removed. A chi-squared test between antibiotic use and 

sequencing results gave a p value < 0.01. This clearly shows a significant effect of 

antibiotics on the production of positive sequencing results. Another contributing factor 

could be early day of life, as shown in Table 1. These samples are the most likely to 

contain the lowest levels of bacteria and it reflected in the 32% sequencing results.  

There are some factors worth mentioning that do not affect the likelihood of a positive 

sequencing result. For instance, both the Study and Microbiome Cohorts have the same 

mean gestational age, therefore the degree of bacterial colonisation is not dependent 

upon gestation. Also, the rates of feeds given to these two groups is not different, 

demonstrating that if an enteral feed is given, this makes no impact on the positivity of a 
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sequencing result. The effect of feeds and the microbiome will be explored in later 

sections of this thesis. 

The final reasons for decreasing positivity are as follows. As previously mentioned, the 

number of individuals not included in the Microbiome Cohort were infants that only 

produced a single sample for this study. This would be an indication that the infant is 

struggling to pass stool and who may be clinically unwell. As a result, the samples they 

were able to give were low in bacterial richness as a result of illness, or the illness 

caused a decrease in bacterial load. The cause and effect cannot be established. Lastly, 

results not shown, there is a slight decrease in the number of samples taken during the 

administration of probiotics. This could lead to a reduction in the organisms present in 

the gut of the infants who were not included in the Microbiome Cohort.  

In summary, a substantial number of the samples taken during this study were of 

sufficient quality in order to be used for analysis to determine the microbiome 

development in preterm infants. This is a positive result as often these samples are 

difficult to obtain, process and analyse due to the prematurity of these infants. These 

individuals have high and changeable care needs, making them a difficult section of the 

population to study. This is further demonstrated by the numerous factors contributing 

to the exclusion of so samples from the Microbiome Cohort.  

3.6.3 DNA Extraction Controls and Sub Sampling 

Negative controls are a necessary part of every experiment in order to control for any 

extraneous variables. The aim of the controls included in this investigation were to 

detect any possible contaminants in the DNA extraction kits used, and contaminants 

included as a result of extraction methodology. A control was included for each DNA 

extraction kit used, totalling 5. Recent research has shown that kit contamination is 

ubiquitous among the most widely kits available (Salter et al. 2014). Therefore, it was 

not an unexpected result for the controls included this study to produce a positive 

sequencing result.  

The results detailed in Section 3.4.3 shows that the organisms detected were common to 

the organisms of interest within the samples. There are recommended methodologies 

used during microbiome analysis to control for the organisms detected in negative 
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controls (Salter et al. 2014). For instance, removing the organisms detected in the 

controls from the samples of interest. However, due to the concordance of organisms 

detected in the controls and samples of interest this was not appropriate. Therefore, the 

number of reads produced by the control samples was analysed. It was determined the 

average number of reads produced by these samples was significantly lower than that 

produced by samples of interest. As a result, it was concluded that even though the same 

organisms were detected, they were present in sufficiently low numbers to be negligible. 

Ultimately, the controls were considered negative. Therefore, the results were 

considered an accurate reflection of the preterm gut microbiome composition.  

Another key step in producing a final dataset during microbiome analysis is the decision 

to subsample. The process of subsampling takes a random number reads per sample to 

produce a smaller, but accurate, representation of the organisms in the larger dataset. 

The aim of subsampling is to produce a dataset that is representative of the original 

dataset, which is much smaller in order to allow for faster analysis in downstream 

analysis. The accurateness of this subsample is given by the coverage score, produced 

during data processing using the Mothur software. For this study, coverage scores of 

0.99 or greater were taken as the threshold. A score of 0.99 or greater shows that a 

minimum of 99% of the organisms detected in the original sample are represented in the 

subsampled dataset. Even though this method provides accurate results it can be 

considered inappropriate for highly diverse samples as it can simplify the array of 

organisms detected, possibly resulting in the loss of relevant data (McMurdie and 

Holmes 2014). However, due to the minimal diversity and predominance of organisms 

seen in samples from this recruitment cohort, as a whole and in this study, subsampling 

during this study was deemed appropriate, and performed to a depth of 1000 reads.  

In summary, the use of subsampling as part of the methodology employed during this 

study was appropriate and would be considered favourable for future research in this 

area. The only caveat is that the recruitment group would remain the preterm and full-

term infant population in order to reduce data negligence, as the gut microbiome 

becomes more densely populated and diverse with age. Furthermore, DNA extraction 

controls are a necessity in microbiome studies with potentially low biomass samples, 

such as the preterm gut microbiome.            
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3.6.4 Patient Recruitment and Sample Demographics 

One of the aims in collating demographic data for a study is to be able to identify any 

bias that may have occurred during the recruitment. From the data shown in Table 2, the 

average gestation at birth of the preterm infants was 26 weeks. Therefore, all the 

participants of this study were classified as extremely preterm. This was a result of the 

recruitment criteria for the study, such that infants were only recruited if given 

ventilation during the first 24 hours of life. It is known that respiratory distress 

syndrome (RDS) is directly related to prematurity (Usher et al. 1971). Therefore, if the 

criteria recruitment necessitated the need to ventilation 24 hours after birth, due to RDS, 

then this would explain the extremely low average gestational age in this cohort. 

However, the aim of the study was to determine the development of both the lung and 

gut microbiome in ventilated preterm infants. As a result, it was expected that the 

average gestation would be very low, as ventilation was a key variable during this study. 

Therefore, the study by design was biased towards extremely preterm infants.  

3.6.5 qPCR Results for Total Bacterial Load in the Stool of Preterm 

Infants. 

The aim of this experiment was to determine the total bacterial load of preterm infant 

stool. These results were then compared to community structure and clinical factors to 

provide a more in-depth analysis of the preterm infant gut microbiome. Total bacterial 

load in preterm infant stool has been assessed previously and found to increase with 

gestational age (Korpela et al. 2018). However, links with clinical factors such as 

feeding and disease remain ambiguous (Abdulkadir et al. 2016b).  

An interesting finding of this experiment was the possible use of a copy number 

threshold for the inclusion of a sample in high through put sequencing. This has the 

potential to reduce time and monetary costs associated with future microbiome studies. 

The results of this experiment suggest that samples containing less than two million 

copies of the 16S rRNA gene should not be considered for high throughput sequencing 

studies. However, with the economic cost of high throughput sequencing reducing, this 

may not be a worthwhile prerequisite (van Dijk et al. 2014). Taking this into account, 
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for studies with limited financial resources or time, this threshold could be useful tool in 

future research.  

A significant finding of this investigation was that bacterial load in preterm infant stool 

peaks at 6 to 10 days of life. This change in bacterial load as a result of day of life has 

not been reported before, therefore it is currently impossible to determine if this is a 

normal occurrence in preterm infants. Moreover, it makes the cause of this decrease 

difficult to determine, however possible suggestions can be made. The most likely 

explanation is that upon admission to the neonatal ward antibiotics are administered as 

part of routine care. Subsequently, if the infant is doing well and there are no clinical 

indications of infection, such as high CRP or white blood cell count, the antibiotics are 

stopped. Primarily this occurs at approx. one week of life. Therefore, the increase in 

bacterial load detected at days 6 to 10 of life in preterm infant stool could be a result of 

antibiotic withdrawal, resulting in a bacterial bloom. Secondly, at days 6 to 10 of life the 

infant will more than likely be in a stable condition upon the NICU and clinically 

considered ready for enteral feeds. As a result, the influx of macro molecules into the 

intestinal tract provides a substantial resource for the residing bacteria. Upon the 

addition of excessive resources bacteria will multiply rapidly in order to utilize the 

resource, therefore resulting in a spike of bacterial load in the stool. Lastly, the length of 

time the infant has been residing on the NICU could explain this sudden rise in total 

stool bacterial load. However, this is the least likely explanation as there is a decrease at 

two weeks of life, which would not be expected if stool bacterial load was a result of the 

environmental bacterial load. As will be demonstrated in Chapter 4, antibiotics are the 

most likely cause for these changes in bacterial load.  

In contrast, to the peak at 6 to 10 days of life, the total stool bacterial load decreases 

until the third week of life. Again, the most likely explanation for this is that after the 

withdrawal of antibiotics at days 6 to 10 of life, the infant is vulnerable to infection. 

Therefore, upon clinical signs of infection the attending clinician prescribes further 

antibiotics, thereby reducing bacterial load. Furthermore, if an infection is acquired it is 

most likely nosocomial and will be more resistant to antibiotic treatment, resulting in a, 

longer course of broad spectrum antibiotics causing the continual decline, seen in 3.4.5, 

until 3 weeks of age. Furthermore, as a result of infection the infant may become too 

unwell to receive enteral feeds, thereby further confounding the total stool bacterial load 
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decrease. In summary, there is a distinct change in total stool bacterial load in preterm 

infants, of which antibiotic use is the most likely explanation.  

As a result of the recruitment process, infants were included in the study from two 

different sites, UHW and NBT. Analysis into the total bacterial load of preterm stool 

found a non-significant difference between the two sites, but a difference nonetheless, 

Figure 21. These results were repeated when comparing the bacterial load between 

samples taken from infants who received probiotics and those that did not, Figure 22. 

As indicated in Section 1.2.4.3.2, the definitive difference between the two sampling 

sites was the administration of probiotics. Therefore, providing a reasonable explanation 

for the difference in stool bacterial between infants from the different NICUs. 

As discovered in a previous study the total bacterial load of preterm infant stool 

increases as a result of gestational age (Korpela et al. 2018). These results were 

somewhat repeated in this study with the marginal increase on bacterial load as a result 

of corrected gestational age, Figure 6. In addition, this study showed that full-term 

infants had a reduced total bacterial load in their stool. A notable finding from this study 

is the massive variation in total stool bacterial load in extremely preterm infants. This 

result has not previously been published, thereby making explanations difficult to 

confirm. A possible explanation is the known link between intrauterine infections and 

the incidence of preterm birth. This also leads into one of the major limitations with this 

study, the lack of maternal information. Therefore, it cannot be confirmed if the high 

levels of bacterial load seen in the extremely preterm infants is a result of an intrauterine 

infection, such as chorioamnionitis. Secondly, as mentioned previously, antibiotics are 

administered to infants upon admission to the NICU. The majority of infants requiring 

the specialist care of the NICU are those born extremely premature. Therefore, it is 

plausible that the low levels of stool bacterial load detected in the stool of extremely 

premature infants is a result of antibiotic exposure. Thirdly, the infants with the lowest 

corrected gestational age are the youngest, by day of life, in the cohort. Previous 

research has shown total bacterial load to increase by day of life. As a result the 

extremely preterm group are the most likely to have the lowest total bacterial load in 

their stools (Sharma et al. 2012).  

A potential biomarker for detecting neonatal sepsis is the total bacterial in stool. Data 

shown in Figure 25, indicate that the total bacterial load in stool given by infants who 
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displayed clinical sign of sepsis on the day of sampling, is on average greater than those 

who did not. However, this difference was not significant due to the extremely high 

levels of variation seen in the groupôs samples taken from infants with clinical 

symptoms of sepsis. On the other hand, it indicates at a potential biomarker for the 

detection of sepsis. DNA extraction and qPCR for total bacterial load can be performed 

in 24 hours, much faster than culture-based methods, ultimately leading to a faster 

diagnosis and treatment. Further research is needed to determine if this could be a 

potential biomarker.  

As mentioned previously bacterial load is likely to increase as a result of feeding, and 

this can be seen in Figure 8, as infants receiving exclusively parenteral nutrition have 

the lowest average stool total bacterial load. Interestingly, formula fed infants have the 

highest average stool bacterial load, shown in previous studies (OôSullivan et al. 2015). 

The result of this increase in bacterial load has yet to be confirmed but could be a result 

of several factors. The most likely explanation is that the formula feeds are made in an 

industrial setting and then prepared by hospital staff. This process is known to introduce 

bacterial contamination (Anvarian et al. 2016). Therefore, it is this production process 

that is the most likely culprit for the additional bacterial load seen in the samples taken 

from exclusively formula fed infants. Formula feeding has been linked to a higher 

incidence of neonatal disease such as NEC (McGuire and Anthony 2003). However, a 

greater bacterial load in the stool of infants who develop NEC has not been found 

(Abdulkadir et al. 2016b). Therefore, it is difficult to associate this increase in bacterial 

load with, as a result of formula feeding, adverse outcomes such as NEC.  

Previous research has shown gender to have a significant effect on the microbial 

community of the gut microbiome in both adults and preterm infants (Cong et al. 2016; 

Haro et al. 2016). As yet there has been no confirmation on the effect of gender on the 

total stool bacterial load. Therefore, the results present in Figure 26, demonstrate the 

dramatic effect gender has on bacterial load, albeit not significant. This study has shown 

that the average stool bacterial load of preterm infants is higher in males. Explanations 

for this gender are limited and highly speculative. The most apparent differences 

between the genders are hormones and genetics, and these differences have been used to 

explain microbiome differences (Gomez et al. 2015). However, due to the infancy of 

preterm infants, these factors are unlikely to be the main causative factor. Other 
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research into explanations in the gut microbiome differences between the sexes were 

carried out exclusively in animal models, thereby providing possible explanations but 

by no means revealing definitive mechanisms. For instance, studies into rodent models 

found that males and females responded differently to dietary components and specific 

microorganisms, both probiotic and pathogenic. Furthermore, the inflammatory 

responses, such as cytokine levels, significantly differed between the two sexes 

(Karunasena et al. 2014; Shastri et al. 2015). Therefore, sex differences are a key part of 

gut microbiome development. 

Several studies have reported on the gut microbiome community differences as a result 

of mode of delivery (Grönlund et al. 1999; Dominguez-Bello et al. 2010; Azad et al. 

2013). However, current research suggests that mode of delivery does not significantly 

impact the gut microbiome of preterm infants (Stewart et al. 2017). As a result, the data 

presented from this study provides new evidence towards a significant effect of mode of 

delivery on the development of the preterm gut microbiome. This study demonstrates a 

significant increase in total bacterial load from infants delivered by caesarean section. 

The reason for this difference remains to be determined, but further investigations into 

the bacterial community and clinical factors provides some explanation.  

Investigations into the relationship between total stool bacterial load and NEC, were 

conducted as part of this study. It was determined that the bacterial load in stool taken 

from infants who developed NEC was not significantly different from this who did not. 

This is a key finding as it shows that community structure and the species of organisms 

present in the gut are the risk factors or biomarkers rather than the total bacterial load 

present in the gut. More simply, it is the organisms present rather than the amount of 

these organisms contributing to the development and progression of NEC. Therefore, 

more research needs to be conducted to conclusively determine if an individual, 

Klebsiella, or the combination of several organisms are a key factor in the development 

of NEC.  

The length of stay in hospital is directly related to health, therefore length of hospital 

stay can act as a proxy for health when analysing clinical data. This study found an 

increase in bacterial load in the stool of infants who remained in hospital for more than 

3 months. This indicates that a higher bacterial load during the first month of hospital 

stay may lead to a greater amount of time spent in hospital, therefore suggesting worse 
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outcomes for preterm infants. However, these results could be biased. For instance, the 

longer an infant remains on the NICU they will be accumulating gut microbiome 

inhabitants in the same way they would outside of hospital. Thereby, resulting in an 

increase in bacterial load. However, all the samples analysed were taken during the first 

month of life. As a result, this study shows that an increased bacterial load at less than 1 

month of age, increases the likelihood of a hospital stay greater than 3 months. These 

results were not significant, so further research with a larger cohort is needed to 

determine if bacterial load could act as an indicator of hospital stay and therefore health. 

In contrast to the results of the previous paragraph, where increased bacterial load 

indicates worse outcomes, this study found that an increase in bacterial load 

significantly affected survival to hospital discharge. Moreover, an increased bacterial 

load resulted in survival to hospital discharge. This and the previous findings contradict 

one another, which casts doubt upon the validity of the results. However, there are 

possible explanations as to why the bacterial load was significantly decreased in infants 

who did not survive. Firstly, as mentioned previously, the total bacterial of preterm 

infant stool increases with day of life. In addition, who are more seriously ill are 

removed from enteral feeds. Therefore, the samples included from the infants who did 

not survive may have been from early days of life. As once they became ill and were 

removed from enteral feeds, they would be less likely to pass stool and therefore 

provide further samples for the study. Unfortunately, this is not the case as the average 

day of life for the samples given by infants who did not survive to hospital discharge 

was 18 compared to 15, from infants who did survive. Secondly, the significant 

decrease in bacterial load, as mentioned previously, is likely to be a result of antibiotic 

use. As infants who did survive are more likely to have been the most seriously ill and 

will have therefore received a greater amount of antibiotics. This is true as 65% of 

samples taken from infants who did not survive were taken in the presence of 

antibiotics, whereas only 45% of samples taken from infants who survived to hospital 

discharge were taken in the presence of antibiotics. Overall, due to the conflict of results 

the total stool bacterial load is not a reliable variable for measuring the effect of the 

preterm gut microbiome on survival and length of hospital stay.  

To further investigate the possible link between the preterm gut bacterial community 

and total stool bacterial load, the total bacterial load in samples dominated by particular 
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organism was analysed. The results of Figure 31, show that the bacterial load in samples 

dominated by different organisms, did vary but not significantly. The samples 

dominated by the Bacteroidetes phylum have the highest average bacterial load and the 

sample dominated by Fusobacterium contains the lowest bacterial load. However, 

overall there is not a lot of difference, therefore the predominance of a certain phylum is 

not linked to an overgrowth of bacteria. The same results can be seen at the genus level. 

This suggests the gut preterm gut microbial community changes in response to the 

increased growth of a specific organism. Moreover, it suggests that there have been 

decreases in other members of the community in order to accommodate this dominance 

by one specific organism or set of organisms. Otherwise, there would be an increase in 

bacterial load as a result of the dominance of the microbial community by a particular 

organism.  

3.6.6 The Development of the Preterm Gut Microbiome during the 

First Month of Life.  

The aim of this investigation was to confirm the results of previous findings and 

confirm the validity of the study by comparing the results with that of previously 

published research. Not only, does it confirm the results but also showed that the 

methodology employed during this study for sample collection, DNA extraction, and 

sequencing were correct and provide sufficiently accurate data to validate the study.  

In line with numerous previously published research, the gut microbiome of preterm 

infantsô transitions from a Firmicutes dominated environment to a Proteobacteria 

dominated community over the first 30 days of life. With the addition of the findings 

from this study, it can with high degree of confidence, that this is the normal 

development of the preterm gut microbiome during the first 30 days life. Furthermore, 

the infants were exposed to numerous to numerous differences in care, such as antibiotic 

and probiotic exposure, but as a cohort still produced this trend. Therefore, making this 

a firm outcome.  

A further validation of previous and current findings is the individualistic nature of 

preterm infant gut microbiome development. This is more than likely a result of the 

tailored clinical care in the NICU to each infantôs current and future needs. Moreover, a 

unique feature of the plasticity seen in the preterm infant gut microbiome, is that it has 
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the potential to be easily manipulated. Therefore, the potential of future therapies to 

change the preterm gut microbiome are an exciting area of research, because they have 

the potential to dramatically impact the development of the preterm gut microbiome. 

Ultimately, reducing the incidence of neonatal disease such as NEC.  

Included as part of this investigation was the development of the preterm gut 

microbiome, ordered by day of life and predominant genus, Figure 34. This analysis 

was useful to determine the transition from a Staphylococcus dominated microbiome to 

either a Klebsiella or Escherichia dominated gut microbiome, occurred during the first 

30 days of life. However, due to the number of genera included it makes any further 

deduction hard to interpret. Therefore, analysis into the change of individual genera 

over time, in future, should be conducted on an individual basis and displayed as such. 

This will improve presentation and interpretation of future data.  

In summary, the results of previous and the study presented in this thesis have been 

further validated by the data presented in this thesis. As a result, the gut microbiome of 

preterm infants can be confidently stated as a transition from a Firmicutes to a 

Proteobacteria dominated state. Even though at an individual level the development of 

the microbial community varies significantly. This variability will improve efficacy of 

future therapies.  

3.6.7 The Effect of Development on the Diversity of the Preterm 

Infant Gut.  

Previous research has shown that gut microbiome diversity increases with age 

(Yatsunenko et al. 2012). Therefore, the aim of this investigation was to determine if 

this process also occurred in preterm infants, as the NICU provides limited exposure to 

potential gut colonizers. To the best of my knowledge there has been no previous 

reports on the change in gut microbiome diversity over time in preterm infants. The 

results of this study show that there is no significant increase in alpha diversity during 

the first 30 days of life in preterm infants. In more detail, the diversity only increases 

marginally until 3 weeks of life, where it falls drops. In contrast, measures of richness 

were discovered to peak at the beginning of life and steadily decrease till 3 weeks of. 

These results were the same across all three measures of evenness used during this 

study. There are numerous possible causes for these abnormal results. Firstly, during the 
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third trimester of pregnancy the foetus begins swallowing the amniotic fluid, thereby 

seeding the gut with organisms present in the amniotic fluid. As a result of premature 

birth this process does not get to occur, and the infant is delivered with a reduced 

number of bacteria present in the gut. However, this does not explain the high levels of 

richness seen at the beginning of life in Figure 35. As mentioned previously, this cannot 

be confirmed, but is likely a result of intrauterine infection, thereby increasing the 

presence of pathogenic bacteria. Secondly, and the most likely cause, is the near sterile 

environment the infants are exposed to in the NICU. If there is a low diversity of 

organisms present in the surrounding environment, then the gut is likely to be low in 

diversity also. Moreover, due to their extended periods of stay in the NICU the gut 

microbiome diversity is unlikely to increase significantly as a standard level of 

cleanliness is always achieved on the unit. Furthermore, the combination of a reduced 

environmental contribution, exposure to antibiotics, and a potential lack of enteral 

feeding all contributes to the low levels of diversity seen in preterm infant samples. In 

addition, the lack of a significant change during the first 30 days of life. For future 

studies into preterm gut microbiome diversity, all of the measures of richness and 

diversity seen in Figure 35, do not need to be used, they were used here in order to 

demonstrate the lack of significant changes. However, from this study the Simpsonôs 

diversity index and the SOBs give the most accurate information.  

A key part of diversity analysis are the measures of beta diversity, which compare the 

differences in diversity between samples, often these samples are taken from different 

groups.  The aim of this analysis was to determine if development has an impact upon 

the diversity between samples from early in life to those taken during the fourth week of 

life. This analysis showed that the dominance of organisms within samples remained 

unaffected by day of life and other clinical factors that were tested. This was an 

interesting finding as similar results have not been published, which also made 

explanations for this difficult to determine. One of the main explanations is entwined 

with the results itself. The fact that age, nor any other clinical factor, affected the 

predominance of certain organisms within the preterm infant gut, shows that there is no 

one specific driving force behind the development of the preterm gut microbiome 

community. Rather it is a multifactorial process, resulting in, sometimes significant, but 

subtle changes in the bacterial community, rather than individual drastic changes. 

Ultimately, this demonstrates that the key driving force behind the pattern of dominance 
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seen in the preterm gut microbiome is a result of prematurity. As this is the only 

common denominator between all the infants included in this analysis.  

In summary, the results of this investigation are highly significant for this area of 

research. The knowledge that dominance in the preterm gut microbiome is a result of 

prematurity, as opposed to any clinical factor, allows for more focused research into the 

nuances of preterm gut microbiome development. Furthermore, it provides a new 

avenue of research to determine what factor of prematurity allows for the dominance of 

the preterm gut microbiome by organisms such as Staphylococcus, Escherichia and 

Klebsiella.  

3.6.8 The Effect of Clinical Factors on the Development of the 

Preterm Gut Microbiome. 

The aim of this analysis was to determine if the dominance of organisms within the gut 

microbiome of preterm infants was the result of an individual clinical treatment. The 

results of this investigation had the potential to influence future clinical treatment if it 

was found to significantly affect the health of the infant. However, the results of this 

study showed that no individual factor could account for the differences observed in the 

dominance of organisms within the gut of preterm infants. Therefore, the development 

of the gut microbiome of preterm infants is affected by multiple factors.  

Even though an individual factor could not be used to explain the differences in 

dominant organisms in the gut of preterm infants, significant differences in microbial 

community can be explained by several factors. The first of which is gender. It was 

demonstrated that the abundance of Proteobacteria was significantly increased in male 

infants. Microbiome differences because of gender have previously been reported. More 

specifically, a 2016 study found that males had a greater abundance of Proteobacteria 

compared to females and the overall microbial community composition was different 

between the two genders (Cong et al. 2016). The results of this study are very similar to 

the findings of this project and in combination form the basis of our current knowledge 

on the impact of gender on the preterm infant microbial community. In addition, gender 

differences have been found to continue into adulthood (Haro et al. 2016). Various 

studies have speculated upon the origin of microbial community differences as a result 

of gender. Firstly, it has been suggested that hormone-immune-microbe interactions and 
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genetic traits are a likely cause (Gomez et al. 2015). Specifically, in adultsô autoimmune 

disorders are more prevalent in females, when the gut microbiome is a contributing 

factor. Furthermore, sex specific hormones may shape the gut microbiome, as shown in 

dietary and autoimmune disease studies (Yurkovetskiy et al. 2013; Christine et al. 

2015). However, this does not explain the differences seen in the pre-pubescent cohort 

of preterm infants, therefore there must be other mechanisms to explain gender 

differences beyond hormones. For example, studies in mice have found that males and 

females respond differently to diet, pathologic and probiotic organisms (Karunasena et 

al. 2014; Shastri et al. 2015). Moreover, the relative abundance of microbial species in 

the female GI tract were different compared to those in males (Karunasena et al. 2014). 

Furthermore, cytokine production was significantly different between the two genders 

in the colon, cecum and liver under basal conditions. This was repeated during 

experimental conditions. Therefore, demonstrating that gender is a key factor in the 

response to dietary and microbial changes (Karunasena et al. 2014; Shastri et al. 2015). 

These differences were found to extend to structural differences in the colon tissue of 

males and females, such as males had an increase of short chain fatty acids (butyrate 

and acetate) and females contained a greater concentration of o-phosphocholine or 

histidine (Karunasena et al. 2014).  

In summary, sex specific metabolic and immune activities have been found to influence 

the gut microbial communities in adults and animal models. However, this research 

does not provide an explanation for the differences observed so early in life. Therefore, 

further research is needed to determine how immune functions and metabolic 

environment at the beginning of life affect the differences in microbial communities 

between the sexes.  

Another key influencer on early life microbial community is mode of delivery. There 

has been a high volume of research into this area that has shown significant differences 

(Grönlund et al. 1999; Dominguez-Bello et al. 2010; Aagaard et al. 2012; Azad et al. 

2013). However, mode of delivery has previously been found to have different impacts 

on the gut microbial community of preterm infants (Stewart et al. 2017). This is an 

interesting finding as the birthing procedure is the same for both full and preterm 

infants, therefore similar differences should be found in both groups of infants. In line 

with the research on full-term infants there were significant differences observed in the 
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microbial communities of male and female infants. The Bacteroidetes phylum was only 

found in infants delivered vaginally and infants delivered by CS had a higher abundance 

of Proteobacteria. Therefore, the results of this study contrast with those previously 

published in preterm infants. As a result, further investigations are needed to determine 

if mode of a delivery is a significant influence on the gut microbiome development in 

preterm infants.  

Analysis into the effect of sample site on the development of the preterm gut 

microbiome provided an interesting result. It was determined that the difference in 

microbial communities between the sampling sites was a direct result of the 

administration of probiotics. The findings of these results are twofold. Firstly, that the 

administration of probiotics to preterm infants results in a significant increase in the 

abundance of the probiotic bacteria, Bifidobacterium. This bacterium was one of the two 

species included in the probiotic administered in the NICU, during the time of sampling. 

Therefore, probiotic bacteria can become constituent members of the microbial 

community of the preterm infant gut. Current research into the efficacy of probiotics is 

very mixed, with not one study able to conclusively state the effectiveness, or lack 

thereof, of probiotics (Al -Hosni et al. 2012; Janvier et al. 2014; Aceti et al. 2015; 

Abdulkadir et al. 2016a). As a result, a large scale, longitudinal study is required to 

conclusively determine the efficacy of probiotics in preterm infants.  

In addition to probiotics, preterm infants are exposed to numerous feeding types 

dependant on several factors. Currently, motherôs own breast milk is the accepted ñgold 

standardò for both full and preterm infant feeding (Castanys-Muñoz et al. 2016). 

However, if motherôs own milk is not available, formula and donor breast milk become 

the next options. These feeding routines have been shown to influence the type of 

bacteria acquired during gut microbiome development in both full and preterm infants 

(Cong et al. 2017; Timmerman et al. 2017). Furthermore, the gut microbiome diversity 

in infantôs fed their motherôs own milk was higher compared to the other feeding types 

(Cong et al. 2017). The results of this project show that diet has a dramatic impact the 

microbial community of preterm infants. For example, motherôs own milk increased the 

presence of Bacteroidetes, and formula feeds increased the abundance of 

Actinobacteria. The difference in microbial community as a result of feeding routine is 

a result of the availability of different metabolites. For instance, the Bacteroidetes 
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phylum is known to metabolise fibre into short chain fatty acids more readily than other 

species (Aurélien et al. 2014). Therefore, dietary changes have the potential to 

manipulate the gut microbiome of preterm infants.  

3.6.9 The Gut Microbiome of Preterm Infants who Develop NEC 

Significantly Differs from those who do not. 

The aim of this analysis was to further investigate the potential links between the gut 

microbiome and development of NEC. A recent systematic review summarized the 

current evidence between the gut microbiome and the development of NEC. They 

concluded that the Bacteroidetes phylum is ñprotectiveò against the development of 

NEC i.e. the abundance of Bacteroidetes was increased in infants who did not develop 

the disease (Pammi et al. 2017). The results of this project confirm the conclusions of 

the Pammi et al study, with the Bacteroidetes phylum only present in samples taken 

from infants who did not develop NEC. Therefore, a ñprotectiveò effect of 

Bacteroidetes has been demonstrated, however, the mechanism of this protective effect 

has yet to be investigated. 

An interesting finding of this research was that the Bacteroides genus was increased in 

infants who were breastfed but were decreased in infants who developed NEC. 

Therefore, adding further evidence suggesting that breastfeeding is protective against 

NEC.  

Furthermore, similarly to previously published research, the infants in this study who 

developed NEC had a decreased gestation and birthweight. These are well established 

risk factors for the development of NEC (Lu et al. 2017; Duci et al. 2018).  

In contrast to previous studies, an increase of Klebsiella or Clostridium was not 

associated with the development of NEC (de la Cochetière et al. 2004; Sim et al. 2015). 

Therefore, the cohort of infants recruited during this study was unique, as the 

Enterococcus genus was significantly associated with the development of NEC. 

Previous research has shown that Enterococcus species can produce proteases in the gut 

environment (Steck et al. 2013). Moreover, increased protease activity has been linked 

to the progression of the adult gastrointestinal disease, such as IBD (Carroll and 

Maharshak 2013). This process may be occurring in the gut of preterm infants during 
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the development of NEC. As a result, the increase in protease activity could be causing 

a breakdown of the tight junctions and necrosis of the gut epithelium. However, further 

research is needed to confirm the protease activity of preterm infant stool and the 

possible mechanism of action. 

3.7 Conclusion 

The development of the preterm gut microbiome is a highly individualistic and 

fluctuating process. However, as shown in this study and previous research, there is an 

overall progression towards a Proteobacteria dominated microbial community during 

the first 30 days of life. There are numerous factors affecting gut microbiome 

development in these infants such as gender and mode of delivery, but the effects are 

seen on a subtler scale as the dominance of organisms remains unaffected by these 

factors. In conclusion, this study provides further evidence towards the establishment of 

the gut microbiome community in the preterm infant and how exposure to early life 

factors affects the developmental process.    
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Chapter 4 

The Protease and Inflammatory Content of 

Preterm Infant Stool.
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Chapter 4. The Protease and Inflammatory Content of 

Preterm Infant Stool. 

4.1 Introduction  

Research into proteolytic enzymes began over 80 years ago as a result of increasing 

necessity to impede their action during the isolation and study of protein chemistry 

(Hans 1999). Since then, proteases have been shown to be essential regulatory 

components of numerous physiological functions such as mitochondrial maintenance, 

migration of neural crest cells during development, remodelling of skeletal muscles, 

blood coagulation and many more (Chakraborti and Dhalla 2017). Developments, such 

as those previously described, have led to the identification of proteases as potential 

targets for therapeutics. 

Proteases are themselves polypeptides that contain a catalytic site, used for the 

degradation of proteins. The active site of each protease is specialised to target certain 

peptide bonds within the target protein. It is this specificity and highly regulated control 

mechanisms that make proteases highly effective components of cellular biology 

(Neurath 1989). The differences in mode of action has allowed proteases to be 

subdivided into several families as follows: threonine, aspartate, serine, cysteine and 

metalloproteases (Puente et al. 2005). As the name suggests it is specific amino acids 

that are the targets for proteases. The only exception are metalloproteases, who target 

metal ions on the inactive peptide.  

More specifically, proteases are often part of complex pathways that involve the 

activation of several inactive precursor peptides, or zymogens. The active protein is 

released upon cleavage of the target peptide bonds, this cleavage can also result in 

structural changes in order to render the target active (Polg§r 1989). Furthermore, the 

cleavage of a peptide bond by a protease can release an inhibitory peptide thereby 

activating the target peptide (Guasch et al. 1992). A typical example of a protease 

cascade is during nutrient digestion, such as pancreatic trypsinogen.  

In summary, proteases are ubiquitous across the human body and critical for 

homeostasis. More specifically, the highest concentration of protease can be found in 

the gastrointestinal (GI) tract, this is not surprising as proteases are essential for the 
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breakdown of peptide bonds during food digestion (Antalis et al. 2007). Therefore, 

research into the content and function of proteases in the GI system is extensive and has 

provided interesting results. 

4.1.1 The Role of Proteases in the Gastrointestinal System. 

Proteases are present along the entire GI system, for example they are luminal, 

circulating, secreted, intracellular, intramembrane and pericellular. Once again, the 

plethora of locations for these molecules demonstrates their numerous functions in the 

human body. For example, pericellular proteolysis occurs as a result of the continual 

exposure of both apical and basolateral surface of intestinal epithelial cells (IECs) to 

circulating or secreted proteases (Medina and Radomski 2006). Furthermore, IECs 

themselves secrete proteases that remodel the extracellular matrix (ECM) (Medina and 

Radomski 2006). 

The prevalence of proteases throughout the GI system indicates at the array of functions 

these molecules have in said system. For example, proteases are key components of 

signalling, with substrates such as growth factors and interleukins (Gschwind et al. 

2001; Ohtsu et al. 2006). Moreover, a number of GI process are controlled by PARs, 

who are activated by proteases, some of these processes include the function of smooth 

muscle in the colon and small intestine (Vergnolle 2005). A further role for secreted 

proteases is in the maintenance of the intestinal mucosal barrier (Cenac et al. 2002). 

Furthermore, the epithelial layer underneath the mucosal barrier is also maintained by 

proteases. Matriptase increases the production of claudin-2 a tight junction protein 

(Buzza et al. 2010).  

In order to maintain homeostasis, the activity of proteases must be tightly controlled. 

This can occur by the activation of zymogens, compartmentalization of active 

molecules, and the suppression or termination of activity by inhibitors (Antalis and 

Lawrence 2004; Jacob et al. 2005). In parallel to the gut microbial community, health is 

dictated by a balance of the types and numbers of proteases. Gastrointestinal disease has 

been linked to a disruption of these vital regulatory mechanisms (Bustos et al. 1998; 

Dunlop et al. 2006; Cenac et al. 2007; Róka et al. 2007b; Gecse et al. 2008; Shulman et 

al. 2008). 
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Combining knowledge of the microbial content of the gut microbial content and the 

significant role proteases have in the gastrointestinal system, research has shown 

bacteria also contribute the total proteolytic activity of the intestines. For example, 

serine, cysteine and matrix metalloproteases of bacterial origin have been found in the 

gut (Macfarlane et al. 1988; Gibson et al. 1989; Róka et al. 2007b). Akin to host 

proteases, protease of bacterial origin exists in many forms. For example, they can be 

excreted by the bacterium, remain attached to the cell surface or embedded in the 

membrane. Furthermore, bacterial proteases are components of numerous biological 

processes (Laskowska et al. 1996; Gottesman et al. 1997).  

Specific to this thesis is the role of proteases in the gut of preterm infants. The primary 

source of proteases for preterm infants is breast milk. Several proteases have been found 

to be present in human breast milk, such as trypsin. Moreover, these proteases have 

been implicated in several physiological processes. However, little is known about the 

effect of several factors such as mode of delivery, may play in the presence and types of 

proteases present in the guts of preterm infants.    

In summary, proteases in the GI tract are necessary to maintain homeostasis and there 

are complex mechanisms in place to regulate their activity. Furthermore, the 

dysregulation of these molecules has been found to contribute to the pathology of 

disease. In addition, like the microbiome, there are bacterial constituents to the total 

proteolytic activity of the gut. However, this thesis focuses on the preterm infant 

population.  

4.1.2 The Role of IL -6 and IL-8 in the Gastrointestinal System of 

Preterm Infants 

IL -6 is expressed by enterocytes in response to infection under the control of NF-əɓ 

(Shimizu et al. 1990; Hunter et al. 2008b). The levels of IL-6 have been found to be 

elevated in the plasma of infants with NEC, furthermore, in concordance with severity 

of disease (Harris et al. 1994; Morecroft et al. 1994; Duffy et al. 1997). This indicates 

at a systemic response rather than a localised one, inflammatory levels would need to be 

found in the stool to indicate at a localised response. In a study of 62 new born infants 

with suspected sepsis or NEC, IL-6 levels were five to ten fold higher in infants with 

bacterial sepsis plus NEC at the onset of disease than in infants with bacterial sepsis 
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alone (Harris et al. 1994). This is not unsurprising as IL-6 is one of the products 

released a result of PAR activation. Furthermore, in a study of 60 preterm infants there 

was a trend to higher levels of IL-6 with a greater degree of NEC (Duffy et al. 1997).  

IL -8 is generally regarded as a proinflammatory chemokine, and potent 

chemoattractant, predominantly produced by macrophages and endothelial cells. 

Importantly, exposure to amniotic fluid containing IL -8 has been indicated to be 

important for promoting intestinal health (Maheshwari et al. 2002). Not only are 

proteases present in breast milk, IL-8 is also present in significant concentrations. 

Furthermore, when human foetal and adult intestinal cells are treated with rhIL-8 in 

vitro, it stimulates cell migration, proliferation and differentiation (Maheshwari et al. 

2002). IL-8 is also a potent chemoattractant for neutrophils and an angiogenic factor. As 

with several other proinflammatory cytokines, elevated IL-8 levels have been associated 

with human NEC and with an animal model of intestinal ischemia-reperfusion (Edelson 

et al. 1999; Chen et al. 2002; Benkoe et al. 2012). Furthermore, high IL-8 levels may 

correlate with human NEC severity (Edelson et al. 1999). One recent study reports that 

IL -8 appears to be a promising biomarker for the extent of intestinal necrosis (Benkoe et 

al. 2012). Cellular maturity may affect the response to bacterial challenge. Moreover, 

when compared to mature enterocytes, immature foetal intestinal cells have been shown 

to produce more IL-8 in response to LPS and flagellin (Nanthakumar et al. 2000). These 

developmental differences may predispose the premature intestine to inflammation.  
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4.2 Aims and Objectives 

There is a significant lack of data on the role of proteases in the development of the 

preterm infant gut microbiome. Therefore, the aim of this study was to test the total 

faecal protease of preterm infant stool, in order to determine the significance of the role 

they play. Secondly, in order to potentially discuss roles for these proteases the types of 

proteases should be tested. Thirdly, proteases are integral members of the inflammatory 

response therefore it would be beneficial to investigate links between protease activity 

and inflammatory response of preterm infant stool. This will enable associations 

between protease activity and inflammation to be ascertained, in order to identify links 

with disease. Finally, all the previous data has the potential to be compared to the 

microbial content of the preterm infant gut. As a result, links between the microbial 

community and potential disease pathology could be made. 

The above aims will be achieved by the following objectives:- 

1. Determine the total faecal protease content of the preterm infant stool. 

2. Use a suite of protease inhibitors to investigate the protease content of preterm 

infant stool. 

3. Implement an ELISA assay to ascertain the levels of IL-6 and IL-8 in the stool 

of preterm infants. 

4. Analyse the above findings, to compare the protease activity and inflammatory 

response of preterm infant stool. In addition, add data of the bacterial 

community to determine links between the microbial community, protease 

activity and inflammatory content.  
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4.3 Materials and Methods 

All of the following assays were conducted on the 10% faecal slurry produced during 

Section 2.6.1. To determine total protease activity, assays were performed as detailed in 

Section 2.12.3. The results of these assays were then analysed according to Section 

2.12.4, in order to determine the percentage of protease activity. One of the main aims 

of this study was to investigate the origin of the proteases present in the stool of preterm 

infants. Therefore, the following experiments were conducted. Firstly, assays using the 

ProteaseArrest kit from G-Biosciences were performed according to Section 2.15.1. 

When these experiments proved unsuccessful, it was decided that experiments into the 

families of protease present would yield better results, and these were conducted in 

Section 2.15.2 and 2.15.3. The results of these experiments were analysed according to 

Section 2.15.4, and showed the dominant proteases present in each sample.  

In order to investigate the inflammatory response of the preterm infant gut ELISA 

assays were performed to determine the levels of IL-6 and IL-8 as detailed in Section 

2.16. Analysis of these results was conducted as briefed in Section 2.16.3.     
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4.4 Results 

4.4.1  Total Protease Activity of Preterm Infant Stool. 

Firstly, it was important to determine if there was a change in total protease activity of 

preterm infant stool over time. Figure 43 below shows the average protease activity for 

the first 30 days of life. From this data it can be derived that there are no significant 

changes in total protease activity over time. However, when compared to the changes in 

bacterial load over the same period, a similar pattern can be seen. These data does not 

conclusively show that protease activity and bacterial load are linked, but that there is a 

similar peak at days 6 to 10 of life. To clarify the percentage protease activity has been 

derived from 1mg/ml of pure trypsin. Therefore, 1mg/ml of protein in the sample 

produces a percentage of the amount of activity in the same concentration of trypsin. 

 

Figure 43. A Comparison between Mean Protease Activity and Mean Bacterial Load over time. The 

total number of samples included in this analysis was 199, 11 samples were excluded as they were 

collected from full term infants. 

Once the collective protease activity was analysed it was imperative to investigate the 

change in protease activity on an individual infant basis. Figure 44, shows that the total 

protease activity differs between individuals. Furthermore, it shows that the patterns in 

different can be similar, infants 17 and 2 show the same increase. However, infant 6 

shows a very different pattern of a sharp increase and decrease occurring at different 

times during the first month of life. Moreover, this infant shows the lowest amount of 
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activity at the end of the 30 days, whereas infant 2 has the highest activity at the start of 

the first month of life.   

 

Figure 44. The Protease Activity of Individual Preterm Infants during the First 30 days of Life. The 

number of samples included during this analysis was 16. Day of life is given on the x axis as a continuous 

scale.  

4.4.2 The Effect of Clinical Factors on the Total Protease Activity of 

Preterm Infant Stool 

In a similar fashion to Chapter 3, the total protease activity of preterm infant stool was 

analysed in respect to several clinical factors. The first comparison investigated the role 

of proteases in the development of NEC. Figure 45, shows the mean protease activity 

for samples taken from infants who did and did not develop NEC. In addition, the 

samples taken from infants who did develop NEC have been grouped according to the 

severity of the disease. There are no significant differences here, but there is a definite 

decrease in protease activity detected in stool samples taken from infants who 

developed Grade 2 NEC. Overall, these results show that protease activity does not 

appear to influence the development or progression of NEC.  

As discussed in detail in Chapter 4, antibiotics have a significant effect on the 

development of the preterm gut microbiome. Therefore, it was necessary to determine 

of there was a similar effect upon the protease activity of the stool. Interestingly, there 

was no difference in the mean protease activity between samples taken in the presence 
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of antibiotics compared to samples taken in the absence of antibiotics. The average total 

protease activity of the two groups was 9% compared to 1mg/ml of trypsin.     

 

Figure 45. Total Faecal Protease Activity in Comparison to NEC Development and Grade. A total 

of 198 samples were included in this analysis, 12 were excluded as having been collected from full term 

infants. Each bar represents the mean protease activity for all samples included in their respective group. 

The numbers in each bar are the number of samples included in each group. The error bars for each bar 

are the standard error of the mean. NEC grades were defined according to Bellôs staging criteria. 

Figure 46 shows the effect of feeding routines on the total protease activity of preterm 

infant stool. There are no significant differences between the different feeding regimes, 

however there are some interesting changes. For example, the infants receiving no feeds 

show the lowest protease activity and the infants receiving formula feeds have the 

highest protease content. Moreover, donor and motherôs own breast milk produce the 

same total faecal protease activity.  

It was important to investigate the gender differences in total faecal protease activity, as 

there were significant differences in the microbial community. Moreover, the 

hypothesis is that bacterial proteases are contributing significantly to the total protease 

activity of the preterm infant gut. Therefore, it was necessary to investigate if these 

microbial differences translated into protease activity. The results of this analysis 

actually found no differences in faecal protease activity. The mean protease activity was 

9% in both females and males.   
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Figure 46. The Effect of Different Feeding Routines in the NICU on the Total Faecal Protease 

Activity.  A total of 199 samples were included in this analysis, 11 were excluded as having been 

collected from full term infants. Each bar represents the mean protease activity. The error bars show the 

standard error of the mean.  

 

Figure 47. The Effect of Delivery Mode on the Total Faecal Protease Activity of the Preterm Infant 

Gut. The mean protease activity is shown by the bars. The error bars represent the standard error of the 

mean. The numbers at the base of the bar are the number of samples included in each group. In total 199 

samples were used during this analysis.  

Figure 47 shows the effect of delivery mode on the total faecal protease activity of the 

preterm infant gut. There are no significant differences as a result of delivery mode, 

however there is a slight increase in faecal protease activity from infants born vaginally.    
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4.4.3 The Families of Proteases Present in the Stool of Preterm Infants 

In order to determine the families of proteases present in the stool of preterm infants, 

some initial optimization experiments were necessary. At first the ProteSeeker kit from 

G-Biosciences was used to determine the most dominant types of proteases present. 

Figure 48 shows the effect of 11 different protease inhibitors on the total faecal protease 

activity. To note this analysis was repeated on 5 more samples and the same results 

were obtained. From Figure 48 it can be determined that the inhibitors that produced the 

greatest inhibition were 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride 

(AEBSF), EDTA and Antipain. AEBSF is an irreversible serine inhibitor, EDTA is a 

metalloprotease inhibitor and Antipain is also a serine protease inhibitor. The results of 

this study showed that the dominant proteases present in the stool of preterm infants are 

serine and metalloproteases. Therefore, it was decided that further research into the 

types of proteases present in the stool would focus on the different proportions of serine 

and metalloproteases in the samples.   

 

Figure 48. Investigation to Determine the Dominant Families of Proteases Present in the Stool of 

Preterm Infants. 5 samples were used during this analysis and 11 types of protease inhibitor were used 

to probe the samples. On the left the protease activity in the absence of an inhibitor is given.  

Initial analysis found that protease profiles could be assigned to each sample based on 

the dominant family of protease present in that sample. Analysis of all the samples 

found that 35% of the samples were dominated by serine proteases, another 35% were 
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unaffected by the AEBSF and EDTA and therefore contained other proteases and were 

assigned a varied protease profile. In addition, 29% of the samples were equally 

inhibited by EDTA and AEBSF and therefore have a serine and metalloprotease 

dominated profile. Finally, only 3% of samples were solely dominated by 

metalloproteases.  

4.4.4 Links between the Total Protease Activity and Types of 

Proteases Present in Preterm Infant Stool and the Microbial 

Community 

Next it was important to investigate the links between protease activity, profile and 

microbial community. Figure 49, shows the results of the first of these investigations, to 

compare protease profile with protease activity over time. From the figure it can be 

found that there was no increase of a particular type of protease that coincided with the 

peak in protease activity between days 6 to 10 of life. The types of proteases present 

remain relatively stable during the first 30 days of life, however there is an increase in 

the serine and metallo protease profile at days 16 to 20 of life. Furthermore, the 

metalloprotease profile was only present at days 1 to 10 and 16 to 20 of life. Finally, the 

varied protease profile peaks at greater than 25 days of life.  

 

Figure 49. The Relationship between Total Faecal Protease Activity and the Protease Profile of the 

Preterm Infant Stool. The bars show the percentage abundance of each protease profile for samples 

during the development of the infant. The numbers at the bottom of each bar are the number of samples 

included in each days of life grouping. The line graph shows the mean percentage activity over time.  
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Figure 50. The Association between the Gut Microbial Community at the Phylum Level and the 

Protease Profile of the Preterm Infant Gut. The number of samples included in each protease profile 

group are shown at the bottom of each bar. Samples with an unknown phylum is because the sequencing 

was unsuccessful for these samples. 

Figure 50, shows the relationship between the gut microbial community and the types of 

proteases present in the preterm infant gut. As shown, there are no significant 

differences in the protease profile between the gut microbial communities. However, the 

Bacteroidetes phylum is not associated with a varied protease profile. Furthermore, the 

highest level of serine proteases are seen in infants dominated by Proteobacteria.  

 

Figure 51. The Association between the Dominant Genus present and the Protease Profile of 

Preterm Infant Stool. The number of samples included in each protease profile group are shown at the 

bottom of each bar. Samples with an unknown phylum is because the sequencing was unsuccessful for 

these samples. 

Figure 51, provides more detail on possible associations between the microbial 

communities in the preterm infant gut with the families of proteases present in the same 
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samples. To note there are no significant associations present and there are a large 

number of samples that were unable to provide sequencing. However, it is again worth 

mentioning that the Bacteroides genus was not present in samples that gave a varied 

protease profile. Furthermore, the greatest abundance of Staphylococcus was present 

alongside a varied protease profile.  

In order to fully investigate the preterm infant microbiome, it was necessary to 

determine if an inflammatory response was present and could potentially be linked to 

the types of organisms and or proteases present. Furthermore, if protease activity could 

be linked to the inflammatory disease NEC.   

4.4.5 The Inflammatory Response of Preterm Infant Stool 

In order to investigate the presence of pro inflammatory cytokines in the stool of 

preterm infants a number of optimization experiments were conducted. This was to 

confirm that IL-6 and IL-8 could be detected in the stool of preterm infant, as there is no 

previous research on using ELISAs with preterm infant stool. The results of these 

experiments showed that IL-8 and IL-6 can be detected stool of preterm infants. 

However, when the ELISA was performed on 40 of the samples, there was no 

detectable presence of either IL-6 or IL-8. Therefore, the stool of preterm infants does 

not contain pro inflammatory cytokines, and as a result there is no detectable local 

inflammatory response in the gut of preterm infants. Finally, there was no difference in 

protease activity and inflammation between infants who did and did not develop NEC.   

In addition, there was no association between protease activity and CRP and or WCC 

levels, taken as part of routine clinical care. Therefore, this provides further evidence 

that the protease activity or inflammation of the preterm infant gut is not resulting in 

significant systemic effects. 
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4.5 Discussion   

4.5.1 The Total Protease Activity of Preterm Infant Stool 

Overall, the results of this study show that there is no significant protease activity in the 

gut of preterm infants. This is not what was hypothesised as previous suggested that 

inflammatory driven gut diseases such as IBD, have a link with excessive protease 

activity. Therefore, the results of this study suggest that the preterm disease NEC does 

not have a contributory effect from proteases. Moreover, this is the first study to show 

this. There are several possible reasons for why the total protease activity of preterm 

infant stool is so low. Firstly, the total bacterial load of the preterm infant gut is 

significantly lower than that of adults. The average adult bacterial load is 1011 cells in 

the colon per ml, whereas the average found in this study of preterm infants was 106 

cells per mg of stool (Sender et al. 2016). This almost half of the levels seen in adults, 

therefore indicating that the guts of preterm infants are relatively sterile compared to 

that of adults. However, this is not unexpected as the gut microbiome is colonised 

throughout life and these infants are at the very beginning of their lives. Therefore, a 

significant reduction in the number of bacteria in the gut can explain a significant 

reduction in the total protease activity. Moreover, this only concerns the proteases 

produced by the bacteria themselves. The determination of the origin of the proteases 

has been a difficulty throughout this project. Therefore, it is more probable that the 

reduction in bacterial numbers accounts for the reduction in protease activity. There are 

other explanations for the low total protease activity, and these will be discussed later in 

this section. 

Taking this into consideration, when comparing the pattern of activity alongside total 

bacterial load, even though it is not significant, bacterial load and protease activity peak 

the same time. Therefore, suggesting that total protease activity of the preterm infant gut 

is from the host.  

Finally, the total protease activity of preterm infant stool shows individualistic patterns 

which is mirrored in the individualistic nature of the development of the microbial 

community. This is an interesting similarity in development pattern and adds further 

evidence to the individualistic nature of preterm gut microbiome development, 

previously noted. This individualism is a result of the differing treatments, feeding 
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routines, gestation, gender etc., and it is interesting to see this having a similar effect on 

the protease activity of the preterm infant gut.  

In summary, there is not a significant amount of protease activity in the gut of preterm 

infants. Moreover, this activity is not linked to bacterial load, which indicates that the 

primary origin of these proteases is host. Finally, the development of the protease 

activity in the gut is unique to each infant, a pattern that is also seen in the development 

of the gut microbial community.  

4.5.2 The Effect of Clinical Factors on the Total Protease Activity of 

Preterm Infant Stool. 

One hypothesis of this project was that the development of NEC in preterm infants is 

linked to protease activity in the stool. As there is no research in protease activity of 

preterm infant stool, the hypothesis was based upon research in adults. Gut diseases in 

adults, such as IBD, have been linked to excessive protease activity found in the stool, 

therefore, it was important to investigate if the same links could be drawn. However, the 

results of this experiment showed that there were no statistically significant associations 

between stool protease activity and the development and progression of NEC. However, 

this was not the main focus of the PhD project and therefore the recruitment of infants 

was not centred on infants who developed NEC. As a result, the number of infants 

recruited who developed NEC was low. So even though no associations were found in 

this study, a focused investigation needs to be conducted to convincingly say that NEC 

is not associated with protease activity.  

Antibiotics and their effect of the gut microbial community was discussed, at length, in 

Chapter 5. However, it was important to investigate the effect antibiotics could be 

having on the gut protease activity. Furthermore, it would also assist in determining the 

origin of the proteases. The results showed that antibiotics had no effect on the total 

protease activity of the preterm stool. This is in stark contrast to the significant effect 

that was seen on the microbial community. Therefore, this adds further evidence 

towards the host origin of the proteases as the total activity remains unaffected by 

changes in the bacterial community.  
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Similar to antibiotics, differences in gender resulted in significant changes to the 

microbial community, however, this did not translate to total protease activity. There 

was no change in total protease activity in the stool of male and female infants. This is 

another incidence indicating to the host origin of the proteases, because significant 

changes in microbial community did not result significant changes in total stool 

protease activity.  

Although not significant feeding routines did cause a small change in protease activity. 

Previous research has shown that one of the key functions of proteases is in the 

breakdown of luminal contents, in other words digested food. Moreover, bacteria have 

been shown to assist in the breakdown of luminal contents to release molecules 

inaccessible by normal digestive processes. Therefore, this shows that diet in preterm 

infants has the potential to affect the total protease activity of preterm infant stool. 

However, the number of samples taken from infants receiving formula feeds was 

minimal and a larger study would need to be conducted to see if these results translate 

into significant differences.  

Delivery mode also resulted in a minor change in protease activity, where on average a 

vaginal delivery resulted in a higher total protease activity. Due to the absence of 

research into this area it is hard to comment on the reasons why this difference might 

have occurred. Even though previously throughout this Chapter, results have been 

presented to show that the infant produces the proteases detected in the stool, the 

differences in delivery mode could be a result of changes in microbial communities.  

In summary, several clinical factors did not have a significant effect on the total 

protease activity of preterm infant stool. This could be a result of the overall limited 

detectable activity. However, the evidence indicates that total protease activity of the 

preterm infant stool has a limited involvement in the development of the gut 

microbiome.  

4.5.3 The Types of Proteases of the Preterm Infant Gut Microbiome. 

The aim of these experiments was to determine the families of proteases present in the 

stool of preterm infants. Initially, it was necessary to determine if certain families of 

proteases dominated over others in the stool of preterm infants. The predominant 
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proteases were found to be serine and metallo proteases. Once again, due to the lack of 

research in this area, the role of these proteases can only be speculated upon. Serine and 

metalloprotease have been found to play significant roles in the permeability of the 

intestinal barrier and intestinal barrier inflammation. The preterm infant gut is known to 

be susceptible to excessive intestinal inflammation and permeability. Therefore, it is not 

unsurprising to see these types of proteases present in greater numbers than others.  

Once it was found that serine and metalloproteases dominated the proteases present in 

the stool of preterm infants. All samples were then tested to determine the protease 

profile based on the percentage inhibition by a serine and metalloprotease inhibitor. The 

results found that the stool of preterm infants was very rarely dominated by 

metalloproteases alone. This indicates that serine proteases are necessary in the 

recruitment of metalloproteases, as previous research has shown proteases are often part 

of a complex activation and inhibition pathway.  

Preliminary experiments showed that serine and metalloproteases were predominant in 

the stool of preterm infants. However, after testing all samples with only AEBSF and 

EDTA, a significant proportion of the samples showed a varied protease profile. This 

meant that serine or metalloproteases did not dominate that sample. This is interesting 

as it showed that the protease profile of the preterm infant gut was not as simple as 

initially thought. Ultimately, this showed that a more diverse suite of inhibitors should 

be used in future experiments in the determination of the types of proteases present in 

the stool of preterm infants.  

In summary, the protease content of preterm infant stool appears to be more complex 

than the total activity. This indicates that in a proportion of the infants a variety of 

proteases are present even though the overall activity detected is low. This could be a 

result of the sample tested, stool. Therefore, the stool could only reflect the protease 

activity and types present in the colon. Whereas there may be more activity further up 

the GI tract. This suggest that the proteases in the gut of preterm infants participate in a 

variety of functions, contributing to the development of the infant. 
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4.5.4 The Links between Protease Type, Activity and Gut Microbial 

Community.  

This analysis was used to determine the interactions between several components of the 

preterm gut microbiome. However, the results were inconclusive, and no significant 

observations could be concluded. 

There was no relationship observed between total protease activity and the organisms 

present in the gut microbiome. This shows that there is not a significant contribution to 

total protease activity by a specific organism. This once again adds further evidence to 

the absence of bacterial proteases in the stool of preterm infants, as certain bacteria 

cannot be identified as contributing an amount of protease activity. Furthermore, there 

were no significant associations between the organisms present and the types of 

proteases present in the stool of preterm infants. This shows that one organism does not 

significantly contribute a single protease type to the total content of the stool. Overall, 

this suggests that disease processes occurring in the gut of preterm infants should not be 

contributed to one specific organism, as they do not contribute a significant amount of 

protease activity or a specific type of protease.  

4.5.5 The Role of Inflammation in the Gut Microbiome of Preterm 

Infants. 

The aim of these experiments was to investigate the pro inflammatory levels of IL-6 and 

IL -8 in the stool of preterm infants. There has been little evidence of the presence of 

these proteins in the stool of preterm infants (Moerch et al. 2008; Lusyati et al. 2013), 

and they were tested using high throughput sensitive methods. Therefore, an ELISA 

method was used to try and detect levels of IL-6 and IL-8 at concentrations indicative of 

localised inflammation.  

After several optimisation experiments it was determined that IL-6 and IL-8 could be 

detected in the stool of preterm infants using an ELISA. However, no detectable IL-6 or 

IL -8 could be found. This indicates that the excessive inflammatory response associated 

with diseases such as NEC is a systemic response rather than a localised effect. 

Furthermore, the absence of an association between the microbial community in the gut 

and an inflammatory response it suggests that a specific bacterium is not associated with 
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the development of NEC. I was confident about the method used as levels of IL-6 and 

IL -8 could be detected in other samples collected from the same infants.  

On the other hand, the IL-8 and IL-6 could have not been detected because they had 

degraded before the ELISA could be conducted. For instance, the faecal sample was 

extracted and processed in order to preserve the activity of the proteases present. This 

could have led to a breakdown of the cytokines. Furthermore, in order to normalise all 

samples to 1mg/ml total protein, the samples were diluted. This could have resulted in 

diluting the IL-6 and IL-8 to undetectable levels by ELISA. Future studies in this area 

should aliquot samples separately for protease and cytokine investigations.  

4.6 Conclusion 

In summary, the role of proteases in the development of the preterm infant gut 

microbiome does not appear to be significant. Including infants with and without NEC. 

The total protease activity of preterm infant stool is minimal and not associated with 

bacterial load or clinical factors such as antibiotics use. This substantially indicates at a 

host origin for these proteases. However, with the methods implemented during this 

PhD, a definitive conclusion cannot be drawn. Moreover, the predominant types of 

proteases present were serine and metalloproteases. However, a proportion of the 

samples tested produced a varied protease profile where serine and metalloproteases did 

not predominate in the sample. Therefore, the protease content of the preterm infant gut 

can be complex even in absence of a high degree of activity. When protease type and 

activity was compared to the microbial community no significant observations were 

recorded, again providing further evidence towards the host origin of these proteases. 

Finally, no detectable levels of IL-6 and IL-8 could be found in the stool of preterm 

infants. Overall, this indicates at a very minimal role of proteases in the development of 

the gut microbiome.  
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Chapter 5 

The Effect of Antibiotics on the Developing 

Preterm Gut Microbiome.
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Chapter 5. The Effect of Antibiotics on the Developing 

Preterm Neonatal Gut Microbiome. 

5.1 Introduction  

The microbiome, is a unique ecological niche, shared between the human host and the 

variety of organisms that call it home. Moreover, it comprises of all metabolites, from 

inhabitants and host, and their interactions. There are numerous microbiomes present on 

the human body, each very different from one another. The gut microbiome is one of 

the most complex environments and so has become a developing area of research over 

that past decade (Marchesi 2011). 

In the UK, compared to the rest of Europe, approximately 15 defined daily doses 

(DDD) of antibiotics per 1000 inhabitants were consumed (Goossens et al. 2005). 

Therefore, discovering the effect of these drugs on the gut microbiome is of particular 

interest. Furthermore, an example of the widespread use of antibiotics is that the most 

commonly prescribed medication in the NICU was antibiotics (Hsieh et al. 2014), this 

indicates that preterm and vulnerable infants are the most susceptible to the effects of 

antibiotics.  

In 2009, the effects of antibiotics on the developing microbiome was fist noted. It was 

found that and increase in Enterococcus and a decrease in Bifidobacterium during the 

first week of life, as a result of antibiotic consumption. Furthermore, they found an 

increase in the Enterobacteriaceae family to persist 1 month after treatment (Tanaka et 

al. 2009). A further study in 2011, found the abundance of Bifidobacterium to be 

reduced in infants who had received parenteral antibiotics compared to naïve infants 

(Hussey et al. 2011). A more recent longitudinal study observed the effects of 

antibiotics to remain during the first 3 years of life. They also found the gut microbiome 

to be less diverse and treated infants were more likely to display compositional change 

in consecutive samples (Yassour et al. 2016). 

This microbiome change has been associated with long term outcomes. A study in 

Finnish children showed that antibiotic use between the ages of 2 and 7 years, resulted 

in a decrease of Actinobacteria, alongside an increase in Proteobacteria and Firmicutes. 
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Furthermore, the macrolide type of antibiotic resulted in an increase in asthma and 

weight gain in treated infants (Korpela et al. 2016). A population based study 

comprising of over 10,000 healthy children, median age of 24 months, concluded that 

antibiotic exposure in the first 6 months of life, or repeated exposure during infancy, 

significantly increased body mass (Saari et al. 2015). A further study found that 

antibiotic exposure was associated with obesity at 4 years of age, with more than 3 

courses of antibiotics resulting in an increased risk at 2 years of age (Scott et al. 2016). 

Therefore, the effects of antibiotics can persist well past the time of administration.  

Current research has been unable to determine a solid link between the preterm gut 

microbiome and disease (Abdulkadir et al. 2016b). However, an emerging link between 

antibiotic therapies in preterm infants, a disrupted microbiome, and an increased risk of 

disease development is becoming established. Furthermore, the most prolific drug used 

in NICUs is currently antibiotics (Clark et al. 2006). Therefore, investigations into the 

effect of this most common drug on the preterm neonatal population is of great 

importance. 

The effects of parenteral antibiotic administration were examined in preterm infants. 

Both short- and long-term treatment caused a significant reduction in the number of 

Bifidobacterium for the first 3 weeks of life. Furthermore, the Enterococcus genus was 

significantly increased for up to 12 weeks after antibiotic treatment was stopped 

(Zwittink et al. 2018). 

Several studies, over the past decade, have shown antibiotics to increase the incidence 

of common preterm disease, such as NEC and sepsis. More specifically, the empirical 

use of antibiotics has been demonstrated to increase the rates of NEC, LOS, mortality 

and hospital stay (Cotten et al. 2009; Alexander et al. 2011; Kuppala et al. 2011; Afjeh 

et al. 2016). Moreover, empiric antibiotic use significantly increased the abundance of 

Enterobacter, alongside NEC, sepsis and or death (Greenwood et al. 2014). In addition, 

antibiotic use in preterm infants with no evidence of infection lead to an increased in 

NEC diagnosis and or death (Alexander et al. 2011; Esaiassen et al. 2017). The research 

shows that empiric antibiotic use is more destructive than constructive in the NICU. To 

add, it has been shown that empirical antibiotic use accounts for 39% of inappropriate 

antibiotic use compared to only 4% as a result of antibiotic initiation (Patel et al. 2009). 
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A key preventative in the care of neonates is the use of perinatal antibiotics in women 

with the potential for preterm birth or with confirmed Group B Streptococcus (GBS) 

infection. Several studies have shown a significant increase in the Enterobacteriaceae 

family in infants born to mothers who received antibiotics. Furthermore, these effects 

have been shown to persist months after birth (Arboleya et al. 2015; Arboleya et al. 

2016; Azad et al. 2016; Mazzola et al. 2016). Interestingly, recent research has shown 

that this antibiotic exposure before birth to be protective against neonatal disease. A 

very recent study showed a significant decrease in the incidence of NEC in preterm 

infants born to mothers who received antibiotics up to 72 hours before birth (Reed et al. 

2018). Furthermore, prophylactic use of antibiotics for suspected GBS colonization did 

delay the colonization by Bifidobacterium, but this was normalized by 12 weeks of life 

(Stearns et al. 2017). In a recent study the effects of both prenatal and postnatal 

antibiotics were determined. The abundance of Bacteroidetes was significantly reduced 

in infants exposed to antibiotics before birth. Whereas, the abundance of 

Bifidobacterium was significantly reduced in infants exposed to a high level of 

antibiotics after birth (Zou et al. 2018). 

In the SCOUT observational study there was no impact to outcomes such as NEC or 

survival between empirical and limited antibiotic use (Cantey et al. 2016). An earlier 

report published by the same group also showed that only 5% of antibiotic use was 

accountable by culture proven sepsis (Cantey et al. 2015). This and research from 

numerous NICUs around the world show that the use of antibiotics in the NICU is open 

to considerable variation, and, as discussed earlier, results in detrimental outcomes (De 

Keukeleire et al. 2016). In Australia and New Zealand it was found that empirical 

antibiotic use is minimal (Carr et al. 2017). In contrast, a study in the Netherlands found 

that antibiotic consumption varied from 130 to 360 DDD per 100 admissions. This is 

considerably higher than the doses given in the UK. Furthermore, 24 different 

antibiotics were used across the Dutch NICUs (Liem et al. 2010). A further study 

included 127 NICUs across California and over 50,000 infants. They discovered a 40 

fold variation in antibiotic use across the centres, ranging from 2% to 97% of days 

sampled where antibiotics were prescribed (Schulman et al. 2015). Finally, in Canada it 

was reported that antibiotic use in infants with no proven infection was associated with 

higher rates of adverse outcomes, such as NEC (Ting et al. 2016). 
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As mentioned previously, the gut microbiome comprises the entire contents of the 

ecosystem including metabolites. In order to fulfil this definition, we investigated the 

activity of luminal proteases. More specifically, the effect of antibiotics of these 

microbiome components. Proteases have been associated with the development and 

progression of gastrointestinal disorders, such as IBD, and therefore should be 

investigated in a preterm cohort (Bustos et al. 1998; Dunlop et al. 2006; Cenac et al. 

2007; Róka et al. 2007b; Gecse et al. 2008; Shulman et al. 2008). Furthermore, using 

antibiotics to determine an effect on protease activity may provide insights into the 

origin of these molecules, bacterial or host. 

As a result, there is little consensus on the appropriate use of antibiotics in the NICU, 

and more research needs to be done in order to elucidate the full effect these drugs are 

having on such a vulnerable population (Shah and Sinn 2012). In addition, to advise 

future clinical practice on the use or misuse of these highly accessible drugs. Therefore, 

the aim of this investigation was to determine the effect of antibiotic administration on 

the gut microbiome of preterm neonates.   
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5.2 Aims 

It can be concluded that the definitive effect of antibiotics on the preterm gut 

microbiome has yet to be decided. However, the use of these drugs without clinical 

proof of infection or sepsis can lead to common preterm disease such as NEC and or 

sepsis. Moreover, the effect antibiotics are having on the microbial community of the 

gut microbiome has yet to be investigated. There is a strong probability that antibiotics 

are causing a change in community structure within the gut microbiome, which is then 

leading to the increased incidence of preterm disease. In addition, ass mentioned 

previously, the protease activity of the preterm infant has yet to be investigated. 

Therefore, the effect of antibiotics on these proteins will provide insight into their role 

within the gut microbiome. Taking this into consideration, the aims of this study were: 

1. To determine the effect of antibiotic administration on the preterm gut 

microbiome bacterial community.  

2. To investigate the effect of antibiotics on the protease activity of the preterm 

gut. This will provide information on total protease activity, families of 

proteases present and organisms of origin.  
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5.3 Materials and Methods 

Samples were collected as detailed in Section 2.2, and only samples from preterm 

infants were included in this study. These samples were then processed according to the 

methods detailed in Section 2.6. The resulting faecal slurry was used to determine the 

total protease activity using the protocol detailed in Section 2.12.3, and subsequently 

analysed as detailed in Section 2.12.4. 

DNA was extracted on the resulting pellet from the methodology used in Section 2.6, as 

per Section 2.8.2. Preparation of the extracted DNA and the sequencing of the 16S 

rRNA gene was performed as listed in Section 2.9. The resulting sequencing data was 

analysed according to the methods detailed in Section 2.11. Furthermore, data on total 

bacterial load was performed by qPCR, according to Section 2.17, on the extracted 

DNA.   
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5.4 Results. 

5.4.1 Patient Recruitment and Sample Demographics 

Please refer to Table 14 as it shows the patient demographics for both the Study Cohort 

and Microbiome Cohort, the Microbiome Cohort contains samples taken from infants 

that produced more than 1000 reads during sequencing. All samples collected from 

infants admitted to the post-natal ward (PNW) did not sequence sufficiently, and were 

removed from the final data set, the Microbiome Cohort. There was no change in the 

average gestation and average maternal age between the two cohorts. However, the 

birthweight of the preterms increases slightly in the Microbiome Cohort. The length of 

hospital stay remains consistent between the two cohorts. Lastly, there was a decrease in 

positive sequencing results from the survival and NEC groups.  

It was found that antibiotics had a significant effect on the positivity of sequencing 

results, p < 0.001. Therefore, antibiotics have a significant effect on the success of 

sequencing during microbiome research in preterm infants. This effect of antibiotics on 

the success of sequencing can be explained due to a decrease in bacterial load. Figure 

52, demonstrates a significant reduction in total bacterial load during antibiotic 

administration. This is reinforced using a non-parametric Mann-Whitney U independent 

samples test, p value < 0.001. Therefore, antibiotics significantly decrease the total 

bacterial load and subsequently the success of gut microbiome sequencing.  

5.4.2 The Preterm Gut Microbiome as a Result of Antibiotic 

Administration  

Figure 53 A, shows an increase in Proteobacteria in the samples taken in the absence of 

antibiotics, compared to an increase in Firmicutes in the samples taken during a course 

of antibiotics. Furthermore, the abundance of Actinobacteria is greatly increased in the 

absence of antibiotics. In contrast, the abundance of Bacteroidetes.
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Figure 52. The Effect of Antibiotics on the Bacterial Load of the Preterm Infant Gut. Significance testing, non-parametric Mann-Whitney U independent samples test, gave a p value < 0.001, 

between the bacterial load of samples during a course of antibiotics, and those taken when antibiotics were not prescribed. A total of 4 samples were removed in order to construct this graph. Any 

sample that was taken + days after a sample taken during antibiotics was removed. Each dot on the graph is a sample taken during an antibiotic present or free condition. The range is given by the 

whiskers either side of the box plot. The outer sides of the box show the upper and lower quartiles, with the mean shown by the bold black line in the middle of the box plot. 
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Figure 53. Changes in the Gut Microbiome of Preterm Infants as a Result of Antibiotic Administration. Panel A shows the relative abundance of the phyla present in the samples taken during 

antibiotic administration and those that were not. Panel B shows the relative abundance of the genera present in the samples taken during antibiotic administration and those that were not. On panels A 

and B the y axis refers to the percentage abundance of each organism in that group and the x axis shows is the samples were taken on and off antibiotics. The numbers on the x axis shows the number of 

samples in each group. Panel C is the results from a Welchôs t-test using the STAMP software and shows the phylum level differences between the antibiotic present and absent groups. The confidence 

intervals are shown with the black lines and the bottom axis. The bars on the left of panel C shows the percentage abundance of that phyla within each group.  
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predominant in samples taken in the presence of antibiotics. Moreover, in Panel C this 

Bacteroidetes increase is significant, p < 0.03, therefore the presence of antibiotics 

allows the Bacteroidetes phylum to flourish. Overall, there are clear changes in the 

microbiome as a result of antibiotic use, however the full extent of these changes cannot 

be demonstrated at the phylum level. Panel B of Figure 53, shows the relative 

abundance of the genera present in the samples taken during antibiotic administration 

and those that were not. Firstly, there is a minimal difference in the common gut 

commensal Escherichia between the two groups. On the other hand, there is an 

observable difference in the abundance of Staphylococcus, Klebsiella, Enterococcus, 

Bacteroides and Bifidobacterium. The Staphylococcus and Bacteroides genera appear to 

be able to survive antibiotic administration compared to other genera. 

In Figure 54, the gut microbiome communities of samples taken from infants who were 

continually exposed to antibiotics and those who were antibiotic naïve are shown. This 

figure reinforces the differences seen in Figure 53, and provides further evidence 

towards the effect of antibiotics on the gut microbiome community in preterm infants. 

Firstly, the Bacteroidetes phylum is only present in the samples taken from infants 

consistently exposed to antibiotics. Similarly, Actinobacteria are only present in 

samples taken from infants who never received antibiotics. The Proteobacteria and 

Firmicutes phylum are present in both groups, but in varying proportions. At the genus 

level, the first difference is the increase in Escherichia in the antibiotic naïve group, this 

is mirrored by a similar increase in Staphylococcus in the empirically exposed group. 

Furthermore, the Bifidobacterium, Veillonella and Enterococcus are only seen in the 

negative antibiotic group. In the same manner, only Rahnella, Bacteroides and 

Citrobacter are present in the individuals receiving multiple courses of antibiotics.  

Once differences in the microbial community was determined, the changes in diversity 

were also investigated. The alpha diversity was measured using several different indices 

and no significant differences in alpha diversity was found between samples taken in the   
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Figure 54. The Microbiome Community in Antibiotic Naïve and Empirically Exposed Infants. This figure was constructed using only data from infants who had multiple samples taken whilst all 

samples were either antibiotic positive or negative. The total number of samples used during the analysis was 44. Panel A shows the taxonomic differences between the groups at the phylum level. Panel 

B shows the taxonomic differences between the groups at the genus level. 
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presence or absence of antibiotics, Figure 55.  Furthermore, the samples did not cluster 

according to principal co-ordinate analysis (PCoA), Figure 56. As a result, the preterm 

gut microbiome diversity remains unaffected by antibiotics, therefore the antibiotics 

cause a shift in predominance rather than an increase or decrease in the abundance of 

certain organisms. 

Finally, the protease activity was measured in preterm infant stool taken in the presence 

and absence of antibiotics. There was no difference in protease activity as a result of 

antibiotic exposure. Furthermore, there was no change in the families of proteases 

present due to antibiotic exposure.  

5.4.3 The Effect of Antibiotics on the Gut Microbiome of Samples 

taken from Recruitment Sites 

With the data showing a decrease in the presence of Actinobacteria and Bifidobacterium 

in the presence of antibiotics, it was interesting to determine if this was a centre specific 

event. This is because only UHW administered the probiotic, Infloran, during the 

sampling period. Figure 57, clearly shows this dramatic effect antibiotics have on the 

gut microbiome community containing probiotics. Panels B and D show a substantial 

difference in Actinobacteria and Bifidobacterium, respectively, in the presence and 

absence of antibiotics.  

The results of this analysis are twofold. It is important to find that the probiotics 

administered are becoming a stable member of the gut microbiome community in these 

infants. However, the administration of antibiotics is reducing the, if any, beneficial 

effects of these probiotics. This raises the question of whether probiotics should be 

given during a course of antibiotics.  
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Figure 55. The Effect of Antibiotics on Several Alpha Diversity Indices. This analysis was conducted on 148 samples, including samples that sequenced successfully with samples removed if + 3 

days of a sample taken whilst on antibiotics.  
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Figure 56. The Effect of Antibiotics on the Beta Diversity of the Preterm Infant Microbiome. This analysis was completed using 148 samples, including samples that sequenced successfully with 

samples removed on the basis of being + 3 days of a sample taken in the presence of antibiotics. This is a Principal Co-ordinate Analysis (PCoA) using the Bray-Curtis dissimilarity index to ordinate the 

samples based on their dissimilarity to one another, in relation to taxonomic community. In other words, the samples positioned furthest apart on the graph are the most dissimilar to one another. In total 

the axis accounts for 53.8% of the difference between samples.
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Figure 57. The Effect of Antibiotics on the Microbiome at Different Sampling Sites. Panel A and C shows the gut microbiome communities at the phylum and genus levels from 

North Bristol Trust (NBT). Panels B and D show the gut microbiome communities at the phylum and genus levels from University Hospital Wales (UHW). The y and x axis on all 

graphs show the percentage abundance of each organism and the presence of antibiotics, respectively. The numbers in each bar refer to the number of samples contributing to this 

community.  
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5.4.4  The Effect of Antibiotics on the Development of the Gut 

Microbiome in Preterm Infants 

The most striking feature of Figure 58 are the large error bars. This is a result of the 

large variation in samples within the group. Firstly, there is a substantial peak in 

bacterial load at days 6 to 10 of life for samples taken in the absence of antibiotics. This 

peak does not occur in the samples taken in the presence of antibiotics. However, this 

group does peak, but it is much later at days 21 to 25 of life. Irrespective of antibiotic 

administration, both groups decrease in bacterial load at days 16 to 20 of life, and again 

rise at days 21 to 25. In addition, both groups start at a very low bacterial load. Finally, 

bacterial load is maintained after 25 days in the samples taken in the absence of 

antibiotics, where in the presence of antibiotics the bacterial load sharply decreases after 

25 days of life.  

Figure 59 shows the relative abundance of Proteobacteria is increased in the sample 

taken in the absence of antibiotics, compared to an increase in Firmicutes in the 

antibiotic exposed samples. There are more Actinobacteria present in samples taken 

during a course of antibiotics. Furthermore, there are more Bacteroidetes present in the 

sample taken in the presence of antibiotics, more specifically during the first 2 weeks of 

life. In contrast, there is only a minor appearance of the Bacteroidetes in the samples 

taken in the absence of antibiotics occur at greater than 25 days of life.  

From Figure 60 it can be clearly seen that there is a greater abundance of Klebsiella in 

the samples without antibiotics, whereas the presence of Staphylococcus and 

Escherichia is much higher in the samples on antibiotics. In Panel A of Figure 60, a 

steady decline of Enterococcus overtime can be observed whereas this is much more 

sporadic in the presence of antibiotics. The Bacteroides are present from days 1 to 15 of 

life in the presence of antibiotics, whereas in the absence of antibiotics they only appear 

in small numbers between days 21 to 25 of life, this coincides with the highest bacterial 

load. 
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Figure 58. The Effect of Antibiotics at the Time of Sampling on the Development of the Gut Microbiome. A total of 200 samples were used during this analysis, as 10 were removed from the 

Study cohort for being from full term infants and the following reasons. If a sample was taken + 3 days of another sample, this sample was removed. Secondly, if more than one sample from the same 

infant was given within the same day of life grouping e.g. days 6 to 10, if one of those samples was on antibiotics and the other not, this sample was taken and the other removed. However, if the 2 

samples were either on or off antibiotics the mean bacterial load of the 2 samples was taken. This resulted in a final total of 188 samples used during this analysis. The number of samples in each group 

is given by the box next to the data, the box is outlined the same colour as the data series it represents. The same applies to the error bars which represent the standard error of the mean. Each plot for 

both data series represents the mean bacterial load from all the samples within that age group. 
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Figure 59. The Effect of Antibiotics on the Development of the Preterm Gut Microbiome. In total 146 samples were used during this analysis. This is a result of sequencing efficacy and the 

removal of samples taken + 3 days of a sample taken when on antibiotics. The numbers included at the top of each bar are the number of samples included in each day of life. Panel A shows the samples 

taken in the absence of antibiotics and Panel B shows the samples taken in the presence of antibiotics. Both of the graphs shows the microbiome community at the phylum taxonomic level. 
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Figure 60. The Effect of Antibiotics on the Development of Preterm Gut Microbiome. In total 146 samples were used during this analysis. This is a result of the sequencing efficacy and the removal 

of samples taken + 3 days of a sample taken when on antibiotics. The numbers included in the bottom of each bar on the graphs are the number of samples included in each day of life grouping. Panel A 

shows the genera present in samples taken over time in the absence of antibiotics. Panel B shows the genera present in samples taken over time in the presence of antibiotics.
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Finally, the effect of antibiotics on the protease activity of preterm infant stool over the 

first 30 days of life is shown in Figure 61. The protease activity over time in both 

conditions follow a similar pattern until days 16 to 20 of life. After this time, the 

samples taken in the presence of antibiotics increase, compared to a further decrease 

during the same time in the absence of antibiotics. The reverse of the previous situation 

occurs between days 21 to 25 of life, then both groups decrease after 25 days of life.  

In summary, new to the field of preterm research, antibiotics were found to have a 

significant effect on the positivity of sequencing results and bacterial load. This change 

in bacterial load was reflected in significant community changes in the microbiome, 

more so when the data is split by sampling site. Both the bacterial load and microbiome 

community developed differently over the first 30 days of life in the presence of 

antibiotics. Finally, antibiotics had no impact on protease activity.  
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Figure 61. The Effects of Antibiotics on the Development of Protease Activity of Preterm Infant Stool. If a sample was taken whilst on a course of antibiotics and another 

sample was taken + 3 days either side, the sample was removed. In total 10 samples were removed to leave a total of 200 samples. Secondly, if more than one sample form the 

same infant was given within the same day of life grouping e.g. days 6 to 10 of life, if one sample was on antibiotics and the other not, this sample was taken and the other 

removed. However, if the 2 were on or off antibiotics the mean of the protease activity of the 2 samples was taken. This resulted in a final total of 188 samples used during this 

analysis. The number of samples are included next to the mean protease activity f or the day of life grouping and are outlined in the corresponding data series colour. 

Furthermore, the error bars are colour matched with the data series and are the standard error of the mean. The data point for each data series is the mean protease activity for 

each day of life group.  
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5.5 Discussion 

In this investigation, it has been shown that antibiotics have a significant effect on the 

positivity of sequencing results during microbiome research in preterm infants. 

Furthermore, the administration of antibiotics clearly changes the development of the 

gut microbiome in these infants. However, the protease activity in preterm infant stool 

remained unaffected overall and over time by these drugs. Therefore, we propose the 

protease activity present to be primarily of host origin.  

5.5.1 Patient Recruitment and Sample Demographics 

Antibiotics were found to have a significant effect on the positivity of sequencing. 

Again this is not unexpected, as antibiotics have been shown to decrease the abundance 

of bacteria in the gut (Pérez-Cobas et al. 2012). This factor needs to be considered 

during future research, as the administration of antibiotics clearly reduces the efficacy 

of microbiome research in this field. Furthermore, it poses the question as to whether 

these drugs are skewing what would be considered normal microbiome development in 

preterm infants. On the other hand, antibiotics are critical in the routine care of these 

infants, that perhaps the antibiotic affected microbiome is more indicative of ñnormalò 

gut microbiome development in preterm infants.  

As discussed previously, this was not the only explanation for the loss of samples 

during sequencing. There was a slight decrease in amount of stool provided by the 

negative samples compared to the positive samples, therefore a reduction in starting 

material is a plausible explanation for the reduction in sequencing positivity. 

Furthermore, the sample may have failed to amplify sufficiently during the Illumina 

sequencing process, resulting in data of insufficient quality. Finally, the majority of the 

samples that failed to sequence successfully were from the first week of life and will 

have a low biomass and a higher risk of sequence failure.  

Factors that did not affect the positivity of sequencing results were, as follows. There 

was no change in average gestation between the two groups. This result shows that 

development is not a significant influence on gut microbiome colonisation. 

Furthermore, there was no change in the average maternal age. However, the 

birthweight of the infants who were positive for sequencing was slightly more than 

those negative for sequencing. This is in line with previously published research 
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showing that low birth weight infants harbour a less diverse, and therefore lower 

abundance of bacteria, microbiome compared to larger infants (LaTuga et al. 2011; 

Costello et al. 2013). Positivity of sequencing was unaffected by length of hospital stay, 

this indicates at a reduced effect of environmentally acquired organisms. However, 

hospital stay could be a proxy for age, as the longer an infant is in hospital, the older 

they become and gut microbiome colonisation increases. Finally, positive sequencing 

results was reduced in the infants who did not survive and who developed NEC. This 

could be explained two-fold. The more unwell infants, especially those with NEC, 

would find it difficult to pass stool, and therefore provide less samples. Secondly, it 

could have indicated that a threshold level of gut microbiome colonisation is required 

for normal or healthy development. This has been shown in gnotobiotic mice 

(Desbonnet et al. 2014). 

In summary, the positivity of sequencing is influenced by numerous factors before and 

after birth. However, it can be concluded that the only significant factor to influence the 

success of sequencing is the use of antibiotics during the sampling period.  

5.5.2 The Preterm Gut Microbiome as a Result of Antibiotic 

Administration  

In this investigation it has been demonstrated that changes occur in the gut microbiome 

of infants exposed to antibiotics and those who do not. For instance, the numbers of 

Bacteroides are enriched in samples taken in the presence of antibiotics. This is an 

interesting finding as the Bacteroides genus is thought to contain beneficial organisms, 

as they were found in infants who did not develop NEC (Pammi et al. 2017). This was 

also seen in previously published data. These findings suggest that antibiotics are a 

good preventative measure against the development of NEC. Further research is needed 

to determine the method in which these organisms are protected from antibiotics, such 

as antibiotic resistance or the replacement of other organisms targeted by the antibiotics.  

It was discovered during this study that antibiotics had no significant effect on the 

diversity of the gut microbiome in preterm infants, as seen previously (Yassour et al. 

2016). Firstly, this shows that antibiotics are not affecting the predominance of 

organisms within this community. More specifically, they are either having no effect or 

are causing a shift from one dominant organism to another. Neither of which are 

beneficial to the health of the infant. As a result, the administration of antibiotics does 



 

 216 

not promote a healthy diverse gut microbiome. The outcomes of which need further 

study. 

However, antibiotics have been shown to have no effect on the microbiome. A very 

recent study concluded that the differences in the preterm microbiome between 

individuals was not as a result of antibiotic exposure (Dahl et al. 2018). This suggests 

that it is not antibiotics alone causing changes in the gut microbiome. Furthermore, it 

was concluded that weight gain was not significantly different between infants exposed 

to antibiotics during the first 6 months of life and those who did not (Gerber et al. 

2016). This demonstrates that antibiotics do not impact infant health. Previously it was 

shown that empirical antibiotic use increases the risk of neonatal morbidity. However, it 

was found that the implementation of an Automatic Stop Order (ASO) on the empirical 

use of antibiotics, resulted in no change on observed outcomes, such as mortality and 

morbidity (Tolia et al. 2017). This conflict of results shows that the effect of antibiotic 

on the gut microbiome needs further investigation in order to fully elucidate the effects 

of these commonplace drugs.  

Finally, there was no difference in protease activity observed between the antibiotic 

present or absent groups. This is an interesting finding as it indicates at the origin of the 

protease activity demonstrated. Therefore, if antibiotics have a significant effect on 

bacterial load but not on protease activity, this leads to the conclusion that the origin of 

these proteases to be host rather than bacterial.  

5.5.3 The Effect of Antibiotics on the Gut Microbiome of Samples 

taken from Recruitment Sites 

The results of this study provide a unique finding in the effect of antibiotics on the 

probiotic supplemented gut microbiome of preterm infants. It was clearly shown in 

Figure 6 that antibiotic administration dramatically reduces the levels of 

Bifidobacterium, a known component of the probiotic given during the sampling period. 

This was also demonstrated in previous research (Tanaka et al. 2009). 

There is currently no consensus as to the efficacy of probiotics in preterm infant care 

(Costeloe et al. 2016; Hays et al. 2016; Olsen et al. 2016). Therefore, the results of this 

investigation demonstrate that organisms ingested as part of a probiotic do become 

integral members of the microbiome community. Moreover, they are affected by the 
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administration of antibiotics. However, further research is needed to determine if this is 

detrimental to the health of these infants. Furthermore, further evidence is needed to 

determine if probiotics are a viable therapeutic during antibiotic treatment.  

5.5.4 The Effect of Antibiotics on the Development of the Gut 

Microbiome in Preterm Infants 

In addition to the overall effects of antibiotics on the gut microbiome of preterm infants, 

these drugs can have a dramatic effect over time. At days 6 to 10 of life the presence of 

antibiotics dramatically decreases the total bacterial load in the gut of preterm infants. It 

is currently unknown as to the effects of this difference. However, this peak in bacterial 

load has been linked to infective process within the lung of preterm infants 

(Unpublished research). Therefore, the same process could be according in the gut, but 

needs a lot more research.  

There is little evidence investigating the effects of antibiotic administration over time in 

the preterm infant population (Tanaka et al. 2009; Fouhy et al. 2012). Therefore, it 

makes interpreting the results of this study very difficult. In contrast to previously 

published research, this investigation found a decrease of Proteobacteria in the samples 

taken in the presence of antibiotics. Moreover, the presence of Proteobacteria as part of 

the community remained more stable in the absence of antibiotics. Furthermore, it was 

interesting to see that the Bacteroidetes phyla was only present in the community of 

infants exposed to antibiotics until 2 weeks of age. Therefore, the presence of antibiotics 

does reduce the numbers of Bacteroidetes, but it is a long process. These results add 

further evidence that the empirical use of antibiotics can be detrimental to the health of 

preterm infants. In summary, the development of the microbiome in the presence of 

antibiotics is distinctly different from the development in the absence of antibiotics. 

However, more research needs to be conducted in order to determine the acute and 

long-term health outcomes.  

Finally, the effect of antibiotics on the protease activity of the preterm infant gut was 

examined and determined that not significant differences in protease activity over time 

occur as a result of antibiotics. Neither data set follows the same pattern in the protease 

activity and bacterial load graphs. This adds further evidence to the conclusions 

discussed above.  
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5.6 Conclusion 

This study has provided several interesting findings to the area of preterm gut 

microbiome research. Firstly, antibiotics during the first 20 days of life has a significant 

and dramatic effect on the developing gut microbiome. Secondly, there is a significant 

effect of antibiotics on the positivity of sequencing results from preterm infants. This 

information will need to be considered when conducting further investigations into 

preterm infants. Furthermore, antibiotics have a significant effect on the bacterial load 

from the preterm infant gut. Also, there are noticeable changes in the gut microbiome 

community as a result of antibiotic use. However, antibiotic use does not have a 

significant effect on clinical parameters or protease activity. In respect to the 

development of the gut microbiome there are dramatic changes in bacterial load over 

the first 30 days of life, this coincides with community changes.   
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Chapter 6 

The Gut Lung Axis of Preterm Infants.
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Chapter 6. The Gut Lung Axis of Preterm Infants. 

6.1 Introduction  

The concept of the gut-lung axis was first proposed by Pugin and Chevrolet in 1991. 

Their original description was based upon the pathology of sepsis, whereby the 

translocation of bacteria and their endotoxins into the bloodstream would lead to a 

increase in the secretion of cytokines such as, TNF-Ŭ, IL-1ɓ and IL-6. This would then 

result in adult respiratory distress syndrome and multiple system failure (Pugin and 

Chevrolet 1991). Later this definition was added to include the role of the immune 

system, and this is the definition is more appropriate as the translocation of bacteria 

between the gut and the lungs has yet to proven. Chen et al in 2011 showed that when 

the microbial community of the gut became depleted, the lung infection in the mice 

infected with E. coli became worse (Chen et al. 2011a). 

As previously described the gut lung axis contains the following components: the lung 

and gut environment, the bacterial community of these organs, the immune system and 

transient components (Budden et al. 2017). Moreover, the interactions between these 

components has been linked to disease (Roussos et al. 2003; Keely et al. 2012; Rutten 

et al. 2014). In contrast, a study by Scuijt et al in 2017 has shown the gut microbial 

community to protective against lung disease, more specifically pneumococcal 

pneumonia (Schuijt et al. 2016). Therefore, the role of the gut-lung axis in development 

has yet to be investigated. More specifically, the gut lung axis of preterm infants has not 

been investigated or detailed in previous research. Therefore, it is important to 

investigate the links in preterm infants. 

The lung microbiome of preterm infants is less understood than the gut but has been 

shown to be pivotal in the development of disease. It has previously been shown that the 

presence of predominant bacteria is associated with the development of chronic lung 

disease of prematurity (CLD), also called bronchopulmonary dysplasia (BPD) (Beeton 

et al. 2011). In addition, the progression of CLD is thought to occur as a result of 

inflammation as a result of an increased bacterial load or pathogenic bacteria (Davies et 

al. 2010; Beeton et al. 2011). The inflammatory system, both pulmonary and 

gastrointestinal, has been shown as the crucial link between the gut and the lungs 

(Marsland et al. 2015).  
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Currently the data from this project and previous research reports that the gut 

microbiome of preterm infants progresses from a Firmicute dominated environment to a 

Proteobacteria one. However, the research into the colonisation of the lower airways in 

preterm infants is less clear. A recent systematic review examines the results of several 

studies and reveals that colonisation of the lower airways can mirror that of the gut, 

from a Firmicute to Proteobacteria dominated. However, it can also be the reverse 

(Pammi et al. 2019). The data from the lower and upper airways used in this study, 

provided by Dr David Gallacher, shows that the lungs of preterm infants progresses 

from a Firmicute dominated community to a Proteobacteria one.  

Proteases are thought to contribute to the pathology of disease via the breakdown of 

tight junctions in the gut epithelium. The breakdown in the tight junctions allows for the 

gut bacteria to pass from the intestinal lumen into the bloodstream, leading to the 

translocation of the bacteria to the lungs. The results of Chapter 4, showed that the 

overall protease activity of preterm infant stool was low, however the effect of the 

proteases on the gut epithelium was not tested. As yet inconclusive is the translocation 

of bacteria from one organ to another. This is because research into the gut-lung axis 

focuses more on the effect of the gut microbial community on the development of lung 

disease, via immune system crosstalk, rather than physical translocation of bacteria 

from one organ to another (Dang and Marsland 2019). Therefore, as part of this project 

it was important to provide more evidence to support or disprove the current hypothesis 

in research that there is no significant movement of bacteria form one location to the 

other.   
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6.2 Aims and Hypothesis 

The overall aim of this chapter was to investigate the possible relationships of bacteria 

from different organs of the body. The two sites investigated were the lung, specifically 

NPAs for the upper airway, and TAF and BAL fluid to sample the lower airways. 

Secondly, the gut was sampled using stool. In order to study this hypothesis, the 

following aims were aims were developed: 

1. To examine the change in bacterial load over the first 30 days of life from NPA, 

TAF, BAL and stool samples. This is to determine if colonisation of the 

different sites occurs at the same time and potentially to the same degree. 

2. To investigate the microbial communities at the four sites to determine if similar 

organisms were colonising both sites. Moreover, community similarities at the 

four sites potentially indicates at the translocation of bacteria from one site to 

another.  

3. Lastly, to determine if inflammatory programming is occurring comparisons 

between gut protease activity and lung inflammation will be analysed.  
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6.3 Materials and Methods 

6.3.1 Data Acquisition 

Microbiome data on nasopharyngeal aspirates (NPA), tracheal aspirate fluids (TAF) and 

bronchoalveolar lavages (BAL) from the same cohort of infants recruited to this project 

were obtained, with permission, from Dr David Gallacher. Data was provided in the 

form of .txt files. Meta data for all samples including bacterial load was also provided. 

6.3.2 Data Analysis 

Bacterial load was compared in Excel. Lung bacterial load was determined in copies per 

ml, whereas stool bacterial load was expressed in copies per mg of stool. Phylum and 

genus taxonomic analysis was also executed in Excel. Non-Metric Multidimensional 

Scaling (NMDS) was conducted in R.  

The same method was used here as before where only reads greater than 1000 were 

used during this analysis,  
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6.4 Results 

6.4.1 A Comparison of Total Bacterial Load from the Gut and Lung 

of Preterm Infants. 

The aim of this analysis was to determine if the gut and lungs of preterm infants were 

being colonised by bacteria at a similar rate. This was achieved by comparing the 

average bacterial load at several time points during the first 30 days of life. Figure 62 

below shows the results of this analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Firstly, it must be noted that the copies of the 16S rRNA gene in the stool are a factor of 

10 greater than that of the lungs, so even though the TAF samples show the highest 

peak, this amount is lower than that of the highest stool samples. There is a clear pattern 

in bacterial load at the different sites. Firstly, the bacterial loads from NPA and stool 

samples peak at the sample time point, days 4 to 7 of life. Secondly, BAL and TAF 

samples peak at the same time, at days 8 to 14 of life. Furthermore, samples from all 

sites substantially decrease at the time point after the peak.  

6.4.2 A Comparison of the Microbial Communities from the Gut and 

Lung of Preterm Infants. 

The aim of this analysis was to compare the microbial communities at the four sites 

from the lung and gut to determine if there were any similarities. Moreover, the 

communities were compared during the first 30 days of life, this allowed for 
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Figure 62. The Total Bacterial Load in the Gut and Lungs of Preterm Infants. The error 

bars are the standard error of the mean. The number of samples included in this analysis are 

as follows: BAL (36), NPA (124), Stool (151), and TAF (47). All lung samples, TAF, NPA 

and BAL, are shown on the primary Y axis, and the stool samples are presented on the 

secondary Y axis. 
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comparisons in the development of the microbial community. The results of this 

analysis at the phylum level are shown in Figure 63. From observing the graphs in 

Figure 63, the microbial communities of NPA and stool samples most closely resemble 

one another, but are distinctly different. For instance, over time the abundance of 

Proteobacteria increased during the first 30 days of life. Furthermore, Actinobacteria are 

only present in these samples. The abundance of Tenericutes is the least in the NPA 

samples and not present in the stool samples.  

In order to analyse the comparisons between the microbial communities at the four sites 

sampled from preterm infants, an NMDS was conducted. The results of this analysis can 

be found in Figure 64. Firstly, it can be seen that the TAF and BAL samples cluster the 

most closely together. Moreover, the NPA samples did cluster closely to the TAF and 

NPA samples but not as closely. Furthermore, the stool samples clustered separately 

from the lung samples but clustered to encompass all of the lung samples. Another 

interesting finding from this analysis was that the samples from each site did cluster 

together, showing that samples from each site are most similar to one another.   
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Figure 63. A Comparison of the Microbial Communities at the Gut and Lungs of Preterm Infants. The number of samples used in each day of life grouping is given at the 

bottom of each bar. The bars are the average percentage abundance of each phylum for that days of life grouping. 
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Figure 64. A Comparison of the Microbial Communities from Four Sites from the Gut and Lungs 

of Preterm Infants. This is a NMDS plot using the Bray-Curtis dissimilarity index to determine the 

relationships in bacterial communities between the samples. Samples are coloured according to site of 

origin. The ellipses were also calculated in R. The percentages on the X and Y axis when totalled, 38%, 

totals the amount of dissimilarity accounted for in this figure.   

6.4.3 The Association between Stool Protease Activity and Lung 

Inflammation.  

The aim of this analysis was to determine if the hypothesis of previous research, that the 

exposure to bacteria in the gut programmes the immune system to respond appropriately 

to bacterial colonisation in other organs of the body such as the lungs, was possible. In 

order to achieve this the levels of the cytokines IL-6 and IL-8 from the lungs were 

compared, over time, to the percentage of protease activity in the stool. The results of 

this analysis found that there was no association between protease activity in the stool 

and levels of IL-6 and IL-8 in BAL and TAF samples.   
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6.5 Discussion 

6.5.1 The Comparison between the Bacterial Loads Sampled from the 

Gut and the Lungs of Preterm Infants. 

The results of this analysis showed that overall, the bacterial load in the lungs is much 

lower than in the gut. In this population of infants, the predominant explanation for this 

is that all infants recruited to this study were ventilated, as shown by previous research 

(Armaforte et al. 2010; Kelly et al. 2016). The process of being ventilated means that 

the area is kept sterile and inhibits the growth of bacteria and therefore the colonization. 

In contrast, the gut is still open to the outside environment and therefore has the 

potential to be colonized by bacteria. There are potentially other contributing factors 

such as the gut being a more hospitable environment, such as the increased availability 

of food. In addition, during the ingestion of food, this introduces a substantial number 

of bacteria into the digestive system.  

Another finding from this analysis is that the bacterial load pattern during the first 30 

days of life is very similar in the TAF/BAL samples and the NPA/stool samples. This is 

a really interesting finding as it shows that the development of the lower airways is 

different to that of the upper airways. Moreover, it indicates that the colonisation of the 

upper airways is occurring at a similar rate to the gut. The TAF and BAL samples 

peaked at days 8 to 14 of life whereas the stool and NPA samples peaked at days 4 to 7 

of life. This is the key result that separates them and potentially indicates at separate 

developmental process.  

The lower bacterial load in the lungs and the similarity in bacterial load between the 

lower airways and the upper airways/gut indicates at a consequence of ventilation. In 

other words, the ventilation is potentially isolating the lower airways, the trachea and 

bronchus, from the outside environment. Whereas, the upper airways, the nose, and the 

gut are exposed to the environment either directly or indirectly. Therefore, it was 

important to investigate similarities in the bacterial community.  
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6.5.2 Comments on the Bacterial Communities of the Gut and Lungs 

in Preterm Infants, and their Similarities. 

The aim of this analysis was to determine if the bacterial communities at the gut and 

lungs of preterm infants were similar or dissimilar. This was achieved by comparing the 

communities at the phylum taxonomic level and performing an NMDS. The results 

showed the NPA and BAL sites to one another and were very different from the NPA 

and stool samples. These results were confirmed by the NMDS as the TAF and BAL 

samples clustered closely together, with the NPA samples separate but close by. Then 

the stool samples also clustered separately but encompassed the samples taken from the 

lungs.  

There are several possibilities that could explain the separation of the bacterial 

community from the NPA samples from the rest of the airways. However, there is one 

explanation that is most likely. The infants recruited to this study were ventilated due to 

respiratory distress after birth. As a result, they were intubated with a tube passing from 

the mouth into the lungs to deliver oxygen. This separated the lungs from the outside 

environment. In contrast, the nasopharynx was exposed to the outside environment and 

the gut received transient components from the outside environment. Furthermore, the 

intubation tube would be kept sterile and changed periodically, therefore further 

isolating the community there. As a result, the NPA and stool communities have 

developed with more similarities to one another rather than the NPA samples 

developing more closely to the rest of the airways. However, they ultimately remain 

very distinct from one another.   

The translocation of bacteria from the gut to the lungs via the breakdown of the 

epithelial barrier by proteases or excessive inflammation, has been shown to not occur. 

Firstly, due to the lack of concordance in the microbial communities between the lower 

airways and the gut. Secondly, due to the lack of protease activity in the guts or preterm 

infants. Therefore, the minor similarities between the NPAs and stool samples is not a 

result of bacterial translocation.  

However, the Actinobacteria phylum is only present in the NPA and stool samples and 

not the lower airways, but the translocation of bacteria is not happening in these infants 

from the results of this project. Therefore, the origin of these bacteria in the NPA 
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samples is unknown. The origin of the Actinobacteria in the gut is believed to be a 

result of the administration of probiotics, but this reasoning does not explain their 

presence in the NPA samples. However, it has been discussed that the NPA samples are 

different from the TAF and BAL samples because of the exposure of the area to the 

outside environment. Therefore, using this hypothesis the presence of Actinobacteria in 

the NPA samples is from the outside environment. Unfortunately, samples of the NICU 

were not taken as part of this study, therefore this theory cannot be proven. Moreover, 

this is something to consider for future studies, in order to determine the origin of the 

bacteria colonising preterm infants. There have been studies showing the correlation 

between bacteria present in the NICU and the microbial communities of preterm infants, 

and there is some correlation between these communities (Hewitt et al. 2013). 

Therefore, it is possible that the Actinobacteria present in the NPA samples is from the 

NICU environment. Furthermore, it is unknown how much of an effect possible NICU 

Actinobacteria are present in the guts of these infants.  

Similar to Actinobacteria only being present in the NPA and stool samples, the 

Tenericutes phylum is only present in the TAF and BAL samples. This result, however, 

is easier to explain due to the isolation of the lower airways. Moreover, it further 

solidifies the lack of bacterial translocation due to the compromise of epithelial barrier 

integrity.  

The NMDS produced an interesting result in showing that the samples from the 

airways, TAF, NPA and BAL, did not cluster together, and the stool samples clustered 

away from this group. Furthermore, the TAF and BAL samples clustered the closest 

together with the NPA samples close by but definitely separate. For reasons discussed 

previously the TAF and BAL samples cluster so closely together due to their isolation 

as a result of intubation. However, it is interesting to see that even due to the differences 

between the NPA and TAF, BAL samples that when analysing using a dissimilarity 

index the communities are similar and indicate at a shared origin. In addition, the stool 

samples appear to encompass or be shared with the lung samples rather than being 

completely separate. This is an unusual result. Firstly, it could demonstrate the low 

diversity present in the NICU due to the sterile conditions, therefore there is not a 

plethora of bacteria present to colonise the infant. Secondly, these infants are often 
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unable to feed enterally and therefore would not be ingesting bacteria from food, 

resulting in the communities being less diverse.  

6.5.3 The Association between Stool Protease Activity and 

Inflammation.  

The results of this study showed that due to the lack of inflammation and protease 

activity in the stool, no associations between the inflammation seen in the lung could be 

made. Previous research has suggested that colonisation of the gut prepares or matures 

the inflammatory system to respond appropriately to microbial colonisation in other 

areas of the body, such as the lungs. Therefore, it is reasonable to hypothesise that the 

high levels of inflammation seen in the lungs is a result of the lack of inflammatory 

programming in the gut, due to the low protease activity and undetectable IL-6 and IL-8 

in the stool. However, more research is needed in order to determine if this is the case. 

In future research, it would be interesting to expose cultured gut epithelial cells, such as 

HT-29 cells, to the faecal water to investigate if the stool has the potential to illicit an 

inflammatory response. Moreover, blood samples could also be tested to determine if 

the inflammatory response is systemic.  

Another key limitation of the study was the lack of samples from the same day from 

both the gut and the lungs. As a result, it was not possible to investigate associations 

between the gut microbial community and lung inflammation. Therefore, the current 

research community hypothesis on the gut lung axis could not be fully investigated as 

part of this study. However, as part of the study the lack of bacterial translocation was 

could be conclusively investigated.    

6.6 Conclusion 

In summary, the results of this study have shown that the gut and lungs of preterm 

infants do not have a similar microbial colonisation and that differences in this 

colonisation process could be a result of external influences, such as intubation. 

Furthermore, no association between stool protease activity and lung inflammation was 

found, this was an interesting result as it shows that gut inflammatory responses are not 

indicative of lung inflammatory responses. Conversely, the lack of immune response in 

the gut could lead to an excessive inflammatory response in the lungs, as the gut lung 
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axis hypothesis suggests that gut microbial colonisation ñprimesò the immune system at 

other sites to respond appropriately to bacterial colonisation (Budden et al. 2017; Dang 

and Marsland 2019). Ultimately, a lot more research is needed to fully elucidate the 

concordance in development of the microbial communities in preterm infants. 

Moreover, investigations into the role of these communities in the development of 

disease is needed also. This preliminary study points towards a vital role for the 

development of multiple microbial communities in the preterm infant. As this is the first 

study into the role of the gut lung axis in the development of preterm infants, there is no 

recent literature in which to comment on and place this study, regarding preterm infants. 

However, in conclusion the results of this study confirm the findings of previous studies 

in that there is no evidence of the translocation of bacteria from the gut and the lungs. In 

addition, due to the lack of concordant samples of the gut microbiome, it is unfortunate 

that comments on the influence of the gut microbiome on lung inflammation cannot be 

investigated.  
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Chapter 7 

General Discussions and Conclusion   
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Chapter 7. General Discussion and Conclusions 

A comprehensive study of the preterm gut microbiome and the protease potential of this 

bacterial community was undertaken. Overall, this research has further identified the 

developmental process of the preterm gut microbiome and, for the first time, examined 

the activity and types of proteases present in the guts of these infants. Moreover, it has 

investigated the preterm gut-lung axis for the first time and provided interesting 

findings. As a result, it has validated the presence of proteases in the gut of preterm 

infants, thus opening a door to further research within this area.  

In this chapter, the central discussion points and conclusions of each chapter will be 

reiterated and how the aims of this project, Chapter 1, were met. Moreover, the 

implications of this study to the wider scientific community and future gut microbiome 

research in preterm infants will be discussed. In addition, the key areas for further 

research will be highlighted and the potential this has for the health of the preterm 

population.  
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7.1 The Gut Microbiome of the Preterm Infant 

Previous research has shown the gut microbiome of preterm infantsô progress from a 

Firmicute dominated community to a Proteobacteria one, and is affected by numerous 

factors after birth, such as feeding. As a result, the overall aim of this chapter was to 

provide further evidence on the developmental process of the gut bacterial community 

in this cohort. Moreover, clinical data collected at the time of sampling provided the 

opportunity to investigate the effect of gender and other factors, not previously reported 

upon. In addition, the data provided by this study allowed for the analysis of the 

microbiome in relation to the development of NEC. 

The results of this study showed that this cohort of preterm infants is akin to that of 

other communities studied, as they progressed from a Firmicute dominated gut 

community to a Proteobacteria one. When these results are taken into consideration 

with the results of previous research it solidifies the hypothesis that the gut microbiome 

progresses towards a Proteobacteria dominated community from a Firmicute one 

during the first month of life in preterm infants. As a result, it can be said, with 

confidence, the development of the preterm gut microbiome differs significantly from 

that of full-term infants. Moreover, the individualistic nature of the preterm gut 

microbiome was further validated in this study. Therefore, the confirmation of these 

findings enables the next steps in this research to take place, such as the investigations 

into the manipulation of gut bacterial community. For example, maintaining the 

Firmicutes dominance and preventing the takeover by Proteobacteria, perhaps this 

could be achieved by probiotics, as later research has shown. Moreover, this is a 

possibility as the individual nature of the preterm gut microbiome indicates at a 

community that is easy to manipulate. In addition, the manipulation of the gut 

microbiome could lead to an increase in diversity, as this has been shown to be 

healthier, and the results of this study found the diversity of the preterm gut to be low 

and unchanging over the first 30 days of life.  

The results of the analysis into the effect of clinical factors on the development of the 

preterm bacterial gut community showed that the community as a whole was not 

affected by the specific factors. However, significant shifts in the bacterial community 

occurred were shown to occur as a result of certain conditions. Firstly, gender caused a 
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significant increase in Proteobacteria in male infants. Reasons for this were discussed 

in Chapter 3, but a conclusion could not be drawn. Therefore, this is an area of research 

that needs further investigation as it implies that males are more at risk of developing a 

Proteobacteria dominated microbiome and therefore future complications. The effect of 

mode of delivery on the development of the bacterial community in the gut of preterm 

infants is another area of research that needs to be expanded upon, as the results from 

this study contracted the findings of previous studies.  

The finding that the significant difference between the sampling sites used in this study 

was a result of probiotics, were two-fold. Firstly, that probiotics have a significant effect 

on the gut bacterial community. This is an important finding for future research as it 

shows that the gut microbiome of preterm infants can be manipulated. Secondly, it 

shows that large-scale studies recruiting from several NICU sites are a possibility as the 

data can be pooled and interpreted as a collective cohort.  

Finally, in relation to future studies into the therapeutic manipulation of the preterm gut 

microbiome, the results of this study showed that diet could be another method. 

However, the results of this study in relation to the effect of diet on the bacterial 

community were limited. This was a result of the lack of infants receiving only formula 

feeds or donor breast milk. There needs to be conducted with a larger cohort and an 

equal number of infants receiving the variety of feeding methods.  

Similar to the effect of mode of delivery, the results of this study contracted that of 

previous finding. The bacteria Klebsiella and Clostridium were not associated with the 

development of NEC in this study cohort, whereas they have been shown to be present 

in the development of this disease. This is an interesting result, but should be taken with 

a pinch of salt, as the study was not designed around recruiting a high number of infants 

who developed this disease. Therefore, this could be why the results of this study 

contradict that of previous research. On the other hand, this study did find the presence 

of Bacteroidetes was significantly increased in infants who did not develop NEC. These 

results are similar to previous findings. Therefore, the potential ñprotectiveò effect of 

the Bacteroidetes genus needs to be investigated further as it has the potential to save 

lives.  
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In summary, the results of this study demonstrate the need further research in this area. 

The data has shown that the gut microbiome is a key part during preterm infant 

development and can be manipulated by a number of factors. Therefore, the results of 

this study have been important in laying the foundation for future studies into the 

potential for therapeutic manipulation of the preterm gut microbiome. Moreover, there 

have been unique findings. For example, two cohorts of infants from separate NICUs 

could be combined into a single dataset and that the only significant difference was as a 

result of probiotics.    
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7.2 The Effect of Antibiotics on the Development of the Preterm Gut 

Microbiome. 

The aim of this research was to determine the effect of antibiotic administration on the 

development of the preterm gut microbiome. Furthermore, this included investigations 

into the effect of antibiotics on the protease activity of the preterm infant gut. Previous 

research showed that antibiotic administration increased rates of sepsis and NEC but did 

not detail the effect it was having on the gut bacterial community. Moreover, the role of 

proteases in the preterm infant gut has yet to be commented on at all.  

Firstly, antibiotics were found to have a significant effect on the positivity of 

sequencing. Antibiotics are made to target bacteria and eliminate them. However, for 

them to have such a significant effect on the bacterial community in the gut, is 

interesting. This was the first indication that the findings of previous studies, the 

increase in sepsis and NEC, could be related to the gut bacterial community.  

The only organisms to change as a result of antibiotic administration were the 

Bacteroidetes, whose presence increased in samples taken on antibiotics. Taking this 

information into consideration with the findings from the previous chapter, that 

Bacteroidetes are more present in infants who do not develop NEC, it indicates that 

antibiotics could promote the growth of Bacteroidetes. However, this contradicts 

previous findings where antibiotics increase the development of NEC and sepsis. It 

seems odd that antibiotics would promote the growth of a bacteria that could be 

ñprotectiveò against NEC. As a result, further research is needed to fully elucidate the 

potential ñprotectiveò role of Bacteroidetes, and if there are specific types of antibiotics 

or dosage that is linked to the development of NEC and sepsis. This area of research 

could lead to a significant reduction in these preterm diseases.  

One of the unique findings of this research was that there was no reduction in protease 

activity as a result of antibiotic use. Due to the limited previous research and 

methodology used during this study, the reasons for this can only be commented and 

not concluded upon. This result suggests that the proteases detected are of host origin. 

In order to fully determine the origin of these proteases, different methodologies need to 

be applied. For example, qPCR for transcription of human and bacterial proteases could 
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be employed. However, further studies into determining the exact types of proteases 

present would be needed first, in order to identify the genes of interest. This could be 

achieved by fractioning stool samples to contain proteases of different weight and then 

sending them for mass spectrometry to identify the molecular structure, this then leads 

to precise identification.  

Another unique finding was the effect of antibiotics on the samples taken from infants 

at the different neonatal units. The antibiotics clearly reduced the presence of 

Bifidobacterium in the guts of infants from UHW. Therefore, antibiotics have the 

potential to reduce the efficacy of probiotics given at the same time of antibiotics. This 

an important finding to be taken forward into future research in this area. Or even a 

study dedicated to investigating the effect of antibiotics on the efficacy of probiotics 

would be useful to conduct. As the efficacy of probiotics within this community is not 

fully known and research is contradictory.  

During the first 30 days of life antibiotics caused a dramatic decrease in bacterial load at 

days 6 to 10 of life, compared to infants not receiving antibiotics. This continuation of 

antibiotic therapy past the first few days life, results in the absence of a peak in load at 

the same time grouping. It is unknown what the effect this could be having on the 

development of the infant. However, considering previous research that suggests 

immune programming in the gut prevents inflammatory processes occurring at other 

sites within the body, such as the lungs. It could be suggested that this absence of 

bacteria could lead to increased inflammation in the lungs. On the other hand, it could 

also be protective for the infant, as minimizing exposure to potential pathogenic bacteria 

could reduce the risk of developing NEC.  

In summary, antibiotics play a key role during the development of the gut microbiome 

in preterm infants. However, due to ethical issues of withdrawing antibiotic therapy, the 

full effects of these drugs will be very hard to study in this vulnerable population group. 

However, a more large-scale study, that could recruit enough infants to be able to 

examine the effects of a specific type of antibiotic or length of treatment, would provide 

some much-needed data on the role these drugs play. This study has provided 

preliminary evidence as to the effect they are having on the gut bacterial community, 

but more research is needed.    
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7.3 The Role of Proteases and Inflammation in the Development of 

the Preterm Gut Microbiome. 

The aim of this study was to, for the first time, determine the total protease activity of 

preterm infant stool. Then investigate the content of this protease activity by finding out 

the types of proteases present and the origin of the proteases. In addition, the 

inflammatory content, levels of IL-6 and IL-8, was investigated and was used to 

compare to the protease activity. In relation to disease, it was necessary to determine of 

the preterm disease NEC, could be caused by an excess of protease activity, similar to 

adult gastrointestinal diseases such as IBD.  

Overall the results of this study showed that there was no significant protease activity in 

the stool of preterm infants. Therefore, this suggests that preterm diseases such as NEC 

do not have a contributory effect from proteases. This was the first study into the total 

protease activity of preterm infant stool and the change in activity during the first 30 

days of life. A disadvantage of this study was that there were no full-term samples to 

compare these results to. Therefore, no conclusions can be made as to whether this is 

ñnormalò for preterm infants, or even if the total protease activity of full-term infant 

stool is comparable. For future studies a full-term cohort needs to be recruited alongside 

preterm infants to investigate the role of proteases in full-term infants. Moreover, a 

further study with a different cohort of preterm infants will either confirm or disprove 

the findings of this study. This needs to be conducted to confirm the lack of protease 

activity. However, explanations for this reduction in protease activity also needs to be 

investigated because the lack of protease activity could be detrimental also. Ultimately, 

this research has generated a lot of questions and further avenues for future research, 

which is why it has been a successful study.  

A further uncertainty of the results of this study is the origin of the proteases detected in 

the stool. The association with bacterial load suggests they are of bacterial origin but the 

lack of change in response to antibiotics suggests they are host derived. I have 

commented on possible future experiments to determine this and it should be 

investigated.  
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Another result of this study showed that there was no association between protease 

activity and the development of NEC. As mentioned previously, the recruitment of this 

study was not focused around recruiting infants who develop NEC and therefore the 

numbers used during analysis were not large enough to produce significance. Moreover, 

this is the first study in this area and further studies are needed to confirm or disprove 

these findings. For example, one of the biggest difficulties with obtaining samples from 

infants who develop NEC is that a symptom of the disease is the inability to pass stool, 

therefore making it a difficult population to study.  

Interestingly, the results of this study showed that several clinical factors did not have 

effect on the total protease activity. This is an unusual finding as there are significant 

changes to the bacterial community, so the factors are having an effect in the preterm 

infant but not on the protease activity. Again, this is further evidence towards a host 

origin of the proteases detected.  

The experiments used to determine the types of proteases present in the stool of preterm 

infants were limited and should be improved for future studies. For instance, all samples 

should be subjected to the full suite of protease inhibitors to determine all types of 

proteases present. Moreover, because the results could not be more specific than just 

identifying the family of proteases, it again was very difficult to identify the origin or 

comment on the role these proteases are having in the gut microbiome of preterm 

infants. The experiments used in this thesis were to identify if analysis of protease 

activity and type were viable in preterm infants. Therefore, this project was successful 

in showing that this avenue of research is viable and has the potential for providing a 

huge amount of information on the development of the gut microbiome in preterm 

infants.  

Protease activity or family could not be linked to a group of organisms. Once again 

providing evidence towards to the host origin for these proteins. Ultimately, this shows 

that there are complex pathways and interactions occurring in the gut microbiome of 

preterm infants. Even those these infants may be preterm.  

Finally, no detectable levels of IL-6 or IL-8 could be found in the stool of preterm 

infants. This was an unexpected finding and produced a lot of discussion, as it shows 

that there is little to none localised inflammatory signalling occurring in the gut of 
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preterm infants. Moreover, it suggests that inflammatory signals are being produced and 

taken away from the gut. 

In summary, the protease and inflammatory content of the preterm gut microbiome was 

low and undetectable, respectively. This was an unexpected finding and shows the gut 

of preterm infants to be less complex than adults. In other words, the gut of preterm 

infants is underdeveloped in relation to total protease and inflammatory activity. This 

has the potential to explain the development of disease in these infants. However, a lot 

more research is needed to determine if this is the case and, as said previously, a cohort 

of full-term infants is needed to determine if the development of the gut microbiome in 

preterm infants is significantly different to that of full-term infants.     
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7.4 The Role of the Gut Lung Axis in the Development of Preterm 

Infants. 

The aim of this chapter was to investigate the similarities in the microbial community 

between the gut and lungs of preterm infants. Moreover, due to previous research 

indicating at a role of inflammatory programming occurring in the gut, links between 

protease activity and lung inflammation were analysed.  

Overall, the results of this analysis showed that the stool and NPA samples showed the 

most similarity to one another, but were distinctly different. Moreover, the TAF and 

BAL samples showed the most difference to the NPA and stool samples. This was an 

interesting finding and demonstrated the effect of intubation on the development of the 

lung and gut microbiome in preterm infants. Furthermore, these results confirmed the 

low protease activity observed in previous chapters. The lack of similarity between the 

lower airways and the gut demonstrated the integrity of the gut epithelial barrier in the 

infants. The strong epithelial barrier prevents the leakage of bacteria from gut, into the 

bloodstream, and then potentially to the lungs. Moreover, the undetectable levels of IL-

6 and IL-8 in the stool and the high levels observed in the lungs provides evidence to 

the hypothesis of the gut being the source of immune programming for the other 

mucosal surfaces. Actually, this analysis was key in bringing together several 

observations and threads throughout this thesis. In addition, these results indicate a role 

for future research in the role of immune programming in the gut for the health of 

preterm infants. 
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7.5 Strengths and Limitations of this Project. 

Overall, this project was successful, and this was a result of several contributing factors 

that will be discussed in this chapter. However, problems did arise during this project as 

with any scientific endeavour and if these challenges were not overcome, they will be 

discussed also in this chapter. 

Firstly, a large number of infants were recruited to this project who provided a 

substantial number of samples. This added a substantial amount of power to the study. 

As a result, a high amount of confidence could be found in the results that they 

accurately reflected the parameter being tested. This was a great strength of the project 

as previous research into the gut microbiome of preterm infants did not have a large 

sample size (Jacquot et al. 2011; Arboleya et al. 2012; Barrett et al. 2013). 

Secondly, the use of two recruitment sites was a positive for the recruitment of the large 

number of babies, but it also provided a unique opportunity to study the gut microbial 

communities of infants delivered and raised in different NICUs. To the benefit of this 

study it showed that the only significant difference was as a result of probiotic 

administration and therefore the data could be combined and studied as a whole. This 

information is now available for future studies, to enable even larger cohorts to be 

recruited across multiple sites. 

Thirdly, multiple bodily sites were sampled from the infants recruited. This was another 

unique methodological technique for studies into the preterm gut microbiome and it 

yielded very interesting results. As a result, this study has shown that other óaxisô within 

the preterm infant can be investigated and should produce interesting findings to the 

scientific community. 

As shown during this thesis, the methods implemented during this project were reliable 

and well known, and then found, to produce accurate results. In addition methods 

developed as part of this project were found to produce reliable results and allowed for 

insights not previously investigated in preterm infants. 

Next, it was relatively easy to collect the stool samples as they would otherwise be 

considered waste products. Furthermore, the methods used to collect the samples were 

predominantly non-invasive. Therefore, the ethical considerations of the sample 



 

245 

 

collection methods for this study were minimal and it did not raise concerns with any of 

the parents of the participants. 

Finally, a large amount of clinical data was collected alongside the samples which 

allowed for a detailed analysis during this project. This is an important strength of this 

study that is not as possible for smaller published studies. Moreover, it allowed for 

analysis to be conducted that hadnôt been previously, such as the effect of gender on gut 

microbiome development. However as with all projects there were difficulties 

encountered and ways in which could be improved upon next time.   

The total protease activity of the stool was low that potentially the method used was not 

sensitive enough. Firstly, the faecal water samples could have been normalised to a 

greater protein concentration, as these are samples from preterm infants. This would 

have resulted in larger numbers which may have been able to provide more insightful 

results. However, the ratio of sample activity to standard would have been the same so, 

ultimately this would not have solved the problem. Perhaps a manufactured kit such as 

the Pierce Colorimetric Protease assay would have been more appropriate, Pierce claim 

this assay is 1000 times more sensitive than unmodified casein assays. 

Secondly, no specific proteases were identified, such as trypsin. This was a significant 

limitation when the ProteaseArrest assays from G-Biosciences could not identify 

bacterial and mammalian produced proteases. Without knowing the functionality of the 

proteases that were detected it was very difficult to assign any role for the proteases in 

the development of the preterm gut microbiome. Therefore, this is something that needs 

to be improved in future studies, such as using mass spectrometry would have been able 

to specifically identify the proteases present. In addition, methodology to investigate the 

origins of the proteases would be useful even if it was not successful in this study. For 

example, bacteria could be isolated from the faecal samples and cultured on lactose-free 

skimmed milk agar, an established method for identifying protease producing bacteria 

(Morris et al. 2012). 

Thirdly, even though the results showed little or no local protease activity or 

inflammation to warrant epithelial barrier integrity experiments. It could have been a 

final experiment to conclusively determine if the epithelial barrier was compromised in 

these infants. Experiments that could have been conducted to investigate epithelial 
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barrier integrity would be trans-epithelial electric resistance (TEER) experiments. These 

experiments require the growth of an epithelial monolayer on a cell culture insert 

suspended in a well. The epithelial barrier needs to be fully differentiated for the tight 

junctions to form. After 21 days the resting resistance of the epithelial barrier would be 

measured. Then the layer would be exposed to faecal water from the preterm infant and 

the TEER remeasured after a given time. If the resistance of the layer drops then the 

proteases in the faecal water could be responsible for the destruction of the tight 

junctions (Srinivasan et al. 2015).    

Finally, even though a plethora of data was collected on the infants, very little data was 

collected on the motherôs therefore in future studies microbiome data from the motherôs 

would be useful to identify the origin of the bacteria seeding the infantôs microbiome. 

This was not a problem for this study as the multiple body sites tested and recruitment 

sites used, there was a lot of data. However, for future studies, particularly those 

investigating the protease content or gut-lung axis microbial content, data on the 

mothers would provide useful insights. For example, the origin of the Actinobacteria in 

the NPA samples was not found in this project and perhaps vaginal seeding is 

responsible but it is not possible to deduce without this information.   

7.6 Future Directions. 

A strength of the study not detailed in the previous section are the multiple avenues for 

future studies. This project has answered questions, but it has also generated many more 

and in this section these possible projects will be discussed.  

Firstly, data from the motherôs microbiome could be collected. Collecting this data 

would allow for the origins of colonising bacteria to be identified. Moreover, if 

combined with the techniques used in this thesis to study the gut-lung axis the seeding 

origins of multiple body sites on the preterm infant can be investigated. This has great 

potential. In addition, if the protease activity of the stool of the mothers could also be 

obtained then this could be compared to the infants. This would eliminate any genetic 

component ton the levels of protease activity discovered in the infants.   

Secondly, furthermore in-depth methods could be used to precisely determine the 

families of proteases present in the guts of these infants. As previously mentioned, this 
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could be done by mass spectrometry or by using qPCR techniques to identify the 

transcription of protease genes within the bacteria and the infants themselves. 

Moreover, if the protease producing bacteria could be cultured then the proteases could 

be isolated this was and examined.  

It would be beneficial to determine the origin of the proteases present, if they are 

bacterial or host. This would enable future researchers to determine if the bacteria 

colonising the gut of preterm infants are interacting with the host and fully exploiting 

this unique ecological niche. Moreover, investigations into the contribution of bacterial 

proteases on host health could be investigated.  

Some of the future directions discussed in this section such as investigations into the 

types and origin of proteases present, could be conducted using other ñ-omicò 

techniques such as metatranscriptomics and metabolomics. These techniques would 

allow for studies that encompass the whole of the gut microbiome as discussed above. 

Moreover, the development of the microbial community during the first month of life 

has been thoroughly examined and now research into the contributions this community 

makes to host metabolism and disease needs to be investigated to the same degree. 

Using a metatranscriptomics technique, like a metagenomic technique, a huge amount 

od data on the active genes of both the host and bacteria can be investigated. Moreover, 

a metabolomics technique will again allow for research into the interactions between 

host and microbial community in the preterm gut microbiome. In addition, the transient 

diet components can also be taken into consideration using this technique and this will 

give future researchers access to study the ways the microbial community exploit the 

diet, or lack thereof, of the infant.   

Finally, a previous limitation of the project, that can be taken into consideration with 

future projects, is the lack of a full-term cohort. Without this cohort it was impossible to 

comment if a lot of the findings were normal or not. Therefore, to include matched full-

term cohorts in future studies would enable for the confirmation of several results of 

this study. For example, the finding that the lower airways develop independently from 

the upper airways and stool has been hypothesised to be a result of intubation. However, 

without results from full term infants this result cannot be confirmed.        
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7.7 Concluding Remarks 

The key novel findings from this study are as follows. For this first time the significant 

effect of gender on the gut microbial community has been demonstrated. Previously, 

this effect has only been seen in full term neonates (Martin et al. 2016). Secondly, the 

investigations into the role of stool protease activity in the development of the preterm 

gut microbiome has been investigated. Unfortunately, the results were not found to be 

as informative as the role of proteases in the development of adult gut disease (Steck et 

al. 2013). However, it was still an important finding to show that proteases do not 

appear to have an important role in the development and progression of NEC. Thirdly, 

the Bacteroidetes genus was found by this project and in others to be ñprotectiveò 

against the development of NEC (Pammi et al. 2017). A novel finding of this study was 

that antibiotics significantly reduced the abundance of this phyla in the preterm infant 

gut. This is an important finding as previous studies have shown that antibiotics 

increase the incidence of disease in preterm infants, but have yet to identify specific 

bacteria to be affected by the antibiotics (Cotton 2010). Finally, for the first time the 

isolated development of the lower airways, upper airways and gut has been found in the 

preterm infant. Previous research has shown that the gut lung axis refers to the 

programming of the immune system by the gut, or the effect of gut bacteria on the 

development of lung diseases (Chen et al. 2011b).      

The research presented in this thesis has confirmed the development of the preterm gut 

bacterial community during the first 30 days of life but has begun to shed light on the 

protease and inflammatory content of the stool. The future of this research has great 

implications for the health of preterm infants. Moreover, in contrast to the hypothesis, 

the lack of protease activity could have greater implications for health than the 

abundant. More targeted approaches need to be implemented, as discussed in this 

chapter, to isolate and characterize the proteases in the stool of preterm infants. In 

conclusion, the research provided by this thesis has shown that the gut microbiome of 

preterm infants is complex, significant to development and full of potential. Therefore, 

this thesis has provided a unique and significant contribution to scientific knowledge. 
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